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I. Introduction 

A. AIM AND SCOPE 

The solid-state and organic chemistries of fullerenes are currently 
active areas of research with possible applications, for instance, in the 
field of superconductivity (1 ). As illustrated in Fig. 1, more than 3000 
papers now have appeared in refereed journals (2). Several excellent 
reviews summarizing physical (3), solid-state (41, and organic chemis- 
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FIG. 1. Log,, of the number of C6,-related papers published 1989-1994. {As determined 
by an ACS Chemical Abstracts search on footballen (Cw), registry number 199 685-96-8].} 

try ( 5 )  have been published. In contrast, organometallic chemistry 
remains relatively unexplored (6, 7). 

This review describes the preparation, characterization, and proper- 
ties of all nonpolymeric complexes that contain a metal CT- or 7r-bound 
to a fullerene. In addition, for the sake of completeness, a number of 
adducts where the metal is one bond removed from the fullerene also 
are included. The article does not cover the essentially ionic fullerides 
M,C, ( 4 )  or the endohedral metallofullerenes M,C, (81, which have 
been reviewed previously. The extended fullerenes, or so-called carbon 
nanotubes, which have hollow centers and can be filled with metal 
salts, also are not discussed. The majority of complexes involve .rr-bonds 
and, apart from alkyl lithium fullerides, the potentially useful synthetic 
area of (+ complexes has not been explored. Table I shows the occurrence 
of metal-bound adducts across the periodic table. 

B. RELEVANT PHYSICAL PROPERTIES OF FULLERENES 

All fullerenes (C,) are composed of sp2 hybridized carbon atoms form- 
ing a 3-D network of fused (n - 20Y2 six-membered and 12 five-mem- 
bered rings. As enshrined in the Isolated Pentagon Rule (IPR), so far, 
none of the structures isolated have two pentagons fused together. The 
curvature of the cage results in some strain, and the three angles 
around a carbon atom sum to 348" instead of the ideal value of 360" 
for (260. The [6,61 fusions have most double-bond character and are 
invariably where complexation occurs. For C6, there are 30 such equiva- 
lent double bonds. Although all fullerenes comprise alternating single 
and double CC bonds, there is little 7r-electron delocalization between 
the latter. As a result, fullerenes are more reactive than might be 
expected and behave like giant closed-cage alkenes rather than su- 
per arenes. 
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TABLE I 

OCCURRENCE OF FULLY CHARACTERIZED METAL-BOUND FULLERENE COMPLEXES 

3 

The MO scheme for C6,, illustrated in Fig. 2, consists of a fivefold 
degenerate strongly bonding HOMO (H, )  and an essentially nonbond- 
ing LUMO ( T l J .  The low-lying nature of the triply degenerate 
LUMO means that it is very easy to populate. In both solution and 
the solid state, it has been possible to  prepare the anions C& (n = 

1-6) (4,9).  C,, has a large electron affinity (EA) = 2.65 eV, comparable 
with other electron-withdrawing alkenes such as TCNE (EA = 2.88 

h l , + g ,  ++- I -+++++*  
%++-I-+ 
t2u + + -I- 

h 1 s + +  + + 4- 
t l u  + + + 

ak + 
FIG. 2. The partial MO diagram of Ce0. 



4 STEPHENS AND GREEN 

eV), and this strongly influences its chemical behavior. Thus, not 
only does c 6 0  react readily with nucleophiles and radicals, but it is 
also a relatively strong oxidizing agent and has been termed a 
radical sponge. For the anions in the solid state there is sufficient 
overlap between adjacent MOs that a band structure can develop, 
with a band gap estimated to be ~ 1 . 7  eV for an fcc lattice. Its 
partial occupancy can result in interesting electrical and magnetic 
properties such as superconductivity. 

The low-lying nature of the HOMO of c 6 0  (1st ionization poten- 
tial = 7.6 eV) means that its reducing behavior is very limited. How- 
ever, electrochemical studies have shown that both c 6 0  and C70 can be 
reversibly oxidized to the monocations, at -+1.26 V vs Fc/Fc+ (10). 

The small HOMO-LUMO band gap and presence of other close-in- 
energy MOs results in fullerenes being easily polarized. They all give 
very intense Raman scattering lines and have relatively large x values 
useful for NLO applications (11 ). Indeed, Cs0 is one of the best materials 
known to date for optical limiting. 

The MO scheme for the higher fullerenes is similar; for example, C70 

has a triply degenerate essentially nonbonding LUMO. Anions up to 
C& have been made in both solution and the solid state, although the 
latter do not show superconducting properties. 

Table I1 lists some of the physical properties of c 6 0  and C,o. 

TABLE I1 

SUMMARY OF PHYSICAL PROPERTIES OF C, AND CT0 

Property c, c70 

Color Films are mustard. Bulk solid 
is brown. Solutions are gen- 
erally purple. red. 

Films and bulk solid are 
brown. Solutions are deep 

Density 1.76 g cm-3 1.69 g cm-3 
First EA 2.65 eV -2.69 eV 
First IP 7.54 ? 0.04 eV -7.6 It 0.2 eV 
Sublimation Point -600°C -650°C 
AHB 2327 ? 17 kJ mol-' 
Dimensions Diameter 7.1 A. Diameter 7.8 by 6.9 A. 

Solubility Soluble in CS2, aromatics, Similar to but often slightly 

2555 2 12 kJ mol-I 

1.45 A ((3-0. 1.39 6 (CEO. 1.46 A ((2-0. 1.37 A (C=C). 

and low-MW paraffins. In- 
soluble in ethers, H20,  and 

higher than that of C, . 

NHB. 
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c. CHEMICAL PROPERTIES OF FULLERENES 

The chemistry of all fullerenes is dominated by their ability to 
react as poorly conjugated and electron-deficient 27r alkenes; they 
show very few properties typical of dienes or arenes (5). In addition, 
because of the high cage stability, they never undergo substitutions. 
Ce0 shows behavior similar to that of a monosubstituted alkene such 
as vinyl chloride or acrylate. All fullerenes readily add to electron- 
rich species such as nucleophiles, bases, radicals, or reducing agents. 
They are, for example, perfect dienophiles for Dieles-Alder reactions. 
The types of reactions undergone by fullerenes are illustrated in 
Scheme 1. 

It is a considerable challenge to isolate a pure adduct. One of the 
unique features of fullerene chemistry is the large number of products 
that sometimes result from addition of even one mole eqivalent of 
reagent. Owing to its relatively high abundance, most fully character- 
ized complexes are for Cso, but the behavior of higher fullerenes is 
broadly similar. The availability of only small amounts of higher fuller- 
enes, coupled with the inequivalency of some of the double bonds, 
introduces additional complications. 

[Z] = q. NR 0, s q .  
e4, or% n>=2 

Organic cyclonddurts 

Cy cloaddition 

Nucleophile 

D n- 

D"+ 

D = Electmn-rich 
donor species 

Fullerides pad charge- 
transfer adduets 

Separate-group adduets 
including morganomet.Uiee 

SCHEME 1. Schematic illustration of the general types of reactions undergone by Cm 
(and higher fullerenes). 
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D. CLASSES OF ORGANOMETALLIC FULLERENE ADDUCTS 

We now present an exhaustive survey of all the fully characterized 
metal 7r or u complexes reported to date. The survey also includes 
adducts where the metal is one bond removed from the fullerene, such 
as C60020s02(4-ButC5H,N)2 and C60S2Fe2(C0)6. Adducts in which the 
metal is bound at a more distant site on the organic side chain are 
not discussed. 

In contrast to the great variety of known organic adducts, there is 
a relative paucity of metal-containing fullerene complexes. Tables I11 
and IV list (in yearly order of appearance in the literature) all the fully 
characterized 7~ (6, 7) and many of the known u complexes. 

For some of the complexes listed, analogous adducts are also quoted 
in the paper, but the spectroscopic evidence for them is much less. For 
instance, in addition to the listed complexes [Mo~q-C5H4Bu")z(~2-C60)l, 
[ o ~ & c o ) l l ( ~ 2 - c ~ ~ ) 1 ,  and [Pt(P(OPh)3)2(~2-C60)l, the compounds [Mo(q- 
~ 5 ~ 5 ~ z ~ ~ z - ~ 6 0 ~ ~  (22); [Os,(CO),o(L)(~2-C,,)1 (L = MeCN or PPh,) and 
[OS,(CO),(PP~,)~(~~-C~~)~ (34); and [C60{M(P(OR)3),),l (M = Pt, Pd or 
Ni; R = Ph, Bu, or Et; n = 1 or 2) (37) also have all been prepared and 
partly characterized. The reaction of C,, with Pd,(dba), or Pt(dba), has 
been reported to  give brown amorphous solids C,OM,, (M = Pd, n = 
1-3; M = Pt, n = 1-2) (25,31,40),  in which the value of n was found 
to  vary depending on temperature and ratio of reactants. Although no 
proof of the structure was presented, it was assumed to consist of a 
3-D 0 - M  polymer. Reaction of c 6 0  anions with FeC1, produced an 
amorphous solid that is claimed to be C6oFe (41). 

The gas-phase reaction of CS0 with various metal ions has been moni- 
tored by mass spectrometry and reported to give MC,', [M = V, VO, 
Fe, Co, Ni, Cu, Rh, La, Ni(C,,) and Fe(CO),I (42, 43, 44, 45).  The 
presence of a peak corresponding to [RU(C,M~,)(C~~)]+ in the positive- 
ion FAB mass spectrum of [{Ru2(p-C1)(p-X)(q)-C,Me,),}(q2-, q2'-c60)] 
(X = C1, H) was taken as evidence for the formation of an $-c60 bond 
in the gaseous phase (35). 

As for the 7r complexes, there are additional CT adducts that are only 
partially characterized. The multiple addition analogues C6,{S2Fe2 
(CO),}, (n = 2-3) (53) are known, and Wudl prepared c~o(H)(Li) by 
reaction of c60 with LiBHEt, (56). An organometallic radical, C&g', 
was prepared and analyzed using matrix isolation and ESR tech- 
niques (57). 

Although fulleride lithium and Grignard adducts have often been 
used as synthetic intermediates, only C,,(But)(Li) has been isolated 
pure and fully characterized. Many alkyl lithium fullerides, such as 
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TABLE 111 

FULLY CHARACTERIZED T-BONDED METAL-FULLERENE COMPLEXES~ 

Compound 

~~ 

X-ray 13C NMR 
structure data References 

J 

J 
J 

J J 

J 

C1, H) J 
J 

J 
J 

J 
J 

J 
J 

J 
J 
J 

J 
J 

12 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
22 
22 
23 

22,24 
25,17 
26,27 

28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

a For some complexes, there are no I3C NMR or crystallographic structural data, but 
there are sufficient other spectroscopic details, such as elemental analysis, 31P or 'H 
NMR, IR, UV, and/or MS, to warrant their inclusion. 

In these cases, other structurally related adducts are also mentioned in the references, 
but with considerably less spectroscopic data quoted. 
' bobPPhp = P ~ C H ~ O C ~ H ~ C H ~ P P ~ Z .  

PR3 = PPh3, PEt3, PMe2Ph, PPh2Me, P(OMe)3 or Idppe. 

C,(Li)(C=CTMS) (58, 591, C60(Li)(PPh2BH,) (60), and Cso(Li)(Me) 
(52) have been prepared and quenched in situ with the electrophiles 
H' or R'. Grignards that were prepared and reacted in situ include 
C6,(MgHal)(CH2SiMe2Y) (Y = H, Me, Ph, CH=CH2 and OPr') (611, 
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TABLE IV 

FULLY CHARACTERIZED U-BONDED METAL-FULLERENE COMPLEXES~ 

Compound X-ray structure 13C NMR data References 

J J 46,47 
J 48 
J 49 

50 
J 51 

52 
J 53 

54 
55 
55 

a For some complexes, there are no 13C NMR or crystallographic structural data, but 
there are some other data, such as elemental analysis, 31P or 'H NMR, IR, UV, and/or 
MS, to warrant their inclusion here. 

* L is the optically active Sharpless cinchona alkaloid ligand. 
Dis = CH(SiMe&. 

C,(MgHal)(Et) (621, and C,,(MgHal)(Ph) (52). As is discussed in 
Section V, the extent of covalent (T bonding between CEO and Li or 
Mg is debatable, and there is much evidence for charge delocalization. 
The adduct of Schwartz's reagent and Cm, C60{(Zr(7)-C$5 )2C1)(H)}n 
(n = 1-3), also has been described and reacted in situ with N-bromo- 
succinimide, rn-chloroperbenzoic acid, or HC1 (63, 64 ). 

II. Synthesis 

The most widely used method for the synthesis of n metal fullerene 
adducts involves the standard procedure of displacement by the fuller- 
ene of a ligand that is weakly bound to the metal. The ligand may be 
PPh,, an alkene, or even CO under favorable conditions (Scheme 2). 
Also, reductive elimination of H2 has been used. 

The effective generation in situ or direct reaction of a coordinatively 
unsaturated species with the fullerene has also been used [Eqs. (1)-(4)1. 
In the first two reactions outlined, NaOH effectively eliminates HC1 
from the precursor, and the latter then reacts with c60 [Eqs. (1) and 
(2)l (32). 



ORGANOMETALLIC COMPLEXES OF FULLERENES 9 

Pd 

@- 
Mop 

SCHEME 2. Synthetic routes to some fullerene organometallics by displacement of 
weakly bound ligands. 

In the case of Vaska-type compounds, (Ir(CO)(PR3)2C1), it has proved 
possible to form different adducts by varying either the fullerene or 
phosphine used [Eqs. (5)-(7)] (13, 14,28,29,33): 

Use of an excess of metal precursor often produces a multimetallic 
adduct (Scheme 3) (33,38): 
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Photolysis also has been used as in the preparation of C60{Re(CO),}, 
and C60S2Fe2(C0)6 [Eqs. (8) and (9)l (50, 53).  Care must be taken to 
deoxygenate any solvents used, as the triplet excited c60 (3C60) produced 
reacts very readily with 02. 

cr-Organometallics have all been prepared by the effective addition 
of [MI-R into a fullerene double bond (Scheme 4). 

Slow addition at  low temperatures of -1.2 mole equivalent of RLi 
is preferable, as this minimizes multiple additions. For the less reactive 
(i.e., bulky) alkyl lithiums and for all Grignards (52), [Zr(q-C,H,),HClI 
(63,641, and Bu,SnH (52),  then an excess of nucleophile is necessary. 
The reaction can be monitored by removing aliquots, quenching with 
dilute acid, and using an HPLC to analyze for products. Changing the 
solvent can have important consequences, and Nagashima found that 

SCHEME 4. Synthetic routes to some cr-fullerene organometallics. 
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a reaction run in thf or toluene favored the formation of a mono- or 
diadduct, respectively (61 1. 

Two germanium-containing compounds were prepared using the 
route analogous to the standard route for silylene derivatives [Eq. 
(1011 (55): 

R 

@ + 

R = CH(SiMe,), 

As far as the practical work-up procedure is concerned, the adducts 
possess many of the physical and chemical properties typical of air- 
sensitive compounds. However, because all the adducts tenaciously 
retain solvent molecules, which can prove troublesome in elemental 
analyses and in 13C NMR, it is worth outlining a procedure, found 
highly useful by the authors, which circumvents the problem: 

1. A concentrated solution of the unique compound is prepared using 
an appropriate solvent with the aid of sonication. Low-boiling-point 
solvents are preferable. 

2. A large excess (-x5-10 volume) of pentane is added and the 
resulting precipitate allowed to settle. Sometimes it is necessary to 
filter using either glass or Whatman 50 filter papers, as natural settling 
takes too long. Ordinary Whatman 1 filter paper allows through many 
of the finer particles of product. 

3. The precipitate is washed up to three times with pentane aided 
by sonication for ~ 3 0 - s  periods, which breaks down the particle size. 

4. Finally, the solid is dried in uucuo for -4 hours. 

II I. Characterization 

A. GENERAL POINTS 

Fullerene compounds have been characterized by typical spectro- 
scopic techniques including 13C NMR, IR, UV-vis, electrochemical 
methods, mass spectrometry (MS), and X-ray diffraction. Each of these 
methods is discussed here in relation to specific points arising from the 
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presence of a fullerene moiety in the molecule. Any problems arising 
from the characterization of the remainder of the molecule are discussed 
as warranted. 

It is first worth mentioning some general problems of fullerene char- 
acterization. Not only can a mixture of various multiple adducts result 
from a given reaction, but also each of them may exist as a mixture 
of regioisomers that can often only be separated by HPLC. In addition, 
there is often a poor signal-to-noise ratio for many spectroscopic tech- 
niques owing to the use of only small amounts of relatively high molecu- 
lar mass and low solubility. 

B. 13C NMR SPECTROSCOPY 

By far the most powerful tool for analysis of fullerene compounds is 
solution 13C NMR spectroscopy, as the number, positions, and relative 
intensities of resonances often provide unambiguous evidence for a 
particular structure. The molecular point group of about 300 fullerene 
compounds has been identified using 13C NMR spectroscopy. 

However, obtaining an adequate signal-to-noise ratio is often prob- 
lematic. In addition to the complications of instability, low solubility, 
and 13C isotopic abundance, there are also difficulties associated with 
the presence of only quaternary carbon atoms. Such carbon atoms have 
long relaxation times, and polarization transfer or NOE enhancement 
pulse sequences cannot be applied. Several groups of workers have 
added relaxation reagents such as Cr(acac), in the hope of shortening 
the T, relaxation times. However, no qualitative or quantitative infor- 
mation has been reported concerning their effectiveness, nor have any 
13C longitudinal T, relaxation times been quoted. For all the intensity 
arguments that follow, it is assumed that the fullerene carbon atoms 
do not relax at significantly different rates from each other. The solvent 
of choice is most commonly an aromatic or THF, but CS2 also has been 
occasionally used. 

Of the few cases of reported scalar couplings between c6, and a metal 
moiety, the value was comparable with analogous metal-alkene mole- 
cules. 
1 ,  Identification of the Point Group 

By observing the number and relative intensity of 13C resonances it 
is possible to  identify to which point group an adduct belongs. For Cs0, 
with I,, symmetry, all 60 carbon atoms are equivalent, giving rise to 
a single sharp line at 143.3 ppm in C,D6. Complex formation causes 
a reduction in symmetry, and the fullerene carbon atoms become in- 



ORGANOMETAUIC COMPLEXES OF FULLERENES 13 

TABLE V 

NUMBER AND INTENSITY OF 8(l3C) FULLERENE RESONANCES IN DIFFERENT 
SYMMETRY ENVIRONMENTS 

Point Total no. of No. of sp2 No. of sp3 
group resonances resonances resonances Example Reference 

a C, (11) refers to the mirror plane running through the C(sp3)-C(sp3) bond. C, (1) 
refers to the mirror plane bisecting the C(sp3)-C(sp3) bond. 

No fullerene organometallics have been made yet with the CI point group. 

equivalent, with more peaks appearing for a lower symmetry. Table 
V shows the expected number of peaks for various common point groups, 
and Fig. 3 illustrates some relevant structures. Not all the resonances 
have equal intensity, as some carbon atoms lie on a mirror plane. 

W 

FIG. 3. Examples of some of the various symmetries possible for Cso complexes. 
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Even for a given molecular formula, a number of structures are 
possible. For instance in the cases of organic carbene or nitrene adducts, 
addition can occur at the [6,61 or [6,51 ring junction of the fullerene, and 
each gives rise to a different symmetry product (66). Organometallic 
additions have been found to occur only at the thermodynamically more 
favorable [6,61 junction. For C,, and the higher fullerenes, the [6,6] 
bonds are no longer all equivalent, and mixtures of regioisomers are 
possible, each often with a different point group. 

For di- and higher adducts, the number of regioisomers resulting is 
even larger. Only in a few cases, such as [C,,,{Pt(PEt3),},], have they 
been successfully isolated and spectroscopically characterized (16). 

2. Assignment of Individual Fullerene Resonances 

The chemical shifts of the fullerene sp2 and sp3 carbon atoms are 
typically in the regions 155-135 ppm and 80-50 ppm, respectively. 
However, in cases where the latter carbon atoms are bound to a n  
especially electronegative heteroatom, then they resonate a t  much 
lower fields, e.g., for CsOO 6(Csp3) = 91 ppm (67, 68). 

Assignment of individual sp2 carbon atom resonances to particular 
carbon atoms of the framework has proved very difficult. A full analysis 
was reported for C,,020s02(4-ButC,H,N)2, achieved using 13C 2-D IN- 
ADEQUATE on a 13C-enriched sample (46). Green and co-workers 
successfully assigned most of the resonances in [CO(NO)(PP~,),(~~-C,,)] 
by 2-D EXSY (27). Nevertheless, through observation of scalar cou- 
plings to the heteroatom X, i t  occasionally has proved possible to iden- 
tify the sp2 carbon atoms adjacent to the sp3 ones (henceforth referred 
to as the C2 carbon atoms) (49, 52, 60, 69, 70). In all these cases, as 

TABLE VI 

NUMBER OF c 2  FULLERENE RESONANCES FOR DIFFERENT SYMMETRIES 

' The letters A, B, C, and D refer to different chemical environment for the C2 carbon atoms 
relative to the central metal complexed double bond. 
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well as for C,,020s02(4-ButC,H,N)2 and [CO(NO)(PP~ , ) , (~~-C~~)I ,  these 
sp2 carbon atoms resonate at uniquely low fields, typically >150 ppm. 
This useful generality also can help with the structural identification 
of other C,, monoadducts. Often it is difficult to deduce the point group 
from analysis of all the peaks, as they are often overlapping or are lost 
in the baseline (especially true of the sp3 carbon atoms). Use of this 
generality means that the symmetry can be tentatively deduced just 
from counting the number of C2 resonances present. 

For simple organometallic monoadducts with the point groups C,, , 
C, or C,, there will be one, two, or four chemical environments for 
the C2 carbon atoms, respectively, and a corresponding number of 
especially low-field peaks in the 13C NMR spectrum. Some examples 
are illustrated in Table VI and Fig. 4. 
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Furthermore, this generality also holds for practically all organic 
closed [6,5] or [6,61 and separate group monoadducts (46, 71, 72). It 
also is useful in the analysis of mixtures and multiple adducts; indeed, 
the dimetallic adduct [{Rez(PMe3)4H,}(q2-,r)2'-C60)1 has three types of 
C2 carbon atoms and, as expected, three low-field signals appear in 
the NMR. Higher fullerene adducts also often show especially low- 
field signals whose number seems to be consistent with the generality, 
such as for the compound C,,(H)(Me) (52). 

Although it generally has not proved possible to  assign further fuller- 
ene carbon atoms, most organometallics and many organic adducts 
also show one fullerene sp2 resonance that is a little separated to 
high field from the rest. For instance, as shown in Fig. 4, these 
occur at  136.2 ppm for [Fe(C0)4(q2-C60)] and at 137.0 and 136.9 ppm 
for [Rh(NO)(PPh,)2(q2-C60)]. For both C60020s02(4-ButC,H,N)2 and 
[CO(NO)(PPh3)2(q2-C80)1, the corresponding high-field signals have been 
assigned to one type of sp2 carbon atoms that are adjacent to the C2 
ones, henceforth referred to as the C3 carbon atoms. Furthermore, just 
as for C2 resonances, the number of C3 sites generally equals the 
number of these slightly high-field signals. 

C. VIBRATIONAL SPECTROSCOPY 

Excluding local-site and solid-state effects, c60 has 174 degrees of 
vibrational freedom. Only four of these vibrations (T,,) are IR active 
and occur at 526,577,1184, and 1429 cm-', with those above and below 
900 cm-' expected to involve predominantly tangential and radial dis- 
placements, respectively (3, 73).  All monoadducts also show diagnosti- 
cally strong bands in these regions. However, the lower symmetry of 
an adduct causes a loss in degeneracy of the T,, modes and often results 
in the bands being either broad or split. For instance, the IR spectrum 
of [Ta(q-CSHs)2(~2-C60)H], shown in Fig. 5 ,  contains bands at 572, 562, 
529, and 518 cm-', compared with just two for uncomplexed c60 at 576 
and 526 cm-I. Similar behavior was observed for [os~(co)~~(r)2~c~~)] 
(34). Despite the reduction in symmetry, no additional bands have ever 
been unambiguously assigned to internal fullerene active vibrations. 
For multiple addition adducts, the severe disruption to the cage struc- 
ture results in a markedly different spectrum. 

The u(C0) stretch for metal carbonyls is a useful way of assessing 
the relative electron-withdrawing power of fullerenes. For [M(COI4 
(r)2-c60)] (M = Fe or Ru) and [Ir(CO)(PR3)2(fullerene~Cll, values of 
u(C0) suggest that fullerenes are similar to monosubstituted alkenes 
such as methyl acrylate or acrylonitrile. For instance, for [Ru(CO), 
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700 600 500 

Wavenumberdcm" 

FIG. 5. Part of the IR spectrum of [ T ~ ( ~ ) - C S H S ) ~ ( ~ ' - C ~ ~ ) H I  and Cso in Nujol mull. 

(q2-C6O)] and [RU(CO)~(~~-CH~CHCN)], the two highest v(C0)s are at 
2125, 2056, and 2123, 2055 cm-', respectively (26,27). These conclu- 
sions are in consonance with other studies such as cyclic voltammetry 
or NMR. 

Raman spectroscopy has proved a valuable tool not only for discus- 
sions of bonding but also, more interestingly, for structural elucidation. 
This is because intense Raman scattering lines are generally observed 
as a result of the relatively large polarizable nature of the fullerene 
core. In a similar way to the IR spectrum, complexation causes loss 
of degeneracy of the Raman active modes (8 HI, and 2 AIg)  and the 
appearance of new previously silent modes. Both of these effects have 
been observed for [M(PR3)2(q2-C60)] (M = Ni, Pd, Pt; R = Ph, Et) and 
[{M(PEt3)2}6(C60)l (M = Ni, Pd, Pt) (1 7). Indeed the fivefold degenerate 
mode at 772 cm-' (HI& in c 6 0  is split into the expected five components 
for the C,, complex [Pt(PPh3)2(q2-C60)]. Similar results have been found 
in the surface-enhanced Raman spectrum of [Ir(q6-CgH7)(CO)(q2-C60)1 
(74). Metal complexation causes a slight weakening of the bonds, as a 
result of 7~ back-donation into the fullerene n* MOs, and a concomitant 
shift to lower frequencies is observed. 
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There are few IR and Raman studies of the higher fullerene adducts, 
but the conclusions drawn are similar (52). 

D. UV-VIS SPECTROSCOPY 

On complexation, the fullerene structure is not significantly altered 
electronically and as a result the spectrum is similar to the unbound 
form. In the case of c60, the following features are common to both the 
free ligand and to all its monoadducts: 

1. Two very intense bands at =220 nm, -255 nm. 
2. One moderately intense band at  =330 nm. 
3. A broad, featureless weaker band between 450 and 600 nm. 

Figure 6 shows the UV-vis spectra of c60 and [RU(C0)4(~2-C60)]. 
By reference to the MO scheme in Fig. 2, the bands at A < 400 nm 

have been assigned to sharp and intense parity-allowed transitions 
between occupied (bonding) and empty (antibonding) MOs. Such excita- 
tions include h,(HOMO)+ t,,(LUMO + 1) and Itg+ t,,(LUMO). Optical 
transitions between the HOMO(h,) and LUMO(t,,), which are electric 
dipole forbidden, occur via excitation of a vibronic state with appro- 
priate u parity symmetry and account for the broad and low intensity 
band at A > 400 nm. 

4s00 t 1.100 I 

3.375 

ABS 

2.250 

1.125 

190 367 545 722 
WAVELENGTH lnm) 

FIG. 6. The UV-vis spectra of Cso and [Ru(C0)4(q2-Cso)l in CHzClz. 
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In addition, many monoadducts including 7 ~ -  and a-organometallics 
exhibit a weak diagnostic peak at =430 nm. For [Ir(q5-C9H7)(CO) 
(q2-c60)], spectrochemical UV-vis studies showed that this peak was 
invariant upon reduction to the anion, consistent with it being an 
intraligand transition that is only symmetry allowed in a reduced 
symmetry complex (75). For organic compounds, its presence or absence 
is a useful guide as to whether the structure is [6,6]-closed or [6,51- 
open, respectively (76, 77). This is presumably because the fullerene 
chromophore is less electronically perturbed in the latter. For multiple 
adducts, the electronic structure of the cage is often sufficiently altered 
that only some of the preceding features are observed (37, 78). Some 
monoadducts also show a very weak peak at ~ 7 0 0  nm (79). 

UV-vis studies on C70 and higher fullerene adducts are scarce. How- 
ever, the similarity in features between the free and bound fullerenes, 
such as for C70 and C , , ( S ~ M ~ S ~ ) ~ C H ~ ,  has allowed analogous structural 
conclusions to be drawn (80, 81). 

Assuming that no other strongly absorbing chromophores are pres- 
ent, then the organic c 6 0  adducts tend to be intensely red, whereas the 
organometallic adducts tend to be intensely green or red. The extinction 
coefficients ( E )  have values comparable to those of uncomplexed c60, 
with the more intense color arising because of small shifts in the 450- 
600 nm band. 

Only the fulleride anions CEO (n  = 1-6) show broad (diagnostic) 
peaks in the near-IR (NIR) spectrum (82,83). 

E .  ELECTROCHEMICAL STUDIES 

All C,, adducts have low-lying LUMOs that can easily be populated 
by electrochemical methods. For c60 itself, six reduction couples have 
been observed by cyclic voltammetry (CV) or square-wave voltammetry 
(SWV), and as many as four reduction couples have been found for 
many organometallics (9,841. Most of the studies have been performed 
in thf or acetonitrile at lower temperatures, which increases the size 
of the potential window. Table VII lists the half-wave potentials for 
some metal complexes, and Fig. 7 shows the cyclic voltammogram for 

The reduction couples are thought to be C,,-based rather than metal- 
based owing to their very similar, but slightly more negative, values 
(84). This slight shift of --0.3 V indicates that the complexes are 
harder to reduce and is due to perturbations in the electron affinity of 
the fullerene cage arising from metal complexation. Shapley performed 
spectrochemical IR studies on [Ir(q5-C,H,)(CO)(qz-c60)] and found only 

[Co(NO)(PPh,)2(q2-C,,)1. 
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TABLE VII 

ELECTROCHEMICAL HALF-WAVE POTENTIAL VALUES FOR SOME ?T-ORGANOMETALLICSn 

-1.20 
-1.18 
-1.20 
-1.21 
-1.17 
-1.14 
-1.12 
-1.05 
-0.86 
-1.08 
-1.13 
- 1.00 

- 1.74 
- 1.69 
- 1.73 
- 1.75 
- 1.72 

- 1.70 
- 1.53 
- 1.48 
- 1.43 
- 1.50 
- 1.39 

-2.32 
-2.23 
-2.27 
-2.23 
-2.25 

-2.29 

-2.08 
(-1.94) 

-1.81 

84 
84 
84 
84 
27 
27 
27 
27 
84 
75 
27 
75 

~~ 

' All couples are quoted relative to the Fc/Fct couple with EP+,,o] = 0.00 V and are recorded in 
thf/O. 1 or 0.2 M Bu4NPF6. 

Recorded in CH2Cl2/0.1 M Bu4NPF6 . 

very small shifts (A = 10 cm-') in v(C0) on reduction to the mono and 
dianion, consistent with the reductions being essentially C,,-based (75). 
Metal complexation effectively removes one double bond from the ful- 
lerene 7r-system, thus raising the energy of the LUMO and decreasing 

30 * 

20 . 
10 * 

0 .  

-10 * 

c,/c, - 20 

-30 
-0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0 -2.2 

Volts/V 

FIG. 7. The cyclic voltammogram of [ C O ( N O ) ( P P ~ ~ ) ~ ( ~ ~ - C ~ ) I  in thf/O.l M Bu,NPF6. 
(Referenced to Fc/Fc' with E" = 0.0 V.) 
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+ + + 
[MI [MI [MI 

SCHEME 5. Equilibria present in the cyclic voltammogram of worganometallics. 

the electron affinity of the cage. Nevertheless, metal complexation does 
not always fully “decouple” this double bond, and instead allows some 
residual interaction betwen the metal center and the fullerene r-sys- 
tem. Thus, changes in the metal electronegativity may account for the 
slight differences in the E O values. In the reduced species, the additional 
electrons are accommodated in a LUMO that is derived from the re- 
maining 29 double bonds of c60 ,  as well as a component of metal-C6, 
antibonding character. For the more highly reduced anions, there is 
increased occupancy of this LUMO, and so the metal-fullerene bond 
becomes weaker and causes increased metal dissociation. This accounts 
for the relatively smaller and larger areas of successive couples in the 
CV for the complex and for free C,, , respectively. Scheme 5 illustrates 
the most important equilibria present in solution. 

Oxidation waves associated with the metal moiety often are ob- 
served. 

F. OTHER TECHNIQUES 
1 .  Elemental Analysis 

Although elemental analysis is useful as a probe to stoichiometry, 
there are two special problems associated with fullerene compounds: 
incomplete combustion and the tenacious propensity of fullerene com- 
pounds to retain solvent, which can both lead to confusing results. The 
first effect can be circumvented either by burning with a catalyst such 
as V205 or by performing the analysis with an abnormally small 
amount of sample. The second problem can often be overcome by using 
the procedure described in Section 11, which involves precipitation us- 
ing a highly volatile solvent. 
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2.  Mass Spectrometry 

The usefulness of this technique is somewhat restricted owing to the 
ease of dissociation of the fullerene moiety in the mass spectrometer. 
As a result, for many complexes only the unbound fullerene peak is 
observed (e.g., at  720 amu for c60) when using electron impact (EI) or 
laser desorption (LD) techniques. However, with milder ion generation 
techniques, such as matrix-assisted laser desorption/ionization 
(MALDI), fast atom bombardment (FAB), or field desorption (FD), then 
molecular ions are often observable, such as for [Ir(q5-C,H,)(CO) 

(27). The even milder ion generation technique of electrospray ioniza- 
tion (ESI) has been used very successfully on charge-separated organic 
adducts; furthermore, the progress of reactions, such as methoxylation, 
easily can be monitored (85, 86). 

(~2-c60)1  ( I S ) ,  [ o S ~ ( ~ o ) ~ ~ ( ~ 2 - ~ ~ ~ ) ~  (341, and [{Rez(PMe3)4H,}(q2-,qz’-~60~~ 

3.  X-Ray Diffraction 

The first reported fullerene crystal structure was for C600s04(4- 
ButC5H4N), (471, and there are now many more structures, with over 
50 deposited at the Cambridge Crystallographic Database. Tables I11 
and IV list all the fullerene organometallics for which there are pub- 
lished crystal structures. No special techniques are required, although 
low temperatures and Cu radiation are preferable. 

Successful crystal growth is nontrivial and highly serendipitous. Fa- 
gan grew the first fullerene metal complex by the tried and tested 
method of leaving an NMR tube standing around the lab for several 
weeks (7). In general, most X-ray quality crystals have been grown by 
the slow diffusion together of reactant solutions. 

4. Mossbauer Studies 

The lg31r and 57Fe Mossbauer spectra have been reported for 
[Ir(CO)(PPh3),(q2-C60)C1] (87) and [Fe(CO)4(q2-C60)] (88), respectively. 
In each case, the isomer shift and quadrupole splitting were consistent 
with C,, being a weakly r-accepting ligand. For [Fe(CO)4(q2-C,,,)], the 
isomer shift was found to vary linearly with temperature and yielded 
a value of =120 g mol-’ for the Fe center “effective vibrating mass.” 
This is -15% of the formula weight (888) and suggests that the iron 
atom only interacts with a small portion of the fullerene ligand. A plot 
of the temperature dependence of ln(A), where A = area under the 
doublet, was linear with temperature and had a large gradient. This 
implies that there is coupling between one or more low-lying librational 
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or lattice modes of c60 with one or more appropriate symmetry normal 
modes of the Fe center in [Fe(C0)4(q2-C60)l. 

IV. Structure 

A. T-BONDED COMPLEXES 
1 .  Hapticity of Complexes 

X-ray diffraction and NMR studies have shown that metal fragments 
add exclusively across the [6,61 fusions to give $-type adducts. In 
contrast, organic derivatives add either to the [6,61 to form a closed 
adduct, or to the [6,51 fusions to  form either an open or closed adduct 
(66). The ease with which some metal fragments dissociate off and on 
to the cage, in contrast to the organic derivatives, may explain the 
exclusive formation of the thermodynamically most stable [6,6]-ad- 
ducts. 

There are no known examples of 7"- ( n  2 3) coordination of c60, 
and indeed reaction with [Ru(q-C,Me6)(CH3CH),1+ O,SCF,, a reagent 
known to readily bind q6- to polyenes such as styrene, resulted in 
only q2-coordination, as shown in Fig. 8 (7). This behavior has been 
rationalized in terms of the relative disposition of the carbon p orbitals 
in CEO and in arenes and the relative energies of their MOs (89, 90). 
Studies have shown that for electron-rich metal centers it is energeti- 
cally more favorable to form $-bonds between M and c 6 0  than between 
M and small ligands, and furthermore there are net electron-electron 
repulsions for higher hapticity metal-C,, bonding. Although for hard 
metal centers, such as Agt , any form of interaction between the metal 
and c60 is less favorable, there is less difference between the hapticity 

Ru center preferentially binds 
#-to stryene 

FIG. 8. The reaction of [Ru(r)-C,MeS)(CH3CN),It 0,SCF; with styrene and Cs0 
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forms. Thus, with judicious choice of hard metal center, it might prove 
possible to produce higher-hapticity adducts. In terms ofp-orbital dispo- 
sition, for curved fullerenes the orbitals are tilted away from the center 
of a particular six-membered ring and so produce weakened interaction 
when compared with a metal bound to a planar arene. This also will 
be true for 7)"- ( n  = 3-51 coordination, although the difference in energy 
between planar and tilted rings is less. Thus, for the reaction of c60 
with [Ru(~)-C,M~,)(CH,CN)~I +, the acetonitrile is a strong donor and 
preferentially binds to  the Ru center and prevents weak hexahapto 
bonding occurring between the Ru atom and c60 (7). 

2.  Monoadduct Structures 

The majority of 7~ complexes are monoadducts in which the metal 
complexes v2 at one of the 30 equivalent [6,6] ring fusions. Typical 
structures and some general details are given in Fig. 9. 

For C,, and higher fullerenes addition also occurs only a t  the [6,61 
fusions. However, these sites are no longer all equivalent, and a variety 
of regioisomers can result. For C7,,, of the four possible products, as 
illustrated in Fig. 10, addition occurs exclusively at the polar fusion, 
A (14). This is the sterically most accessible site, and energy calcula- 
tions have shown there is the greatest release of steric strain on com- 
plexation (91). The equatorial [6,61 fusion, D, has lowest bond order, 
and correspondingly, no complexations to it have been observed. For 
Cad, complexation with Vaska's compound occurs at the fusion with 
the highest bond order, as shown by Huckel calculations (28). 

3. Multimetallic Adduct Structures 

In addition to the monoadducts, there are a growing number of multi- 
metallic complexes, of which some are illustrated in Fig. 11. These can 
be subdivided into those that involve metals binding to adjacent and 
to more distant C=C bonds. 

There are only three examples of the first division, namely [{1r2(p- 
CU,( 1,5-C~H~,) ,}~(~2- ,7)z'-c~o)l  (21 1, [{Ru~(~-CI)(~-X)(~-C,M~~),}(~~-, 
7)"-C,O)] (X = C1, HI (31 1, and [{Re,(PMe3)4Ha}(~2-,~2'-C,,)1 (27). The 
presence of bridging ligands may partly account for their unusual struc- 
ture. In addition, [C60{Re(C0)5}21 has been prepared, and molecular 
modeling studies have suggested that the two Re atoms are bound in 
a c-1,4 fashion (50). 

Multiple additions that involve complexation at more distant sites 
have been found for a number of metal fragments, and these are gener- 
ally prepared using a large excess of the metal precursor. Often a 
mixture of products results and, apart from serendipitous crystalliza- 
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Structure of [RU(NO)(PP~,)~(~~'-C,)CI] 

[6.6]-Addition (Organometallic addition occurs 

exclusively here as well as many organic additions) 

[6,5]-Addition (Some organic 
additions occur here) 

Regiochemistry of addition 

FIG. 9. General structural details and typical examples of Cm-organometallics. 
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[I~(CO)(PP~,),(T('-C,)CII [Ir(CO)(PPh,),(l12-C,~)CIl 

FIG. 10. Structures of [Ir(CO)(PPh,)2(~2-C7~)C11 and [Ir(CO)(PPhJ32(~2-C84)C11. (The 
letters A, B, C, and D indicate different possible sites for [6,61 fusion complexation on C7,, .) 

X=HorCI 

[ (Ir(CO)(PPhMI )z(~~.~~-C~O)I [c60 (M(PEtdz 161 

FIG. 11. Some multimetallic fullerene adducts. 
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tion, the main method of separation is HPLC. This was used to separate 
out the constituents of C60{S2Fe,(CO)6}, (n = 1-3) (53). Distant-site 
multiple additions involve either two metal moieties that bind at dia- 
metrically opposite poles of the fullerene (para adducts) or six metal 
fragments that form an octahedral array around Cm. This contrasts 
with organic additions, which often result in regioisomeric mixtures of 
difficult-to-separate mono- to hexaadducts. Examples of para diadducts 
include those formed between c60 or C70 and Vaska’s compound. Like 
the corresponding monoadduct, the latter contained Ir centers bound 
to CC bonds that give the greatest degree of pyramidalization on com- 
plexation (type A C=C bonds) (18). It is generally believed that these 
diadducts are intermediates on the pathway to hexaadducts, although 
further intermediates have so far eluded characterization. 

Very recently the first tetrametallic and highest multimetallic ad- 
duct of C70 has been crystallographically characterized in the form of 
[C70{Pt(PPh3)2}4}l (38). It was postulated that the high bond order of 
sites A and B, the resulting steric bulk of a tetra adduct, and the low 
bond order of site D best explain the observed exclusive addition to 
sites A and B. Intermediate di- and triadducts were partially character- 
ized and are thought to form through initial binding at two A sites 
followed by binding to a B site. 

PPh, 
J 

The hexaadducts [C60{M(PEt3)2}6] (M = Ni, Pd, Pt) involve an octa- 
hedral array of metal moieties in a similar fashion to C60{C(C02Et)2}6 
and possess the very rare point group Th (16). It is believed that each 
metal fragment binds to one fullerene C=C bond and sterically blocks 
the neighboring four, so that six moieties will block all 30 C=C bonds 
of c 6 0 .  Hence, wadducts involving more than six addends are likely 
to be difficult to prepare. 
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The only reported examples of a multiple adduct where the addends 
bind to C,using different atoms are [Ir(CO)(PPh3)2(q2-C6~o")cl] ( n  = 
1,2) (29,361 and [I~(CO)(ASP~~)~(~~-C~~O)C~] (39). For both n = 1 and 
2, there is disorder with the 0 occurring in as many as seven different 
sites. The major forms are shown next and involve the Ir and 0 centers 
coordinating to adjacent double bonds. No doubt the oxophilic Ir center 
is initially attracted to a double bond adjacent to  the epoxide 0 atom. 

4 .  Internal Structure of the Fullerene 

As far as the fullerene internal structure is concerned, there is little 
change on metal complexation. The metal bound transannular [6,61 
bond is elongated relative to the remaining fullerene C=C bonds. It 
often attains a length (-1.5 A) comparable with that of other C-C 
bonds such as the transannular [6,5] bond or those for an analogous 
alkene complex. The structure often is described as metallacyclopro- 

TABLE VIII 

c(Sp3)-c(Sp3) BOND LENGTH IN SOME FULLERENE ORGANOMETALLICS 

C(sp3)-Cfsp31 
Compound bond IengthiAO Reference 

C~OBO,(~-BU'C,H,NI~ 1.624 47 All other f u l l m e  CCbonds 
lIr(CO)(PPh3)2(q2-C,~lC11 1.533 13 m not d t e d  significantly 
IFWPPh312(q2-C601 1.502 12 on complexation 
l(Ir(COl(PMe312C~}~(q2-,q2'-~~~l~ 1.51 33 
~Ir~CO~~PPh3~2fq2-C600~C11 1.500 29 

~Rh~COl~PPh~l~~q2-C~~lHl 1.479 24 
[(Ir~CO)(PPhMe2~,C1}2fq2-cm)~ 1.471 20 
I ( l r 2 ( ~ - C l ) 2 ( 1 , 5 - C ~ H , ~ ) 2 ~ 2 ( q 2 . . q ~ - C ~ l l  1.47 21 
[Pd(PPh3)2(qZ-Cm)I 1.447 23 

I(Ir(CO)(PPhMe2)2CI),(112-C7o)l 1.523 18 
IIr(CO)(PPh312(q2-C,,)C11 1.457 28 

IC&'tfPEt31~)~1 1.497 7 Metal bound C=C 

lIdCOl(PPh312(q2-C,n~C11 1.46 I 4  

c m  1.391' 92 
Cin 1.39' 

Adjxent C-C bonds m 
also elongated slightly 

For rnultirnetallic adducts, this corresponds to the average C=C ..... M bond length. 
* Corresponds to the C=C bond that complexes to the metal. 
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TABLE IX 

0 VALUES FOR SOME Pt-ALKENE COMPLEXES 

e Compound 

pane and is consistent with the presence of high-field fullerene 13C 
NMR chemical shifts. The remaining CC bonds are little altered, with 
the other [6,6] fusions having a length of -1.40 A and the [6,51 fusions 
of -1.45 A, comparable with those for c60 of 1.39 and 1.45 A, respec- 
tively (92). The C(sp2)-C(sp3) bonds do show some lengthening and 
increase to a value of -1.5 A. 

The two metal bound carbon atoms are also pulled out from the cage, 
consistent with the change in hybridization to sp3 (7). The degree of 
"pullout," defined as the angle 0 between the C-C axis and the plane 
containing one of these carbon atoms and its two neighboring sp2 carbon 
atoms, is a useful guide to the extent of 7~ back-donation and increases 
with back-bonding. 

5. Dynamic Behavior of the Metal Fragment 

The dynamic behavior of the metal moiety on the fullerene surface 
has only been briefly investigated. However, there is growing evidence 
that some complexes may be fluxional, with the metal fragment migrat- 
ing over the surface of the sphere, i.e., globe-trotting, via a dissociative 
equilibration. Preliminary 31P{'H}, 'H, or 13C NMR studies on the multi- 
metallic complexes [RU(~-C~M~~)(CH~CN)~~~(C~~)]~+(~~SCF~')~ (12), 
[{Ir~CO~~PMezPh~2C1}z~qz,qz'-C,,)3 (181, [{Ir(CO)(PEt3)zC1}z(qz,qz'-~~~~~ 
(331, [C&%(PEt3),},] (n  = 2,6) (161, and [Pd(PR3)2(q2-C60)l (25) showed 
the presence of mixtures of interconverting regioisomers. For [{Ir(CO) 
(PEt3),C1},(q2,q2'-C60)], the equilibria could be slowed down sufficiently 
at low temperatures to  allow spectroscopic detection of both free and 
bound IrCl(CO)(PEt,), (Fig. 12). In solutions of [C60{Pt(PEt3)z}61, Fagan 
postulated that the ability to trap the Pt(PEt,), by reaction with diphen- 
ylacetylene and the fact that mixtures of regioisomeric diadducts only 
gave rise to one highly symmetric hexaadduct were indicative of a dis- 
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PhCCPh I 
[Pt(PhCCPh)(PEt,),] 

FIG. 12. Examples of metal-fullerene dissociative equilibria. 

sociative dynamic equilibrium. In these and other complexes, e.g., 
{Ru(q-C,Me,)(CH3CN)213(C60~13+(03SCFJ3 and [{Ir(CO)(PMezPh)zC1}z 
(q2,q2'-C,o)], such a dynamic equilibrium has been invoked to explain 
the interconversion or preferential crystallization of certain regioisom- 
ers. All these systems often involve complicated equilibria in which 
both the rate and equilibrium constant are very sensitive to temper- 
ature. 

For [Pd(PR3)2(q2-C60)] (PR3 = PPh, , PEt, , PMe2Ph, PPh2Me, 
P(OMe), , or 4 dppe) preliminary 13C NMR studies showed that the metal 
fragment migrates over the surface of the fullerene via a dissociative 
process (25). In the cases of [M(NO)(PPh3)2(772-C60)l (M = Co or Rh), it 
is believed that metal migration over the surface of the fullerene also 
takes place to  a small extent via an additional intramolecular route, 
as shown in Fig. 13. The mechanism was investigated using variable- 
temperature and 2-D EXSY 13C NMR (27). Using the former technique 
for each complex, the fullerene 13C NMR spectrum underwent a change 
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from 17 lines (G2" symmetry) to one broad line at above room tempera- 
ture, which is consistent with all the fullerene carbon atoms becoming 
equivalent. The 2-D 13C EXSY spectrum of [ C O ( N O ) ( P P ~ ~ ) ~ ( ~ ~ - C ~ O ) ~  
showed cross peaks that were only consistent with a dominant 1,3 shift 
process: that is, the metal migrating to adjacent double bonds. The 
cross peak intensities are most consistent with intramolecularity, and 
furthermore are consistent with a transition state that involves the Co 
atom binding to two C=C bonds and the nitrosyl temporarily acting 
as a 1 e- donor. 

Often for double addition reactions, despite the presence of many 
regioisomers in solution, only one isomer crystallizes out in high yields. 
This is the para diadduct, which, with its high symmetry and low 
polarity, exhibits lower solubility (33). Preferential crystallization of 
the high-symmetry tetra- and hexaadduds [{Irz(~-C1)z(1,5-C,Hlz)~z(qz-, 
q2'-c60)] (21 ) and [C60{Pt(PEt3)2}6] (16) has similarly been accounted 
for in these terms, with the high yields due to  a dynamic equilibration 
between the various regioisomers. 

As fullerenes behave as typical weakly melectron withdrawing al- 
kenes, it is not surprising that some metal complexes undergo alkene 
rotation. The observation of only one carbonyl signal in the 13C NMR 
of [M(C0),(q2-C60)] (M = Fe or Ru) (22,26) is consistent with the metal 
moiety undergoing concomitant metal-fullerene rotation and Berry 
rearrangement. Furthermore, for [M(NO)(PPh3)z(q2-C60)l (M = Co or 
Rh) and [Ru(NO)(PPh3)z(q2-C60)Hl, the low-temperature 13C NMR spec- 
tra show fullerene resonances consistent with C, symmetry, and hence 
a static structure, but on warming change to a C,, structure with 
concomitant fullerene metal bond axis rotation (22). Figure 14 shows 
this change in the 13C NMR spectrum of [Rh(NO)(PPh3)z(q2-C60)1 be- 
tween -90°C and +20"C, as well as the process of metal fragment 
migration over the fullerene surface. 

B. a-BONDED COMPLEXES 

Most of the cr-bonded organometallics that have been characterized 
structurally (mainly by 13C NMR) involve bonding to the fullerene at 
adjacent carbon atoms, i.e., 1,2 addition. Such is the case for the osmate 
esters, CG0(But)(Li) (49) and C60SzFez(CO)6 (531, which are illustrated 
in Fig. 15. Occasionally 1,4 addition occurs as for C60{Re(CO)5}z (50) 
and substitution of Li in C60(BUt)(Li) with bulky electrophiles. 

For C60(BUt)(Li) the But rotation can be hindered sufficiently at lower 
temperatures on the 'H NMR time scale to allow the individual methyl 
group signals to  be resolved (49). 
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FIG. 14. 13C{lH} NMR spectrum in the fullerene sp2 carbon atom region of [Rh(NO) 
(PPh3)z(q2-C,,JI between -90 and +20"C in C4D80. 
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(OC1,Re Re(CO), 

L = NCIH,Bu‘ 

R = CH(SiMe,), 

FIG. 15. The structure of some a-bonded fullerene organometallics. 

V. Effects on Bonding of Metal Complexation 

This section briefly discusses the effect of metal complexation on the 
electronic structure of Cs0 and draws together some information that 
has been presented in previous sections. 

In terms of the Dewar-Chatt model of bonding, for T metal complex- 
ation one double bond is effectively removed from the fullerene conjuga- 
tion system due to extensive interaction between metal d orbitals and 
the fullerene HOMO and LUMO (7). The remaining 29 double bonds 
then behave almost identically to uncomplexed C60 with their IR, Ra- 
man, UV-vis, and 13C NMR spectra showing only slight perturbations, 
mainly as a result of diminution of symmetry effects. Nevertheless, it 
is important to state that the fullerene metal interaction is not confined 
purely to the former’s HOMO and LUMO, and that other molecular 
orbitals are energetically suitable for interaction (89,90). The spectro- 
scopic evidence cited for the preceding statement is as follows: 

1. Electrochemical studies: Adducts undergo similar electrochemical 
processes, with reduction couples shifted to slightly more negative po- 
tentials owing to the lower electron affinity of the cage. This is due to 
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the removal of one double bond from the 7~ system, as well as the metal 
inductively donating some electron density into the a-bond framework. 
Further shifts to even more negative potentials are observed on increas- 
ing metal addition for the species [C60{M(PEt3)z}n] (M = Ni, Pd, Pt; 
n = 1-6) (84). Shapley monitored changes in the UV-vis spectrum, in 
the v(C0) stretch in the IR spectrum, and in the surface-enhanced 
Raman spectrum for [Ir(r15-CgH7)(CO)('2-C~)l on reduction to the 
monoanion and the dianion (74, 75). He found only slight shifts on 
anion formation that were also consistent with the negative charges 
residing mainly on the fullerene. 

2. Raman studies on [M(PPh,)z(~2-C60)l and [C60{M(PEt3)z}n] (M = 

Ni, Pd, Pt; n = 1,6) showed slight shifts to  lower wavenumbers, suggest- 
ing some M + 7 ~ *  back-bonding ( I  7). 

3. Mossbauer studies on [Ir(CO)(PPh,)2(~2-C60)Cl] (87) and 
[Fe(C0),(q2-C6,)] (88) indicated that c 6 0  is only slightly perturbed but 
is a weak 7~ acceptor. 

4. Diffraction studies showed only slight changes in fullerene C-C 
bond lengths and angles. 

5. UV-vis spectroscopy showed only small changes on complex- 
ation. 

Because the fullerene hemisphere not directly involved in metal 
bonding is little altered by metal complexation, i t  is not surprising 
that multimetallic adducts can be formed. However, the strength of 
fullerene-metal bonding, the size of the addend, and the ease of dissoci- 
ation also play a part in determining the likelihood of isolating such 
a species. 

Various calculations have shown that fullerenes will form especially 
strong bonds to electron-rich metal centers. This has been attributed 
to (a) favorable relief of bond strain and (b) electron-withdrawing fuller- 
ene having MOs highly energetically suitable for interaction. For 
harder metal centers such as Ag+, calculations have shown that the 
interaction is much weaker (89, 90). 

In terms of T complex vs metallocyclopropane formalism, there has 
been little discussion. However, the W3C) chemical shifts values sug- 
gest intermediates tending toward metallocyclopropane behavior. 

For IT complexes, similar bonding conclusions concerning the uncom- 
plexed portion of the cage have been drawn. There is debate, however, 
over the extent of c covalency between c60 and [MI for [MI = Li or Mg. 
Charge delocalization does occur and explains the formation of 1,4 
adducts with bulky electrophiles. Radical center delocalization occurs 
in many RC6o species. 
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VI. Physical Properties and Chemical Reactivity 

All adducts tend to be redtbrown or green powders that are moder- 
ately and very air sensitive in the solid state and solution, respectively. 
Generally, they dissolve poorly in aromatic hydrocarbons and some- 
times thf to give intensely green or red colored solutions. These are 
sometimes thermally unstable a t  room temperature and liberate c 6 0  

on standing at room temperature. 

A. REACTIONS OF T COMPLEXES 

The .zr-organometallics show a reactivity pattern typical of an  alkene 
bound weakly to a metal center. The Cs0 moiety may be displaced easily 
by a variety of donor ligands such as CO or PR3 (R = OMe, Ph), 
and indeed many of the complexes are very air and water sensitive. 
Reactions can be monitored easily by the color change from the intense 
red or green of the adduct to the characteristic purple color of the free 
c60  molecule; the other products tend to have much lower extinction 
coefficients [Eqs. (11) and (12)J (15,261. 

The stability of solutions of the complexes varies widely. Some ad- 
ducts, such as [Ir(CO)(PPh3)2(~2-CG,)C1] (13) [Eq. (1311, readily revert to 
starting materials on dissolution in certain solvents or on thermolysis, 
whereas others, such as [OS3(CO),o(PPh3)(772-C,,)3 [Eq. (14)] (321, are 
sufficiently robust that other ligands may be preferentially displaced: 

[Ir(CO)(PPh,)2(v2-Cso)C1] (13) '6"6 
[Ir(CO)(PPh3)2Cl] + C, . 

CH,CI, 

Weakly basic ligands such as alkenes and acetylenes only occasion- 
ally displace the fullerene [Eqs. (15)-(17)1: 
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Except for the reaction between [Ir(q5-CgH7)(CO)(q2-C60)1 and CO, 
which is associative (15), all the other displacements are believed to 
be dissociative. As discussed in Section IV,A,5, there is much evidence 
for the equilibrium shown in Eq. (181, which is the first step in such 
a mechanism: 

For [C6,,{Pt(PEt3)2}6], Fagan trapped the dissociated metal fragment 
Pt(PEt,), by complexation with diphenylacetylene to give [Pt(PEt3),(q2- 
C2Ph,)] (7). Similarly, 31P NMR studies carried out on the system 
[{Ir(CO)(PEt3),C1},(qz,~2'-C60)] (33) suggested that the following equi- 
libria exist (Scheme 6). 

Nagashima found an unusual route to M(PR3)2(q2-C60) (M = Pd or 
Pt; R = Et, Ph, OMe, etc.) by addition of PR3 to the insoluble polymeric 
materials CEoM, (M = Pd or Pt, n = 1) [Eq. (19)l (25, 31). 

Attempts to further functionalize the fullerene cage have not proved 
successful. Surprisingly, there have been no reports of multimetallic 
adducts involving two different metal moieties. For those reactions 
investigated, what tends to happen is that the second moiety displaces 
the first, as in the case of [Co(NO)(PPh3),(q2-C6~)] reacting with [Mo(q- 
C5H5),H2] to produce [MO(q-C,H,),(q2-C,,)3 (27). Similarly, addition of 
an organic moiety to a T complex fails, and instead the metal addend 

[Ir(CO)(PEt,)z(ri-C,)CIl C, + [Ir(CO)(PEt,),CIl 

SCHEME 6. Equilibria present in solutions of [{Ir(CO)(PEt3)2C1}2(~2,~z'-C,)1. 



ORGANOMETALLIC COMPLEXES OF FULLERENES 37 

is displaced, with a purely organic fullerene adduct forming. However, 
it is interesting to note that treatment of a stoichiometric mixture 
of Cso/[Pd(PPh3),]/Ph,PCH,CH2PPh2 with CH2=(CH,0Ac)CH2SiMe3 
resulted in the formation of the organic illustrated in Eq. (20). No 
reaction occurred when c6,) was mixed purely with the organic or in 
the presence of a catalytic amount of a Pd catalyst, suggesting that 
some functionalization of organometallics may be possible (93). 

CGoCMe(OMe) has been synthesized by reaction of the Fischer car- 
bene [Cr(CO),(=CMe(OMe))l with c6,) and is believed to involve initial 
q2 coordination of the Cr center to  c6,) (94). 

Although several alkene analogues of the .n-fullerene organometal- 
lics are active catalysts, only for [Rh(CO)(PPh3)2(q2-C,o)H] has catalytic 
activity been investigated. I t  was found to have similar activity to 
[Rh(CO)(PPh,),H] for alkene hydroformylation (95). The incompletely 
characterized polymers (M = Pd, n 2 3; M = R, n = 1,2) showed 
some activity toward heterogeneous hydrogenation of alkenes and acet- 
ylenes (31, 96). 

B. REACTIONS OF (T COMPLEXES 

The chemical reactions of (T complexes can be divided into two types: 
those that involve substitution of the metal center by an electrophile, 
and those that involve the reaction of the fullerene core with excess nu- 
cleophile. 

The first category has proved an increasingly popular route to the 
initial functionalization of fullerenes, and some reactions are illus- 
trated in Scheme 7. Incoming electrophiles are invariably H+ or an 
alkyl group. For instance, acidification of C60(BUt)(Li) produces C6,)H2, 
whose pK, shows it to be one of the strongest acids known, composed 
purely of carbon and hydrogen (49). Acidification of C,o(H)(Zr(q- 
C,H5),C1) has produced C60H2n, n = 1-3 (63,641. An interesting series 
of phosphine adducts C,,(H)(PRR’) (R = R’ = chiral alkyl group) have 
been prepared by reaction of C6,) with RR’(BH3)P-Li followed by acidifi- 
cation (60). The resulting ligand can complex to BH3, PtC12, and PdCl, 
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SCHEME 7. Some electrophilic substitution reactions of alkyl fulleride anions. 

via its P atom. Most additions tend to be 1,2, but occasionally 1,4 
addition can occur, especially with bulky electrophiles. 

Although alkyl fulleride anions are a useful synthon, they are some- 
times difficult to prepare because of side reactions and are often not 
as reactive as might be expected. The high electronegativity of fuller- 
enes and resonance stabilization of a radical center over the cage mean 
that fullerenes are “radical sponges.” As such, competing radical side 
reactions occur in the synthesis of alkyl fullerides because of abstrac- 
tion of an electron from the incoming nucleophile R-. Low anion reactiv- 
ity toward electrophiles is a result of large steric bulk and resonance 
stabilization of the negative charge. This ’delocalization also means 
that mixtures of 1,2 and 1,4 regioisomers often also occur. Some adducts 
are thermally unstable: C,o{Re(C0),}2 reverts to [Re2(C0),,l and C6,, 
on standing at room temperature (50). 

The second type of chemical behavior is reaction with excess nucleo- 
phile, which can often be a problematic competing side reaction in 
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the synthesis of monoadducts. Only a few multiple adducts have been 
partially characterized, as shown in Scheme 8, and only for 
C60(020s02(4-ButC5H4N)z)z (48) is the structure known with any cer- 
tainty. For the functionalization of the organic side chain, basic/nucleo- 
philic reagents cannot be used, as they preferentially react with the 
fullerene core. 

VII. Conclusion 

Overall, fullerenes and especially c60 show a chemical reactivity 
very similar to that of bulky electron-deficient alkenes. They readily 
react with many electron-rich metal centers to  form stable TT or (+ 

complexes. With either bulky or less electron-rich centers, they show 
a reduced reactivity and form much less stable complexes. 

Although the T complexes have not yet found any practical uses, 
they have proved helpful in structural characterization, as well as 
providing some insight into the dynamical behavior of fullerenes. The 
CT complexes are a relatively unexplored area, but where they have 
been prepared, they are useful intermediates in the preparation of 
organic fullerene adducts. 
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I. Introduction 

The cluster complexes of the group 6 metals, molybdenum in particu- 
lar, are very important because of their relationships to higher-dimen- 
sional systems such as the superconducting Chevrel phases (I) and 
bioclusters such as nitrogenase (2). Since the discovery of the Chevrel 
phase compounds, their unique and aesthetically pleasing structures 
have attracted the attention of many inorganic chemists. The structural 
motifs of the Chevrel clusters, consisting of six molybdenum atoms 
arranged in an octahedral array with chalcogen atoms capping all 
the triangular faces, are very similar to  those in the historic cluster 
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compound Mo6ClI2 (3). This may be one of the reasons for the special 
interest in these octahedral cluster complexes. Octahedral cluster com- 
pounds have played a great role in filling the gap between the molecular 
and solid-state inorganic chemistries (4 1. The preparation of molecular 
analogues of the Chevrel phases and their chromium and tungsten 
analogues has been a challenging target of cluster synthesis to 
solve some structural problems and to derive “chromium or tungsten 
Chevrels” starting from molecular clusters. 

Nitrogenase is another big target of cluster synthesis. The X-ray 
elucidation of the active center of the Fe-Mo cofactor and P-cluster 
(5 )  has accelerated the efforts to find rational preparative methods of 
trinuclear or cubane-type clusters containing molybdenum (6-9). The 
raft cores in these cluster complexes are one of the general structural 
units also in solid-state compounds, and the mutual relationships are 
very important. A number of review articles are now available on 
the syntheses, structures, and other properties of metal chalcogenide 
cluster compounds (6, 7,10-24). 

The structural relationship between the molecular and solid-state 
compounds has been a hot issue in inorganic chemistry for some time 
(25-27). The extrusion (or excision) from preformed solid-state cluster 
compounds is one of the major synthetic methods of the preparation of 
cluster complexes (26). Use of cluster complexes as precursors to solid- 
state cluster compounds is the reverse reaction of excision. Both reac- 
tions utilize the structural similarity of the metal cluster units. The 
basic cluster units of polyhedra (deltahedra) or raft structures are trian- 
gles, and both molecular and solid-state clusters with octahedral, tetra- 
hedral, and rhomboidal cores have been reported. Similarity of other 
properties such as electronic structures based on the cluster units is 
also important. The present review is concerned with the syntheses 
and structures of the cluster complexes of the group 6 metals and with 
their relationships to solid-state chemistry. 

II. Octahedral Clusters 

A. SYNTHESIS 

1. Chromium 

Steigerwald et al. prepared the first octahedral chromium cluster 
[Cr6Te,(PEt3)6] by the reaction of either (C3H,)2Cr(PEt3)2 or (2,4-di- 
methyl-C6H3)&r with TePEt, and PEt3. The yield in the latter reaction 
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FIG. 1. Structure of [CrGTc~(PEt3),J. 

was 38% (28) (Fig. 1). This reaction is based on the properties of TePEt, , 
which releases “atomic tellurium” and triethylphosphine because they 
are in equilibrium in solution (29). The formal oxidation state of chro- 
mium is changed from +2 to +2.67 (average). 

TePEt3 Te + PEt3 

Similar reactions have been used for the synthesis of [CO6Te@Et3)6] 
(301, [Ni9Te6(PEt3)81, and [NizoTe,8(PEt,)121 (31 ). 

Sulfur and selenium analogues [Cr6E,(PR,),] (E = s, PR, = PEt,, 
PMe, ; E = Se, PR, = PEt, , PMe, , PMe,Ph) have been prepared by the 
reaction of CrC1, with either NaS,H or Na,Se, in the presence of PR, 
in methanol (32). The reactions depend very much on the difference of 
phosphines, and the best yield (22%) is attained for the combination 
of sulfur and triethylphosphine. In the case of the sulfur complexes, 
Na,S, is not good, because only insoluble sulfides form. There are no 
trinuclear chromium chalcogenide complexes suitable for dimerization 
to form octahedral cluster complexes, and the self-assembly reaction 
of mononuclear chromium complexes is the only way to accomplish 
such syntheses at  present. Selectivity is the key point for self-assembly 
reactions, and combinations of appropriate reagents should be neces- 
sary to attain good yields. 
2. Molybdenum 

The cluster cores Mo6E8 (E = S, Se, Te) are very similar to those 
of molybdenum dihalides MoX, (X = C1, Br, I), and their derivatives 
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that have eight face-capping halides on the triangular M o ~  faces of 
the Mo, octahedron (3). The substitution of the capping halides into 
chalcogenides was attempted starting from MoX, [ = (Mo,X,)X,X,,,] 
to prepare the Mo&, cluster compounds, but only one or two of the 
eight chlorine atoms were substituted into chalcogen atoms (33-36). 
However, McCarley et al. accomplished complete substitution by 
reacting Mo,Cl,, with NaSH and NaOBu in 1-butanol and pyridine 
to form Naz,Mo6S6+,(py!, (37 1. This pyridine-deficient compound was 
refluxed in neat pyridine to produce [Mo6S,(py)6] as a brown crystal- 
line compound (Fig. 2). Similar reactions in propylamine formed a 
propylamine derivative, and this in turn has been transformed into 
pyrrolidine or piperidine derivatives. Excess sulfiding agent was 
needed to produce a completely sulfur-substituted product. However, 
the initial product did not contain enough pyridine, and further 
treatment with pyridine was necessary to attain the right stoichiome- 
try. The preceding reactions suggest that the face-capping halides 
are fairly inert to  substitution into chalcogens and rather forcing 
reaction conditions are required. 

Since the Mo6E8 framework is just a face-to-face dimer of the Mo3E4 
clusters, dimerization of suitable Mo& cluster complexes should lead 
to the octahedral cluster complexes. This type of fragment condensation 
has been realized by the synthesis of [Mo,E,(PEt3),] from 
[ M O ~ E , C ~ , ( P E ~ ~ ) ~ ( S O ~ ) ~ - , ~  (Sol = MeOH or thf). When the trinuclear 
cluster complex was treated with magnesium metal in thf, four termi- 
nal chlorine ligands were reductively abstracted and two trinuclear 
fragments condensed to give a hexanuclear cluster (38). The first syn- 
thesis used an isolated complex [Mo3S4C1,(PEt3),(MeOH)1 (391, but later 

k d  
FIG. 2. Structure of [Mo6Sg(py),j1. 
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the reaction of a solid-state cluster compound Mo3E7C14 with triethyl- 
phosphine, followed by magnesium reduction without the isolation of 
the intermediate, was employed (40). The yield has been at best 30% 
based on molybdenum, and by-products have not been identified. Al- 
though there is room for improvement in selectivity, fragment conden- 
sation using trinuclear building blocks will be useful for the construc- 
tion of deltahedral cluster skeletons. 

3. Tungsten 

The first example of the tungsten cluster complexes of the type 
[W6EaL6] has been synthesized by the reductive condensation of a tri- 
nuclear tungsten cluster complex although the intermediate was not 
fully characterized (41 1. The starting compound was prepared by the 
reaction of W6Cl12 with sulfur, which is probably W3S7C14 (42). The 
solid-state cluster compound was excised by triethylphosphine in thf, 
and the product was reduced by magnesium metal to form [W6S8(PEt3),1 
in 10% yield. 

More recently the substitution of the face-capping chloride into sul- 
fide was achieved by Zhang and McCarley (43) and DiSalvo and co- 
workers (44). McCarley reacted W,Cll2 with NaSH and NaOBu in 
refluxing pyridine for 2 days. The insoluble product was exhaustively 
extracted with methanol to give a dark red powder of [W6sa(py&]. 
DiSalvo used essentially the same combination of reactants and heated 
the mixture at 115°C for 4 days to obtain the same compound in 43% 
yield. A 4-tert-butylpyridine derivative (Fig. 3) was likewise prepared 
by using W6Cllz, KSH, KOBu, and 4-tert-butylpyridine in DMF at 

d 
FIG. 3. Structure of [W6S&-Bupy)61. 
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25°C for 6 days. The cluster complex is a little more soluble than the 
pyridine derivative. 

B. MOLECULAR STRUCTURE 
1. Chromium 

The chromium cluster complexes [Cr6Eg(PR3)6] (E = S, Se, Te) have 
the Cr,E, cluster unit, consisting of a Cr, octahedron and eight face- 
capping chalcogen atoms (28,32 ). One trialkylphosphine ligand coordi- 
nates to each chromium atom. The overall structures of the cluster 
cores are essentially octahedra with small distortions depending on 
the chalcogen and alkyl groups of the phosphine. The average Cr-Cr 
and Cr-E interatomic distances are listed in Table I. 

Although the cluster units are not much different from those of the 
similar cluster [M&g(PR&] (M = Mo, W, Fe, co) (45) ,  some different 
features are clearly distinguishable. The differences are the metal- 
metal bond order and the distortion of the octahedra from a regular 
octahedron. Table I1 shows the Pauling bond order n, which is calcu- 
lated by the equation d ( n )  = d(l)  - 0.61og n, where d ( n )  refers to the 
average M-M distance and d(1) to the single-bond distance calculated 

TABLE I 

INTERATOMIC DISTANCES (A) IN OCTAHEDRA OF METAL AND LIGATING ATOMS 

Compound M-M A(M-M) L-L A(L-L) Ref. 

[Cr&(PMe&] 2.649-2.710 0.061 5.668-6.371 0.703 32 
[Cr&(PEt&] . 2C.& 2.592-2.596 0.004 5.925-6.035 0.110 32 
[Cr&k&PMe&,] 2.723-2.787 0.064 5.784-6.435 0.651 32 
[Cr&!&PEt3)6] 2.676-2.683 0.007 6.086-6.133 0.047 32 
[Cr,$es(PMe2Ph)~] 2.684-2.67 0.083 5.745-6.487 0.742 32 
[Cr6Te&PEt,)61 2.896-2.953 0.057 6.258-6.456 0.198 28 
[MO6S8(PMe&,l 2.635-2.637 0.002 5.875-6.470 0.595 48a 

[ M O ~ S ~ ( P M ~ ~ P ~ ) ~ I  2.678-2.694 0.016 6.005-6.602 0.596 48a 
[MO&@Et&l 2.662-2.664 0.002 6.179-6.291 0.112 40 

[MO6&8(PEt&.] 2.701-2.708 0.007 6.190-6.402 0.218 40 
[PPNI[MO&(PEt3)6] 2.664-2.677 0.013 6.028-6.522 0.494 40 
[PPN][MO&~~(PE~~)~]  2.703-2.718 0.015 6.122-6.555 0.433 40 
[MO&(PY)6] . 2PY 2.640-2.647 0.007 5.871-6.047 0.176 37 
[MO&&(PiP)6] ' 7pip 2.637-2.658 0.021 5.751-6.070 0.319 37 
[MO&$(pylT)rj] ' pyrr 2.635-2.672 0.037 5.543-6.013 0.470 37 
[W&&(PEt3)61 2.678-2.681 0.003 6.174-6.310 0.136 41 
[WSsS(PY)6] 2.654-2.667 0.013 5.748-5.932 0.184 43, 44 
[w&(t-BIlpy)~] ' 6C6H6 2.656-2.667 0.011 5.789-5.917 0.128 44 
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TABLE I1 

M-M BOND ORDER AND PBO/e 

d(n)lA 
Compound (M-M av.) Bond order no PBOleb Ref. 

[Cr&(PEt3)6] 2.594 0.445 0.53 32 
[Cr,Sea(PEt&I 2.680 0.320 0.38 32 
[Cr6Te&PEt3)6] 2.935 0.120 0.14 28 
[MO&(PEt3)6] 2.663 0.845 1.01 40 
[M06Se&PEt3)61 2.703 0.724 0.87 40 
[ WcjS8(PEt, )6 1 2.680 0.841 1.01 41 

d(n) = d(1) - 0.6 log n; d(1) = 2.383 A (Cr), 2.619 A (Mo), 2.635 A (W) (46). 
bPBO/e = n x 4/(20/6). 

from the M-M distance in bulk metals (46). When the ligands are 
sulfur and triethylphosphine, the bond order of the chromium cluster 
(0.445) is much smaller than those of molybdenum (0.845) or tungsten 
(0.8411, but larger than that of cobalt (0.150). This indicates that the 
metal-metal bonding interaction in the chromium cluster complexes 
is much weaker than in the molybdenum or tungsten cluster analogues. 
Also, selenium and tellurium derivatives have still weaker bonding 
interaction. This is important for estimating the cause of the distortion 
of the Cr, cluster cores, which is discussed later. 

The selected interatomic distances and angles for the chromium com- 
plexes are listed in Table I. The Cr-Cr bond lengths are considerably 
different among the six complexes, and the virtual symmetry of the 
Cr, octahedra is Oh in the PEt3, D,, in the PMe,, and DZh in the 
PMe,Ph complexes (Fig. 4). In the PEt, com lexes, the differences in 

have pseudo-Oh symmetries. In contrast, the Cr, cores are antitrigonal 
prisms (D3,) in the PMe, complexes, and the differences in intratriangle 
and intertriangle Cr-Cr distances are more than 0.06 A both in sulfide 
and selenide PMe, complexes. The molecules of the PMe,Ph complex 
have a crystallographically imposed inversion center, and there are 
six crystallographically independent Cr-Cr distances with 0.08 A dif- 
ference. A pair of the Cr-Cr distances is significantly longer than other 
five pairs, and the Cr, octahedron has &I, symmetry in the PMe,Ph 
complex. 

The structures of the Cr, core are affected by the terminal phosphine 
ligands. The variation of the chromium octahedra contrasts with molyb- 
denum clusters, which always have almost regular octahedral geome- 
try. In a crystal, the structure of a molecule is influenced by steric 

intramolecular Cr-Cr distances are ~ 0 . 0 2  1 , and the Cr, octahedra 
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FIG. 4. Structure of [Cr6Sc&PMe3),1. 

demand between neighboring molecules. The peripheral ligands play 
an important role in determining the whole structure of a molecule 
(47, 48). These chromium cluster complexes contact with each other 
through the alkyl groups of the phosphine ligands. The direct effects 
of crystal packing should be reflected in the positions of phosphorus 
atoms. Since the six phosphine ligands are at the terminal positions 
of the Cr, octahedron, they form a P6 octahedron around the Cr, octahe- 
dron (Fig. 5). The P-P distances are listed in Table I. In all these 
compounds, the P6 octahedron has the same virtual symmetry as the 
Cr, octahedron. By comparison of the Cr, and P, octahedra, it has 
become apparent that the distortion of the Cr, octahedra parallels the 
distortion of the surrounding P, octahedra, which is caused by the 

n 

FIG. 5. Geometrical relation of the metal and phosphorus octahedra in 
[h&EB(PR3)61 complexes. 
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crystal packing effect (32). Although the Cr, octahedra are affected by 
the P6 octahedra, the Mo, octahedra in [Mo6E8(PR,),] are not much 
influenced by the crystal packing. As listed in Table I, the distortions 
of the P, octahedra in molybdenum derivatives with PMe, or PMezPh 
are comparable to those of the chromium clusters ( 4 8 ~ ) .  Nevertheless, 
the Mo, octahedra in those complexes are as regular as in the PEt, 
derivative. This seems to imply that the Mo-Mo bonding is stronger 
than the Cr-Cr bonding, and that the M0, octahedra are free from 
crystal packing distortion of the ligands. 
2. Molybdenum 

The Mo-Mo distances in the 20-electron clusters [MO&&] are 
nearly equal, and the cluster frameworks are regular octahedra (Table 
I). As these compounds form molecular crystals, the ranges of inter- 
atomic distances between the coordinating atoms forming coordination 
octahedra are included in the table to aid in estimating the nonbonding 
interaction of cluster molecules in the crystals. The figures in the table 
indicate that the molybdenum octahedra show little distortion even 
for complexes with considerable distortion of the coordination octahedra 
of the ligands. As described earlier, the Cr, octahedra in the chromium 
analogues are more susceptible to distortion because of the weakness 
of the Cr-Cr bonds. Therefore, the regular octahedra in the Mo, skele- 
tons are characteristic of the 20-electron Mo6E8 clusters and are deriv- 
able from the electronic structure. 

If the Mo-Mo bond order of the 24-electron Mo, clusters with 12 
Mo-Mo bonds is taken to be unity, the bond order of the Mo-Mo 
bonds in the 20-electron clusters becomes 20/24 = 0.833 by a simple 
calculation. If d(0) is 2.619 A (23) in the Pauling bond order equation 
d(n)  = d(1) - 0.6 log n (49), d(20/24) = 2.619 - 0.6 log (20/24) = 2.667 
A, which is very close to the observed values for [MO,E&6] complexes in 
Table I. The bond orders are calculated by using the observed Mo-Mo 
distances and given in Table 11. The Mo-Mo distance (average) in the 
24-electron cluster [(MO,C~~)C~,(PBU~)~] is 2.616 A (501, showing that 
n = 1 and the bonds are two-center, two-electron single bonds. Although 
the Mo-Mo distances in the 21-electron clusters [PPN][Mo,E,(PEt,),] 
should be reduced judging from this simple electron-bond order rela- 
tionship, the actual values (2.670 8, (av)) are somewhat larger than 
those of the 20-electron clusters. It may be possible to understand this 
situation from the Mo-Mo slightly antibonding nature of the LUMO 
in the [Mo,Ea(PH3),] (51 1 (see Section 11,c,2). It is very interesting to 
know the trend of bond distances for the further reduced clusters in 
case they are to  be isolated and structurally characterized. 
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The comparison of the Mo-Mo distances in the sulfur and selenium 
complexes shows that the selenium analogues have longer (ca. 0.04 
A) distances. This can be explained by the larger intracluster matrix 
effect of selenium. This contrasts with the shorter average Mo-Mo 
distances for the selenium compounds in the solid-state Chevrel 
phases (52). 

The bond order between a molybdenum atom and the coordinating 
atom of the exo ligands becomes smaller in the order P > S > N (37). 
The bond orders for the nitrogen ligands are about 0.5, showing that 
the bonds are fairly weak and the ligand displacement reactions are 
the easiest for the clusters with nitrogen ligands. 

The infrared and Raman spectra of the [Mo6S8L6] complexes have 
been reported (37) (Table 111). The infrared spectra have an M o - S  
stretching band at 378-390 cm-', and the Raman spectra show a distin- 
guishing sharp peak at 411-418 cm-' that can be attributed to the A,, 
totally symmetric Mo-S stretching mode. The broad band at 836 
cm-' in the piperidine complex is most likely the first overtone of 
the band at 411 cm-'. The ligand-deficient propylamine and pyridine 
cluster complexes exhibit a broadened Mo-S band at  448 cm-' that 
is described as due to the loss of the octahedral symmetry by loss of 
ligands (37). 

The proton NMR spectra have been used for distinguishing coordi- 
nated and free ligands in crystals, and the spectra of the piperidine 
cluster complex have been analyzed in detail (37) and the peaks of 
each proton on the piperidine rings assigned using both 1-D and 2-D 
spectra. Conformational exchange between the boat and chair forms 
of the ligands was not observed. 

TABLE 111 

VIBRATIONAL SPECTRA" 

Infrared v (M-S) 
Raman v (M-S) 

A,, mode 

390 
389 
382 
381 
384 (br) 
378 
378 

416 
416 
41 1 
415 
418 
418 
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3.  Tungsten 

The cores of the w6 clusters are very similar to those of the Mo, 
analogues, and they are composed of the regular octahedra of six tung- 
sten atoms capped by eight sulfur atoms (41, 43, 44) .  The W-W dis- 
tances are almost the same, and difference in terminal ligands has little 
effect on the geometry (Table I). Only in the case of tert-butylpyridine 
complexes has a very small compression of the octahedron been ob- 
served in the c-axis direction (44).  The bond order for the W-N bonds 
in the pyridine complexes is much weaker than that for the triethyl- 
phosphine analogue (43).  

The strongest band at 378 cm-' in the infrared spectrum of 
[w,s8(py)6] has been assigned to the TI, W--s stretching mode of the 
w,s, unit. The second bond at  231 cm-' is attributed with some uncer- 
tainty to another set of TI, modes involving either W-W or W-N 
stretching or W--S bending vibrations (43).  

C. ELECTRONIC STRUCTURE 
1 .  Chromium 

The average Cr-Cr distance in PMe, complexes is longer than in the 
corresponding PEt, complexes (Table I). The DV (discrete-variationall- 
Xa calculations (53-55) on [Cr,S8(PH,),], which is a model compound 
Of [Cr,S&PR&], have revealed that the molecular orbital levels are very 
sensitive to Cr-Cr distance (32).  Energy levels have been calculated by 
changing the Cr-Cr distance and the Cr, symmetry for these four 
cases: (a) d(Cr-Cr) = 2.59 A in Oh,  (b) d(Cr-Cr) = 2.59 A in D3d, 
(c) d(Cr-Cr) = 2.69 A in O h ,  and (d) d (Cr-Cr) = 2.69 A in D3d (Fig. 6). 
The average Cr-Cr distance is 2.59 A in [Cr8S,(PEt&] and 2.69 A 
in [Cr,S8(PMe&]. If the Cr-Cr distance is long (2.69 A), a structure 
deformed in DJd symmetry is favorable. The distortion of P, to D3d 
symmetry required by crystal packing effects is transmitted to the Cr, 
to result in the distortion of the Cr, core in D3d symmetry, and MO 
calculations indicate that the symmetry requires the elongation of 
the average Cr-Cr distance to gain some electronic energy. Similar 
calculations on the molybdenum congener have shown that a change 
in Mo-Mo distances does not cause any favorable effect on the change 
of the symmetry from Oh to D 3 d ,  even with Mo-Mo distances 0.1 A 
longer, and the cluster can always be in the low-spin state. 
2 .  Molybdenum 

The superconductivity of the Chevrel phases M,Mo6E8 has been at- 
tributed mainly to Mo6E8 cluster units, and M, influences the critical 



56 TARO SAITO 

...... a2, '.'"' -..--. e, 
11, .................. / 

...... ...... 
a28 a28 

a b 

......... ............ 
I l g  .................. eP 

...... a2P ...... a:, 

T ...... I 7 a:, I eP- tt 
l ev  

C d 
FIG. 6. MO of [Cr6SB(PH3),l for different Cr-Cr distance and symmetry. (a) d(Cr-Cr) 

= 2.59 A, Oh; (b) d(Cr-Cr) = 2.59 A, D ~ J ;  (c) d(Cr-Cr) = 2.69 A, Oh; (d) d(Cr-Cr) = 

2.69 A, D3d. 
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temperature only indirectly (56). The Mo,E8 unit consists of an octahe- 
dron of six molybdenum atoms with eight chalcogen atoms capping the 
Mo, faces. The eight chalcogen atoms form a cube, and the molybdenum 
atoms are located in the center of each square face of the cube. In order 
to reduce the nonbonded repulsion between the chalcogen atoms of 
different cluster units, the chalcogen cubes are rotated about 26" (57).  In 
this geometry, a face-capping chalcogen atom bonds to the molybdenum 
atom of the adjacent Mo, cluster unit (Fig. 7). Consequently each molyb- 
denum atom has a square pyramidal coordination with five chalcogen 
atoms. The intracluster and intercluster Mo-E distances are almost 
identical (52 1. Because the h!h,E8 clusters are separated, the electronic 
structure of the cluster units is closely related to that of the solid-state 
Chevrel phases (58). MO calculation of the Mo6S8 cluster has been the 
subject of many studies (51, 57, 59-65). The molecular cluster com- 
plexes [Mo6E,L6] have structures with the exo positions blocked by 
neutral ligands L instead of the chalcogen atoms of the adjacent cluster 
units (37,401 (Fig. 8). 

Imoto has reported calculations of the electronic structures of the 
model compounds [Mo6E8(PH3),] (E = S, Se) by the DV xa method 
(53-55, 66). 0, symmetry is assumed for the Mo6 cluster. Stepwise 
calculations beginning from the M0, cluster, followed by the inclusion 

FIG. 7. Structure of Mosss. 



58 TARO SAITO 

FIG. 8. Structure of [Mo,S,(PEt,),l. 

of E, and (pH,), are performed. As the Mo(4d) and S ( 3 p )  energy levels 
are close, they are well mixed in the molecular orbitals. The principal 
factors in determining the relative energies of the valence orbitals 
are the three types of interatomic interactions, and their order is 
Mo-E > Mo-Mo > E-E. The electronic levels and overlap populations 
of [Mo6S8(PH3),] and [MO,Se,(PH3),] are shown in Figs. 9 and 10. As 
they are very similar, only the important molecular orbitals of the 
sulfur compound are described. 

The LUMO of this 20-e cluster is a 17eg orbital consisting mainly of 
Mo(4d) and S(3p) orbitals and having a weak Mo-S antibonding na- 
ture. The dominant component of the HOMO (27t1,) is the S(3p)  orbit- 
als. The second HOMO (15tzg) has a larger contribution from Mo(4d) 
orbitals, though its major component is also the S(3p)  orbitals. The 
third HOMO (lot,,) contains about 80% Mo(4d) orbitals. In the previ- 
ous study for the 24-e system [Mo6s8]*- with EHMO (63) or the 22-e 
system [Mo,S812- with SCF MS Xa (64),  the HOMO is the eg orbital, 
and the t,, is the second HOMO. Therefore the order of the energy levels 
in the tl,, tzg , t2,, orbital block is different. The Mo(4d 1 contributions to 
these orbitals are comparable to  those in the calculations of Le Beuze 
et al. (64). The S(3p)-S(3p)  interactions are not negligible and are 
responsible for the matrix effects between the sulfur atoms (23). 

The molecular cluster complexes [MO,E,(PE~,)~] have characteristic 
bands in the UV-vis spectra a t  around 10,000 and 20,000 cm-' (40) 
(Figs. 11 and 12, Table IV). Imoto et al. calculated oscillation strengths 
for the electronic transitions in [Mo6E,(PH3),l and assigned the peaks 
in the spectra of the real cluster complexes [Mo,E,(PEt,),] (51). The 
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FIG. 9. Electronic levels and overlap populations of [Mo6S8(PH3),]. [Reprinted with 
permission from (51 1. Copyright 1995, American Chemical Society.] 

lower-energy bands are assigned to lot,, + 17eg (E = S )  and 13t,, + 

20e, (E = Se) and the higher-energy bands to 26t,, + 17eg (E = S) and 
Sat,, --* 20eg (E = Se). Both the initial and the final MOs of these 
transitions consist mainly of Mo(4d) orbitals; they are charge-transfer 
transitions from metals to  metals. The agreement between the calcu- 
lated and observed transitions above 25,000 cm-I is not very satis- 
factory. 

XPS (X-ray photoelectron spectra) (67,68) and UPS (ultraviolet pho- 
toelectron spectra) (69) have been used to show that solid-state Chevrel 
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FIG. 10. Electronic levels and overlap populations of [Mo6Sc8(PH3),l. [Reprinted with 
permission from (52 ). Copyright 1995, American Chemical Society.] 

phases and their molecular analogues have similar Mo(3d6,, , 3d3,,) and 
S ( ~ P , , ~ ,  2p1/2) binding energies, indicating the cluster-like properties 
observed in the solid phases (56) (Table V). XPS and UPS of PbMO,& 
and SnMosS6 have the common features of a valence bandwidth of 
about 7.0 eV and the presence of a steep and narrow peak at 1.0 eV, 
a valley at 2.5 eV, and a broad peak between 3.0 and 7.0 eV. The 
steepness at the leading edge is considered to reflect the magnitude 
of DOS at the Fermi level, which has a good correlation with the 
superconducting transition temperatures T, (65). 

According to the calculations of Arratia-Pbrez (59), the splitting 
Mo(3d,,,-3d3,,) value for the cluster model MO,&Hz- amounts to 3.3 
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FIG. 11. uv-vis spectrum of [ M o ~ S ~ ( P E ~ ~ ) ~ ]  and assignments ofbands from calculations 
on [MO,S~(PH~)~].  [Reprinted with permission from (51 ). Copyright 1995, American Chem- 
ical Society.] 

eV, which is comparable to the corresponding values for AMo,S, (A = 
Pb, La, Ag, InI(3.1-3.5 eV) (67) and for [MO,S8(PEt&] (3.2 eV) (40). 
The calculated valence local DOS of Mo,S,H;- shows broadening of the 
valence bandwidth to ca. 6.0 eV with the presence of a steep and narrow 
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FIG. 12. uv-vis spectrum of [ h f ~ ~ S c ~ ( P E t ~ ) ~ ]  and assignments of bands from calcula- 
tions of [ M O ~ S ~ , ( P H ~ ) ~ ] .  [Reprinted with permission from (51 ). Copyright 1995, American 
Chemical Society.] 
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TABLE IV 

UV-VIS SPECTRA 

Compound h,,,/nm (e/M-'cm-') Ref. 

32 
40 
40 
41 

[Cr,S8(PEt3)61 
[MO&&(PEt3)6] 
[Mo,Se8(PEt,),] 
[W6S&PEt3)6] 

400 (1.5 X lo4), 570 (4 X lo3), 850 (1 X lo3) 
491 (8.1 x lo3), 991 (1.2 x lo3), 1200 sh 
556 (5.5 x lo3), 1034 (1.4 x lo3), 1152 sh 
409 (8.7 x lo3), 882 (2.5 x lo3), 964 sh 

peak at near 1.0 eV from E,,  a valley at  near 2.0 eV from E F ,  and a 
broad peak of about 3.8 eV. The major contributions to  the Fermi level 
are the spinors 4d512 and 4d3/2.  A strong hybridization between Mo (4d512, 
4d3/2)-p3-S (3p1/2,3p3/2) and -H (1sll2) is observed in the region between 
-1.8 and -6.0 eV. The contributions from S (3S112) are located in the 
leftmost region of the DOS curve (Fig. 13). DOS of the cluster model 
is consistent with those observed for the Chevrel phases and supports 
the conclusion that their superconducting behavior is mainly due to 
the 4d electrons of Mo, octahedra with small contributions from the 
intercluster bonding interactions. 
XPS data on [Mo6S8L61 (L = pip, pyrr, py, PrNH,, PEt,, tht) exhibit 

Mo 3 d 5 / 2  between 227.6 and 227.8 eV and Mo 3 d 3 / 2  between 230.7 and 
230.9 eV; S 2p3,, between 160.6 and 161.0 eV; and S 2plI2 between 

TABLE V 

X P s  BINDING ENERGYteV 

Compound Mo 34, ,  Mo 3 4 ,  Mo 3p3,z Mo 3p,,, S Zp,,, S Zp,,, 

Mo6S8 228.0 231.5 394.1 412.1 
AgMo.& 227.7 230.9 393.9 411.5 
PbMo6S8 228.2 231.5 394.1 411.8 
LaMo6S, 227.7 230.9 393.7 411.5 
Mo6Se, 227.7 231.2 394.1 412.1 
LaMo,Se, 227.5 230.7 393.5 411.3 
Mo,Te8 227.2 230.4 393.2 410.9 
IMO&(PEt3),l 227.8 231.0 161.1 162.1 
[MO&(PEt3)61 227.8 230.9 161.0 162.1 
MO,Sa(PiP )a1 227.7 230.8 160.7 161.9 

[MOc&(PVr),l 227.1 230.8 160.6 161.8 
[MO.&(PY)61 227.6 230.7 160.6 161.8 
IMo,S,(PrNH,), .I 227.7 230.9 160.6 161.8 
IMO8Ss(tht),I 227.7 230.9 160.7 161.8 
IMo,Se,(PEt,),l 227.8 230.8 53.8b 

S 2s Ref. 

52 
52 
52 
52 
52 
52 
52 

130.6" 40 
225.1 37 
224.9 37 
225.4 37 
225.0 37 
225.3 37 

37 
130.6" 40 

a P 2p. 
Se 3d. 
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FIG. 13. Calculated DOS for Mo,S,Hi-. [Reproduced from (59) with permission.] 

161.8 and 162.1 eV (37). These values are very close to the ones for 
[Mo,S,(PEt,),] (40) (Table V), indicating that the axial ligands have 
very small effects on the binding energies and the electronic structures 
should be essentially the same. It is to be noted that the calculated 
energies of the levels for the ground state of the model compounds 
[Mo,E,(PH,),] (E = S, Se) are within 1.3 eV of the observed binding 
energies for [MO&,(PE~~)~] (51 1. 

D. DIMERS OF OCTAHEDRAL CLUSTERS 

Dimers of octahedral clusters can be regarded as the model embryo 
of the Chevrel phases. Only two real compounds have been reported. 
One is [CO,,S,,(PE~,),~] (TCNQ), (701, which was obtained from the 
mother solution of the synthesis of [CO,S,(PE~~)~](BP~~),  and the other 
is [Cr12S16(PEt3)101 (71 1, formed by removal of a PEt, from [Cr6S,(PEt3)61 
(32) (Fig. 14). 

Hughbanks has calculated the molecular orbitals of a hypothetical 
25-e [Mo,S,L,l cluster and discussed their dimerization (72). The 2eR 
and 24, cr-acceptor orbitals lie above the manifold of 12 metal-metal 
bonding orbitals, which include some s and p hybridization acting to 
accentuate their projection outward from the cluster. These orbitals 
are strongly destabilized when the cluster is capped by donor ligands 
to form the dative ex0 M-X bonds. There remains one 2eR (2') acceptor 
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orbital on the last exposed Mo atom of the cluster, which is used for 
the intercluster Mo-Mo bonding. The preferred formal cluster electron 
count is 25 for each cluster to  fill the bonding orbital, and the HOMO- 
LUMO gap becomes 1.17 eV. The model does not take the intercluster 
p3-S + Mo interactions into account, and the linking mode of two 
octahedral cluster units is different from that of Chevrel phases. In 
Chevrel-type bonding, the last exposed Mo atom is also capped by a 
sulfur atom of the adjacent cluster unit, and the 2eg (2') is used for 
bonding. Because the vector between the two molybdenum atoms is 
not colinear to the z direction, the It,, bonding or 2t2, antibonding 
orbitals are likely to be used for the intercluster Mo-Mo bonding. 

The first example of a dimer of octahedral clusters of Chevrel type 
has been reported by Cecconi and others (70). This cluster complex 
[CO,,S,,(PE~~),~](TCNQ)~ was obtained as a by-product of the synthesis 
of [Co6S8(PEt3),](BPh4) (73, 74). The linkage between the two Co6S8 
cores (Co-Co 2.639 A, CO-p4-S 2.148 A) is significantly shorter than 
the mean distances (Co-Co 2.840 A, Co-S 2.221 A) within each Cogs8 
unit. The geometry of the octahedral core shows only minor variation 
upon dimerization of the Co, cores, but the Co-Co separations in the 
triangular face bridged by the p4-S appear significantly larger (ca. 0.06 
A) than in all the others. In a recent theoretical study of the dimeric 
cluster performed at the extended Huckel level, Mealli and Orlandini 
have suggested that dimerization of the 37-e [Co6S8(PEt3),I+ upon loss 
of one terminal phosphine is facilitated by localization of the unpaired 
electron largely at the metal that is involved in the Co-p,-S bonding 
(75). They have also argued that the condensation of the two clusters 
is favored by the spin coupling between the two metal radicals, leading 
to a Co-Co bond with bond order close to a single bond. 

1' 

h 
FIG. 14. Structure of [Cr12S16(PEt3)101. 
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Dimerization of the 20-e [Cr6S8(PEt3)6] units leads to  [Cr1&6(PEt3)10] 
with an intercluster Cr-Cr distance of 2.95 A (71). This distance is 
significantly longer than the average Cr-Cr intracluster distance of 
2.59 A in the monomer. In solid-state Mo6S8, the similar intercluster 
Mo-Mo distance is 3.084 A, as compared with an intracluster distance 
of 2.780 A (average) (52). The intercluster M-M distance seems to be 
determined by the position of the metal atom relative to the plane of 
the sulfur atoms. Namely, when intracluster M-M distances are long 
because of the weakness of the M-M bond, the metal atom is above the 
surface of the sulfur cube, and the intercluster M-M distance becomes 
necessarily shorter than the intracluster M-M distance to keep the 
intercluster M-p4-S distances normal. Figure 15 shows the relationship 
between the intercluster M-M distance MM, the intracluster M-S 
distance MS, and the distance d of the metal atom from the plane of 
the S, cube, assuming that the intracluster and intercluster M-p4-S 
distances are the same and that the angle LM-S-(center of the S, 
square plane) is 90". Table VI shows d for the M, cluster compounds, 
and d and 0 calculated for the linked clusters by using Eqs. (1) and (2) 
in Fig. 15. d for the Co, cluster is much longer than for the chromium 
and molybdenum clusters, and this seems to be reflected in the short- 
ness of the intercluster Co-Co distance. This trend is also observed 
in MxMo,E8, where a stretching of the Mo-Mo intercluster bonds in 
isoelectronic compounds correlates with a shortening of the Mo-Mo 
intracluster bonds (76). It is an interesting problem whether the short- 
ness of the intercluster M-M distance leads to more effective M-M 
interaction in case a pair of electrons are available for such a bond, 

Y 
d - MS sin 0 

FIG. 15. The geometrical relationship between the position of the metal atoms and 
the length of the M-M bond in [M12E16(PEt3)101. 
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TABLE VI 

GEOMETRICAL RELATIONSHIP OF METAL AND CHALCOCEN ATOMS 

Diagonal Intercluster Intercluster 
Compound M-M (A) S-S (A) 0 (deg) d (A) M-M (A) M-S(A) Ref. 

[Co&(PEt3)JBPh, 3.95 3.10 0.43 74 
[CT&(PEt&I 3.67 3.29 0.19 32 
[MO$&PEt&I 3.71 3.45 0.16 40 
[Co,,S,,(PEt,)lol(TCNQ)2 14.2" 0.53b 2.64 2.15 70 
[Cr1&6(PEt&] 11.8" 0.4@ 2.95 2.34 71 
Mo6S8 11.3" 0.48* 3.08 2.43 52 

a Calculated using Eq. (1) in Fig. 15. 
* Calculated using Eq. (2) in Fig. 15. 

since the distances are correlated with the T, in superconducting 
Chevrel phases (56).  

The matching of t l ,  orbitals in any one of the Co, Cr, or Mo clusters 
is similar, and if other conditions are satisfied, such intercluster M-M 
bonding interaction may be favored. Magnetic measurements will give 
us some clue to the solution of the problem. 

E. RELATIONSHIP TO SOLID-STATE CLUSTER COMPOUNDS 
1 .  Structure of Chevrel Phases 

The incentive for synthesis of molecular cluster complexes with the 
cluster cores MsE, (M = Cr, Mo, W; E = S, Se, Te) has been to solve 
some of the structural problems in the Chevrel phases (40) and to 
find solution chemistry to  prepare "chromium or tungsten Chevrels" 
(28, 77). 

There are two basic structures in octahedral clusters: M,X,, and 
M& types (19). The Chevrel-phase compounds belong to the latter 
type, with eight chalcogen atoms capping the M3 triangular faces (20, 
78-83). In the solid-state Chevrel compounds M,Mo,E, (E = S, Se, 
Te), the MOgE8 cluster units are linked by the bonding of the capping 
chalcogen atom to the apical molybdenum atoms of the adjacent cluster 
units. Namely, chalcogen atoms have a p4-bridging mode that gener- 
ates an additional intercluster Mo-Mo bonding interaction (Fig. 16). 
The intercluster Mo-Mo distance (3.08-3.67 A) depends on the size, 
location, and charge of the cation M,. M, is in the cavity made by the 
eight chalcogen atoms of eight Mo,E, cluster units. Therefore, larger 
cations are likely to  exert a more sterically demanding influence on 
the separation of the cluster units. 
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FIG. 16. Four cluster units and connectivity in MosSs. 

The relationship between the trigonal distortion of the octahedra of 
Mo, in the Chevrel phases and the oxidation states (number of cluster 
valence electrons) of Mo,E, , the difference of chalcogens, the oxidation 
states, and the sizes of M have been repeatedly discussed (84). The 
main issues can be summarized as follows. 

1. Mo-Mo distances in the triangles of Mo, perpendicular to the 
threefold axis are almost constant, and Mo-Mo distances between the 
triangles become longer for the more oxidized clusters. Therefore, the 
distortion of the Mo, octahedra is largest for the binary phases Mo,E, 
(20 el. 

2. The change of chalcogen atoms from sulfur to selenium and tellu- 
rium diminishes the intertriangle distances and the distortion of 
Mo, octahedra. 

3. The metal atoms M are classified according to position in the 
cavity of eight chalcogen atoms from different cluster units; large atoms 
(Ag, Sn, Pb, La, Ca, Eu, Sr, Ba, etc.) located at the origin of the rhombo- 
hedral unit cell with 6 + 2 coordination by chalcogens; 5-coordinate In 
or 4-coordinate Cu, Ni, or Fe at the sixfold equivalent crystallographic 
positions. The larger distance from the origin and the E2 atoms (on the 
threefold axis) is related to the larger intercluster Mo-Mo distances. 
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In order to make these points clearer, interatomic distances in repre- 
sentative compounds are listed in Table VII. The distortion of Mo6 
should be caused by electronic effects from the individual cluster units 
and/or steric effects due to the linkage of the clusters. At one time the 
electronic effects were considered more important based on the band 
calculations (58, 84). The strong eg Mo d-bonding character of the 
conduction band causes contraction of the Mo octahedron, and the filling 
of the t,,(O,) + e, 6 6 )  and t2, (Oh) + a, (s6) band is related to the 
smaller intratriangle distance. Namely, the larger shift of electrons 
from M, and chalcogen atoms to the molybdenum atoms is related to 
smaller distortion of the Mo6 octahedra. 

The distortion was measured by the difference between intra- and 
intertriangle Mo-Mo distances in the octahedra. A cation with larger 
formal charge and less electronegative chalcogen atoms put more elec- 
trons to the cluster. When the cluster core is more reduced as the result 
of the electron transfer, the octahedron tends to contract and become 
more regular. 

If steric effects in solid-state cluster compounds could be eliminated 
by the isolation of discrete molecules with the same cluster units as 
Chevrel phases, a part of the preceding problem would be solved. The 
structures of the cluster molecules in the isolated state free from the 
crystal packing effects are most suitable for such discussion. The geome- 
try of free molecules in vacuum cannot be known from X-ray structure 
determination, and usually it is difficult to  measure crystal packing 
effects in molecular crystals. In the case of metal complexes with sym- 

TABLE VII 

INTERATOMIC DISTANCES (A) IN M,Mo6E8 (E = S, Se, Te) 

M 
Mo-Mo Mo-Mo Mo-Mo Mo-p,-E covalent 

Compound intratriangle intertriangle intercluster intercluster Origin-E2” radius* Ref. 

MociSa 2.698 2.862 3.084 2.425 2.362 52 
Mo6Se8 2.684 2.836 3.266 2.598 2.385 52 

SnMo,S, 2.688 2.737 3.232 2.550 2.741 1.40 52 
PbMo,S8 2.679 2.732 3.262 2.561 2.796 1.47 52 
LaMo,Sa 2.667 2.707 3.238 2.590 2.823 1.69 52 
CaMo,S, 2.667 2.724 3.222 2.510 2.715 1.74 86 
EuMo& 2.666 2.717 3.277 2.508 2.830 1.85 86 
SrMo,S8 2.666 2.712 3.300 2.505 2.841 1.91 86 
BaMo,Sa 2.667 2.703 3.409 2.498 2.968 1.98 86 

MoeTea 2.700 2.722 3.674 2.837 2.425 52 

a Origin of the rhombohedra1 unit cell and E2 atoms on the threefold axis. 
* Ref. Sanderson, R. T. Inorganic Chemistry; Reinhold: New York, 1967. 
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metrical ligand arrangements, the positions of ligating atoms can be 
a good probe for estimating the packing effect due to the contact of 
the outer portions of the ligands. The molecular cluster complexes 
[Mo,E,(PR,),] provide excellent specimens for such examination be- 
cause the P6 octahedron can be used as such a probe. The X-ray struc- 
tures of the complexes [Mo,E,(PR,),] have indicated almost regular 
octahedral geometry of the Mo, core, although the P6 octahedra are 
not always regular because of packing effects (see Section II,B,l). Tri- 
ethylphosphine derivatives have especially regular cluster cores. It is 
very likely that packing effects in crystals do not affect the geometry 
of the Mo, core because of strong Mo-Mo bonding interaction. It has 
been found that the selenium derivative has a larger cluster core, 
indicating a stronger intracluster matrix effect to enlarge the Sea cube 
and Mo, octahedron. It has become evident that full occupation of 
the triply degenerate HOMO does not lead to any Jahn-Teller type 
distortion for the 20-e clusters. Lack of distortion in the 20-e cluster 
molecules strongly suggest that the principal cause of the distortion 
of the Mo, in MosEs is unlikely to be electronic. The contraction and 
diminished distortion in M,Mo,E, are probably due to insertion of the 
M, cation in the E, cavity, which elongates intercluster Mo-Mo bonds 
and diminishes intercluster matrix effects. 

Corbett did not agree with the electronic explanation and has argued 
that the matrix effects of chalcogen atoms give rise to  the distortion 
(23,851. As the cluster units are firmly bound to each other and metal 
cations are inserted in the chalcogen cubes, introduction of matrix 
effects of chalcogen atoms becomes necessary (Fig. 16). Corbett empha- 
sizes the close intercluster contacts of chalcogen atoms, which cause 
elongation of the cluster core along the threefold axis because it appears 
the only possible alternative to lengthening the apparently strong in- 
tercluster bonds (Fig. 17). He states that elusive electronic effects do 
not seem necessary to account for both the contraction and diminished 
distortion of the octahedra in more electron-rich clusters (85). 

The steric explanation emphasizes the importance of the intercluster 
bonding because the molecular cluster [MO,Ea(PEt&] with the smallest 
CVE (20 e) shows only negligible distortion (40). However, as Table 
VII indicates, the larger chalcogen atoms with stronger matrix effects 
are accompanied by smaller distortion of the Mo, octahedron. It seems 
more natural to consider that matrix effects are not directly responsible 
for elongation of the intertriangle distances, but the larger chalcogens 
cause the elongation of intercluster Mo-Mo distances. As the sum of 
the Mo-Mo bonding interaction within and between the cluster units 
should be constant for a particular bond order sum, the increase in 
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FIG. 17. Representation of the intercluster matrix effect between S1 and S2 atoms 
in Mo&. The radius of the sulfur atoms is set to 1.7 A. 

intercluster distance causes a decrease in intracluster distances. Yvon 
also has presented a mechanical spring model to  explain the situation 
(84). Table VII also shows that the introduction of larger M results in 
an increase in intercluster Mo-Mo distances and a decrease in distor- 
tion (86). 

Structure determinations of [M,2S,6(PEt3),,] (M = Cr, Co) (71, 70) 
have shown that dimerization of [M,S,(PEt,),] by displacing a PEt, 
ligand and forming p4-S - M bonds distorts the cluster framework to 
a considerable extent. Such cluster linkages should be very important 
in Chevrel phase compounds, leading to the distortion. 

Nevertheless, we cannot neglect the change in band structure as a 
result of contraction or distortion of the cluster octahedra. The mislead- 
ing thing was the assumption that primarily electronic effects deter- 
mine structure. It seems better if the relation is reversed: namely, steric 
constraints have a decisive influence on structure, and the resultant 
structure coupled with the number of CVE is responsible for particular 
band structures. 
2. Attempts to Prepare Chevrel -Type Solid-state Compounds 

All Chevrel phases are molybdenum compounds, and no chromium or 
tungsten analogues have been prepared. Preparative conditions using 
high temperatures (900-1300°C) result in the formation of thermody- 
namically more stable Cr3Te, or WS2 (28, 77). Consequently, prepara- 
tion of “chromium or tungsten Chevrels,” as well as of known molybde- 
num Chevrels at lower temperatures starting from preformed M,E, 
cluster complexes has been attempted. 
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Thermolysis of [Cr6Te8(PEt,),1 in an evaculated tube at 315°C for 19 
hr removed the ancillary ligands to form Cr,Te,, which was identified 
by powder X-ray (28). The structure of this compound is a distorted 
metal-deficient NiAs type, and the Cr-Cr distance is 3.09 A, indicating 
very weak Cr-Cr interaction. The Cr-Cr distance in the octahedral 
molecular cluster is also long (2.94 A), and the Cr-Cr interaction is 
inferred to be weak in a Chevrel-type Cr,Te,. Therefore, even if a 
Chevrel-type Cr,Te, is formed during pyrolysis, it would convert to the 
known NiAs-type compound. The initial stages of the growth of /3-CoTe 
by the pyrolysis of a similar telluride cluster [Co6Te8(PEt,),] have been 
considered to be the conversion of an octahedral Co, array to a trigonal 
prism one of the NiAs structure (30). Removal of the ligands must be 
carried out a t  lower temperatures to reach a Chevrel-type Cr3Te,. 
It is interesting to note that differential scanning calorimetry (DSC) 
showed a broad endotherm between 210 and 250°C (28). 

As molybdenum Chevrel compounds are thermodynamically stable 
phases, it would be worth trying to prepare the same compounds by low- 
temperature methods using molecular cluster compounds with Mo6E8 
cores in order to gain an insight into the preparation of “chromium 
or tungsten Chevrels” by precursor methods. McCarley’s group has 
attempted to remove neutral ligands from [MOgS&6] by thermolysis or 
by using phosphine acceptors such as Co,(CO), , Mo(CO), , or CuCl when 
L is tertiary phosphines (87). The thermal de-ligation experiments 
combined with EXAFS, Raman, FTIR, and XPS techniques support 
retention of the Mo6S8 core up to 500”C, and there is no indication of 
cluster decomposition to form MoS, and Mo (87). High-yield prepara- 
tions of the amorphous ternary salts Na2,(Mo6S,)S,.yMeOH (x = 1.0 
to 1.5; y = 4 to 5 )  have been devised by reaction of Mo6Cll, with NaSH 
and NaOBu in BuOH followed by extraction with methanol (77). The 
salts were converted into M~~,::,(Mo,S,)S,.yMeOH (M = Sn, Co, Ni, Pb, 
La, Ho) by ion exchange. After removal of bound methanol from the 
sodium salt in uucuo at  500”C, further annealing a t  800°C formed 
NaMo6S8. Annealing at  900°C resulted in much better crystallinity of 
the product. When the tin salt was heated at 700-1000°C under flowing 
H, , crystalline SnMO6S8 formed. 

Attempts to remove the pyridine ligands from [WGs8(py)6] by thermol- 
ysis in vacuo did not give w6s8 (43). At temperatures up to 250”C, the 
w6s8 core is retained but a t  higher temperatures formation of WS, is 
observed. Pyrolysis of the mixture of the pyridine cluster with tin or 
lead at low temperature leaves the metals unreacted. The use of pyri- 
dine acceptors such as CF,SO,H, AlCl,, or BF, is also unsuccessful 
(43).  The reaction of W6Cll2 with NaSH and NaOEt in acetonitrile at 
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refluxing 'temperature for 3-4 days gave Naz.l(W6S8)S1.05(MeOH),,4 
after extraction with methanol (77). The sodium salt was converted 
into Sn,(W6S8)S, by ion-exchange reaction. After the sodium salt was 
heated at 130°C in uucuo for 3 days, the compound retained the W6Ss 
cluster unit, but after heating at 300°C for 1 day it decomposed to form 
WS, and W. Heating at 200°C under flowing H2 also formed W and WS2. 
The tin salt did not convert to the Chevrel-type phase after heating at  
200°C under H,. 

Reports by Chevrel and others (88) of a new low-temperature synthe- 
sis of PbMo6S8 by the insertion of Pb into Mo6S8 a t  440°C under H, 
flow using PbS as a lead source are interesting in showing that Chevrel 
phases can be prepared at  a much lower temperature than those usually 
employed (>9OO"C). Although "chromium or tungsten Chevrels" have 
not been prepared yet by either high-temperature or low-temperature 
methods, progress in the complex chemistry of M,E, clusters may shed 
light on the very narrow path toward formation of potentially impor- 
tant compounds. 

111.  Tetrahedral Clusters 

A. SYNTHESIS AND STRUCTURE 

Since the work of Dahl on synthesis and structural characterization 
of [Cp,Mo,S4] (89), many cubane-type complexes with Mo4S4 cores have 
been reported and reviewed (10,14,15). They have the general formula 
[Mo,S,L,,] (Fig. 181, where L denotes ligating atoms with either neutral 

t' 

6 
FIG. 18. General structure of [Mo4E4LI21 cluster molecules. 
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or anionic ligands and the charge on the cluster units depends on the 
charge of the ligands. The oxidation states of the Mo4 core vary from 
+12 to +20, namely 4 x Mo(II1) to 4 x MOW). The Mo-Mo distances 
range from 2.732 to 2.904 A (15). 

Main preparative routes are dimerization of Mo, complexes and con- 
densation of Mo, complexes with Mo(CO), (10,141. Self-assembly routes 
from Mo(CO), or [MoCl,(CH,CN),] have been developed (90 1. 

The electronic structures of the Mo4E4 cubane systems have been 
analyzed (91, 92). Three sets of bonds, including Mo-Mo bonds, 
Mo-p3-E bonds, and Mo-L bonds, must be taken into account. The 
Mo-Mo bonds are weakest among the three, and they are considered 
separately (91). In the Mo-Mo bonding levels (a,  + e + t ,),  the energy 
order is t ,  > e > a,  and the HOMO is considered to be weakly Mo-Mo 
bonding or nonbonding (93). In the electron count, 12 CVEs (cluster 
valence electrons) correspond to the six Mo-Mo bonds of the cubane 
structures. 

Reduction of [W,S6C12(PMe2Ph),] (see Section IV,A) with excess 
Na/Hg in thf a t  room temperature gives [W,(p2-S)&PMe2Ph)4] in 10% 
yield (94). The structure consists of an almost regular tetrahedron of 
W(II1) atoms with each edge bridged by a p2-S atom (Fig. 19). The six 

FIG. 19. Structure of LW,S&PMepPh),1. (Reproduced from (94 )  with permission.) 
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W-W distances (2.634(3) are significantly shorter than those in the 
rhombus cluster and consistent with 12 CVE. The W,S6 framework may 
be regarded as an adamantanoid core, but the coordination geometry 
around the tungsten atoms is distorted from a regular tetrahedron. 
This reductive core rearrangement of sulfide clusters is unique and 
will open a preparative pathway to similar clusters. 

B. RELATIONSHIP TO SOLID-STATE CLUSTER COMPOUNDS 

Solid-state molybdenum compounds MModE, (M = Al, Ga, E = S; 
M = Ga, E = Se) (95,96) and MoSX (X = C1, Br, I) (97) with characteris- 
tic cubic structures have been reported. They contain Mo&, cubane 
cluster units, and the molybdenum atoms are octahedrally coordinated 
by six chalcogen atoms or three chalcogen and three halogen atoms 
(Fig. 20). The gallium or aluminum is tetrahedrally coordinated by four 
chalcogen atoms. The MMo,S8 compounds can be regarded as having 
deformed spinel structures with half of the A atoms in AB,O, lacking, 
as molybdenum atoms are at ( x ,  x ,  x )  and ( x ,  -x, - x )  positions, different 
from the positions of the B atoms G, g, 8) and (8, R, B) in spinels. The 
Mo-Mo distance in the cubane clusters in GaMo,S, is 2.82 A, and the 
intercluster Mo-Mo distance is 4.06 A. The cubane clusters are linked 
by sharing S atoms among three cluster units, and the compositions 
are described as M(Mo,Sa)Sz,. The compounds MoSX have similar 
connectivity of (Mo,Sa)Xy;",, ; the intracluster Mo-Mo distances are 2.80 

-\-j 

FIG. 20. Partial structure of MMo,E8 or MoSX. Black spheres represent E or X. 
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FIG. 21. Crossing of two MoS&,~ chains to form a Mo4S4 tetrahedral cluster unit by 
the Jahn-Teller effect. (Reproduced from (98) with permission.) 

A and intercluster Mo-Mo distances are 4.24 A. The centers of the X, 
tetrahedra are vacant. The cluster units are therefore very much like 
those of the molecular cluster compounds [MO,S~L~~]"+,  and the struc- 
tural analogy between the two types of compounds is apparent. 

The number of cluster valence electrons in GaMo,S8 is 11, and the 
compound is paramagnetic with an unpaired electron located in the 
cluster (96). The CVE is 12 for MoSX cluster compounds, a number 
consistent with six Mo-Mo single bonds in the tetrahedral cluster 
units. We notice that the tetrahedral units are somewhat enlarged in 
the 11-electron clusters. Formation of the tetrahedral clusters has been 
analyzed by EHMO as the result of the crossing of two infinite chains 
of MoS,S,,~ (Fig. 211, which is the expression of a multidirectional Peiers 
distortion leading to the stabilization of Mo, clusters in GaMo,S, (98). 

IV. Rhomboidal Clusters 

A. SYNTHESIS AND STRUCTURE 

A few cluster complexes with fused triangles of molybdenum or tung- 
sten have been reported. They are tetranuclear and hexanuclear cluster 
complexes, which may be viewed also as having fused incomplete cu- 
banes of M,E,. 

The cluster [Mo4(p3-S),( p2-S)4(SH)2(PMe3)6] has been prepared by the 
reaction of (NH,),[Mo3S1,1 with trimethylphosphine in a mixed sol- 
vent of butylamine and thf at  room temperature followed by reflux in 
14% yield (99). The SH ligands can be replaced by halogens in reac- 
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tions with SnX,, and the reaction of [MO4S6Br2(PMe,,] with Na[dtc] 
(dtc = diethyldithiocarbamate) forms [M~~(p~-S)~(p~-S)~(dtc)~(PMe~)~l 
(100) (Fig. 22). 

The tetranuclear cluster complex [Mo,(c~-~-S),(~~-S)~(SH),(PM~~)~] 
contains four molybdenum atoms arranged in a rhombus geometry. A 
twofold axis passes through Mo(1) and MoU’). The Mo(lbMo(2) dis- 
tance is,2.825(1), and the Mo(l)-Mo(l’) distance 2.845(1) A. The two 
Mo, triangles are capped by a sulfur atom, and they are on the opposite 
sides of the Mo, plane. Each peripheral Mo-Mo edge is bridged by a 
sulfur atom, and the structure of the cluster molecule is a fusion of 
two Mo3S3 units along one edge or a fusion of two Mo~S, incomplete 
cubanes. The molybdenum atoms Mo(2) and Mo(2’) are bound to an 
SH ligand. Although the X-ray structure did not reveal the hydrogen 
atoms, infrared spectra indicated a weak band assignable to v (SH) at 
2516 cm-’. 

Hidai et al. have reported that treatment of cis-[W(N,),(PMe,Ph),] 
with (Me,Si),S and MeOH in toluene at 50°C for 4 hr  under vacuum 
affords [W,(p3-S)2(p2-S)4(SH)2(PMe2Ph)6] in 43% yield, and the reaction 
of this complex with SnC1, in thf at reflux forms [W4(p3-S),(p2-S),C1, 
(PMe,Ph)6] in 63% yield (94 1. The tungsten cluster [W4(p3-S)2(pz-S)4 
(SH),(PMe,Ph),] has a rhombus structure with somewhat shorter 
W-W distances (2.8118(6) and 2.8373(8) A) compared with the corre- 
sponding Mo-Mo distances (99) (Fig. 23). The v (SH) is at  2512 cm-’, 
and 31P NMR spectra indicate two kinds of phosphorus resonances at 
6 -18.3 ppm for the wing tip PMe,Ph and at 6 -52.6 ppm for the 
hinge PMe,Ph. 

The average oxidation state of the metals in both molybdenum and 
tungsten clusters is +3.5, and the number of cluster valence electrons 
is 10. The number is consistent with five M-M single bonds. 

FIG. 22. Structure of [M~,S~(dtc)~(PMe~),l .  
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A solution of [Mo,0zSz(Hz0),14+ in 4M Hpts (pts = para-toluene 
sulfonate) was reacted with indium metal for 24 hr at room temperature 
and stored in a refrigerator for a few days to form [Mo4(p,-S)Z(pz-O), 
(HzO)lol(pts)4 - 10HzO (101 ). The cluster core of Mo4Sz04 is similar to 
those of Mo4S6 cluster complexes. 

It is difficult to devise simple schemes for the construction of tetranu- 
clear frameworks from the triangular ones, unless decomposition of 
the mother skeleton into either dinuclear or mononuclear fragments 
occurs. The facile formation of tetranuclear clusters from either tri- 
nuclear or mononuclear complexes suggests that this cluster framework 
is favorable electronically and sterically. Similar geometry of four met- 
als has been observed for other kinds of tetranuclear complexes such 

[Mn4(L)z(0)~(OAc)zl (1051, (NH4)z[V4Sz(SCHzCH~S)Gl (1061, or “b4ClI0 

The electronic levels of a model compound [MO~S~CI,(PH~)~I have 
been calculated by the DV-Xa method (100). In a cluster of C,, symme- 
try, five metal-metal bonding orbitals (two ug, one a,, one bB, and 
one b,) are expected. These orbitals are strongly mixed with the ligand 
orbitals and show large HOMO-LUMO gaps (Fig. 24), which may be 
the characteristics of the electron-precise clusters with 10 electrons. 

When (NH4),[Mo3Sl31 was treated with triethylphosphine in thf, 
[MO~(/~~-S)~(/~~-S)~(~H)~(PE~~)~] formed in 11% yield (99). The cluster 

as [Ti4(OEt)161 (1021, [W4(OEt)16] (103)s [Mn402(OAc)6(bipy)zl (1041, 

(PMe3)6] (107). 

FIG. 23. Structure of [W,Ss(SH),(PMe2Ph),]. (Reproduced from (94) with permission.) 
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complex is composed of six molybdenum atoms in a raft geometry of 
four Mo, triangles aligned linearly, sharing the edges (Fig. 25). The 
Mo-Mo distances range from 2.73 to 3.06 A, and seven distances can 
be regarded as those of Mo-Mo single bonds. Each Mo, triangle is 
capped by a sulfur atom, and each peripheral Mo-Mo edge is also 
bridged by a sulfur atom. The central molybdenum atom (Mo3) is octa- 
hedrally coordinated by five sulfur atoms and a triethylphosphine, 
while Mol has a deformed trigonal-bipyramidal coordination with 
three sulfur atom, an SH, and a triethylphosphine ligand. The coordina- 
tion geometry of Mo2 is intermediate between a trigonal bipyramid 
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and a square pyramid. The position of the hydrogen on the SH has not 
been determined, but the infrared spectrum shows v (SH) at 2497 cm-'. 

The compound Mo,S,Cl, was reacted with triethylphosphine in thf 
a t  room temperature for 24 hr, and the solution was reduced with 
magnesium metal at -20°C for 3 hr. After the solvent was removed 
under reduced pressure, the precipitate was crystallized from benzene 
to give [ M O , ( ~ ~ - S ) ~ ( ~ ~ - S ) ~ ( ~ ~ - C I ) ~ C ~ ~ ( P E ~ ~ ) ~ ]  in 26% yield. Similar reac- 

FIG. 26. Structure of [M~&Cl~(dppe)~(PEt~)I. 
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tion starting from Mo3Se7C14 afforded [M~,(p~-Se)~(p~-Se)~(~~-Cl)~ 
Cl,(PEt,),] in 11% yield (108). This reaction is noteworthy because a 
similar reduction at higher temperature leads to the octahedral clusters 
[M6EB(PR3)6] (40), which indicates that the formation of metastable 
seven-electron clusters is a turning point to either horizontal dimeriza- 
tion of the trinuclear clusters or vertical dimerization after further 
reduction. The structure of a seven-electron cluster stabilized by dppe 
has been determined (109) (Fig. 26). 

six molybdenum atoms in are 
arranged similarly, four fused triangles with capping sulfur atoms (Fig. 
27). The edges are bridged by sulfur or chlorine atoms. Among the 
Mo-Mo distances (2.693(1)-3.556(1) A), seven (2.693-2.999 A) are as- 
signed to Mo-Mo single bonds. The selenium analogue [Mo,(p3- 
Se),(pz-Se)4(pz-C1)zC14(PEt3)63 has a similar structure, with Mo-Mo 
distances ranging from 2.771(1) to 3.683(1) A (108). 

The three hexanuclear clusters are mixed valency complexes of two 
M(II1) and four M(IV) centers, and the average oxidation state of the 
metal is +3.67. The number of cluster valence electrons is 14, which 
agrees with seven M-M bonds. Relatively short M-M distances for 
the intra- and intertriangles suggest that the clusters can be viewed 
as dimers of triangular clusters. Extension of the triangle condensation 
would lead to higher polymers. 

B. RELATIONSHIP TO SOLID-STATE CLUSTER COMPOUNDS 

Condensation of discrete triangular metal cluster units in the metal 
cluster plane is another way of building extended solid-state com- 
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pounds. There are a few examples of metal halides, oxides, and chalco- 
genides consisting of triangular or fused triangular (planar rhombus) 
metal frameworks. For example, CsNb4Cll1 (110), NaMo,04 (111 ), 
MMo,S4 (1121, and ReS, (113) contain planar M4 rhombuses with face- 
capping and edge-bridging anions. 

The essential structural features of NaMo,04 are layer arrangements 
similar to the CdI, structure in which molybdenum atoms are included 
in octahedral sites of oxygen atoms (111). Within MOO, layers the Mo 
atoms are shifted from the center of octahedra toward neighboring Mo 
atoms, forming infinite chains of fused rhomboidal cluster units. Each 
Mo atom is bonded to two Mo atoms parallel to the chain direction at 
2.893(2) A and to two other Mo atoms via zigzag bonds at 2.535(2) A. 
The CVE of each Mo atom is 2.5 electrons, two of which are used for 
zigzag bonds and 0.5 for the long bonds in the chain direction. If the 
rhomboidal units are emphasized, the CVE of 10 electrons is consistent 
with five Mo-Mo bonds within the cluster unit, but actually the elec- 
trons are used for four Mo-Mo single bonds and four Mo-Mo 0.25 
bonds for each M o ~  unit. 

The compound Ba1,,,MoaOl6 contains similar rhomboidal clusters of 
M o ~  in the infinite chains (114). One is more regular, with five Mo-Mo 
bonds in the edge-shared bitriangle (2.578(1)-2.616(1) A), and another 
is rather distorted with two long and three short Mo-Mo bonds 
(2.546(1)-2.847 A). The CVE is 18.26; this can be divided into 10 for 
the more regular cluster and 8.26 for the distorted cluster, and the 
distortion can be understood from the viewpoint of electron deficiency. 

Another similar molybdenum oxide, KzMoa016, is also composed of 
a regular M o ~  and a distorted M o ~  rhomboidal cluster (115). The com- 
pound has 18 CVE, which can be divided into 10 for the regular rhombus 
(2.551(3)-2.687(2) A) and 8 for the distorted one (2.527(3)-2.837(2) A>. 

The preceding three reduced molybdenum clusters indicate that 
rhomboidal cluster units are common among this kind of oxide, and 
the Mo-Mo distances in the cluster units are dependent on CVE assign- 
able to  the M o ~  units. MO calculations on Mo4 molecular cluster com- 
pounds containing 10 CVE and 8 CVE have shown that the 8-electron 
clusters distort from a second-order Jahn-Teller effect (116). Such a 
distortion has been observed in the 8-electron W4(OEt)16 (11 7). 

Solid-state sulfide compounds MMo,S4 (M = V, Cr, Fe, Co) contain 
infinite chains of Mo& clusters with intracluster Mo-Mo distances 
(2.756-2.989 A) and intercluster distance (2.960 A) for the cobalt deriv- 
ative (112). As the valence of M is +2, judging from magnetic measure- 
ments, and the average oxidation state of molybdenum +3, the CVE for 
M,Mo4Sa is 12. This agrees with five intracluster and one intercluster 
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FIG. 28. Partial structure of CoMo2S,. Cobalt atoms are omitted. 

Mo-Mo bonds (Fig. 28). Similar M,S, structures can be recognized 
also in ReS, (1131, also with 12 CVE for the Re,S8 formulation, and in 
a molecular analogue [Re,S,(S0,),(CN),,18- with 14 CVE (118). 

The structure of the niobium halide CsNb,Cll1 shows a typical exam- 
ple of the linking of rhombuses of flat butterfly clusters with M4X1, 
cluster units (110). The cluster core is composed of an Nb, plane and 
two capping C1 in the opposite sides of the Nb, plane, and four edge- 
bridging C1 atoms. This cluster is linked to the adjacent clusters by 10 
bridging C1 atoms (six terminal C1 to the wing-tip Nb atoms, and four 
terminal C1 to the hinge Nb atoms). The average oxidation state of 
niobium is +2.5, and 10 CVE are available for the intracluster Nb-Nb 
bonds (2.84-2.95 A). The rhombus also can be regarded as the first 
member of the extension of incomplete cubanes to form raft-type clus- 
ters. For N units of this type, 4 - ( 6 / N )  electrons have to  be sup- 
plied to each metal atom to form a full two-electron bond between 
every adjacent pair of metal atoms (107). A molecular cluster complex 
[Nb,Cllo(PMe3),l with a very similar cluster framework has been re- 
ported (107). The Nb-Nb distances range from 2.904 to  2.987 A, show- 
ing that there are five Nb-Nb single bonds, consistent with 10 CVE 
from four niobium atoms in the oxidation state of +2.5. 

V. Triangular Clusters 

A. SYNTHESIS AND STRUCTURE 

The [M3(p3-E)(p2-E),L,1 (I), [M3(p3-E)(p2-E2)3L61 (II), and [M3E5L,l 
(111) types of cluster compounds (Fig. 29) are known, and because of 
the importance of triangular cluster units as building blocks of higher 
clusters, much effort has been put into the synthesis of such clusters. 
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FIG. 29. General structure of [M3E4L9] (I), [M3E7L6] (II), and [M3E5L6] (111) type clus- 
ter complexes. 

Some new compounds have been reported since the previous review 
(10). 

No tellurium derivatives of M,E,X,-type compounds had been de- 
scribed until Fedin et al. reported the synthesis of Mo3TeloIlo from the 
reaction of molybdenum, tellurium, and iodine at 398°C for 48 hr in a 
sealed tube (119). The structure (Fig. 30) is composed of [Mo3(p3-Te)(p2- 

FIG. 30. Structure of Mo3TeloIlo. (Reproduced from (119) with permission.) 
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FIG. 31. Structure of &Mo6Sez,. [Reprinted with permission from (121 ). Copyright 
1995, American Chemical Society.] 

Te,),(TeI,),II with an isosceles Mo, triangle and novel TeI, ligands. 
The TeI, ligands coordinate to molybdenum via Te-I. An extra iodine 
anion has a short contact with the axial Te atoms of the Te, bridges. 
When this compound is reacted with an aqueous KCN solution, Cs,.,K, 
[Mo,Te7(CN),lI,,, * 3H@, CS~[MO,T~~(CN)~]I * 3H@, and Cs,.,[Mo, 
Te,(CN),]I,,, - 3H20 are formed (120). The Mo-Mo distance in the 
equilateral Mo, triangle is 2.891(2) A, and the Mo-p,-Te distance is 
2.696(1) A. The three axial Te atoms in the Te, bridges also have a short 
contact with an iodine atom as a counteranion. Attempts to prepare 
[Mo,Te,L,l-type clusters by abstracting one of the tellurium atoms in 
the Te, bridges by either CN- or PR, were unsuccessful. 
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When MOO,, NazSe,, and Me4NC1 are reacted at 135°C for 3 days 
under hydrothermal reaction conditions, (Me,N),Mo,Se,, crystallizes 
out (121 ). The compound is an analogue of (NH,),Mo,S,, , which has 
been known for some time (122). The short contact between the p3-Se 
and the three axial selenium atoms of the Se, bridges (3.147 A) suggests 
that this is a pseudo-solid-state compound that behaves as a semicon- 
ductor with a band gap of 1.6 eV due to band formation along the c- 
axis. The compound is sparingly soluble in DMF. The infrared spectrum 
shows a band at  451 cm-' assignable to  (Mo,-p,-Se) vibration. The 
peak at 165 cm-' is assigned to a Mo-Mo vibration. The reaction 
using K,Se, as a selenium source in the absence of the ammonium salt 
formed K,Mo,Se,, - 6Hz0 (121 ), in which two [Mo,S~,,]~- anions are 
linked via an extra Se2- ion (Fig. 31). Molecular orbital calculations 
have been performed to explain the anion-anion bonding interaction, 
which looks anomalous. The results indicate that the axial selenium 
atoms in the Se, bridges possess the least electron density, and the 
bonding interaction with the anionic Se2- ion is rather natural. It would 
be very interesting if similar interactions in the number of [Mo,E,]- 
type compounds have the same sort of charge distribution to account 
for the anion-anion short contacts (123, 124). 

A compound with half of the p,-Se replaced by p3-O has been obtained 
in the preceding reaction as another product (121 ). This is formulated 
as KzMo3Se12,50,,5 and is the first example of the Mo, cluster compound 
with a p3-O ligand. The cluster is more closely packed than the ammo- 
nium salt because of the smaller size of potassium ion and the replace- 
ment of half the ps-Se atoms by smaller oxygen atoms. 

Details of the MO analysis of [Mo,(~,-S),(~~-S)~(PM~~),]  have been 
reported (125). The cluster unit Mo3S5 is the first member of the Chevrel 
cluster M03~S3~+2, and development of the chemistiy of this cluster 
complex is anticipated (Fig. 32). 

B. RELATIONSHIP TO SOLID-STATE CLUSTER COMPOUNDS 

A few solid-state compounds of molybdenum and tungsten M3(p3-E) 
(p,-E,)(E,),X,X,,, (M = Mo, W; E = S, Se; X = C1, Br, I) have been 
reported (22,42,126-129). They have the zigzag chain of the M,E,X, 
units bridged by four halogen atoms (Fig. 33). The Mo-Mo distances 
for Mo,S7C14 are 2.741(3), 2.747(3), and 2.748(3) A (1271, and the equi- 
lateral triangle is a little larger than those in the molecular cluster 
complexes (2.700-2.734 A) (10). The W-W distances in the isosceles 
W, in W,S7Br, are 2.700 and 2.722(3) A (129). In the ionic cluster 
(PPr4),W3S7Br,, the W-W distances are elongated to 2.735-2.744 
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(42). The oxidation state of the metals in these cluster compounds is 
+4, and the bridges between the cluster units in the solid-state com- 
pounds can be cleaved by various reagents to form either p2-E2- or pz- 
E-bridged molecular clusters in the same oxidation state. Since the 
solid-state triangular cluster compounds can be prepared in high yield 
and high selectivity, they will be good starting materials for a variety 
of trinuclear cluster complexes. 

In relation to the HDS (hydrodesulfurization) catalysts, Muller has 
emphasized the structural relationships between MoS, and (NH,), 
[Mo,S(S,),] (21, 130). Both compounds are most stable binary Mo-S 
compounds with Mo(1V). Removal of the p3-S from [Mo3(p3-S)( p2- 
S,),(S2)312- rearranges the Si- groups symmetrically around the M o ~  
triangles. By some variation of the bond distances (d(Mo-Mo) from 
2.72 to 3.15 A and d6-S) from 2.0 to 3.6 A), a complete section of 

Y 8 
FIG. 33. Structure of Mo3S7CI,. 
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I H o ~ S ~ S $ ~ I ~ -  b3S121 b + 6 \  IMoS21, 

FIG. 34. Thermal decomposition of (NH,),[MO,S,~] to form MoSz. [Reprinted from 
Polyhedron, Vol. 5 ,  A. Muller, pp. 323-340, Copyright 1986, with kind permission from 
Elsevier Science Ltd., The Boulevard, Largford Lane, Kidlington OX5 lGB, UK.] 

MoS, emerges. Also, the cluster compounds can be regarded as a model 
for the surface of MoS, crystals. The thermal decomposition of (NH,), 
[MO,S(S,)~I to yield MoS, has been monitored using DTA-TG measure- 
ments, and the desulfurization process is expressed as Fig. 34 shows 
(21 I. 

The structural relationships between the solid-state compounds con- 
sisting of discrete triangular building blocks and their molecular ana- 
logues provide an interesting opportunity to study solid-state properties 
based on the cluster units in molecular clusters. Also, molecular cluster 
complexes can be starting materials for preparing the corresponding 
solid-state cluster compounds by their rational condensation. 
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111. Nickel(II1) Complexes 

I. Introduction 

Many new Ni(I1) complexes of aza-type macrocycles have been syn- 
thesized, and their redox chemistries have been explored. In particular, 
complexes of macropolycyclic ligands and bismacrocyclic ligands have 
been prepared. Complexes with uncommon oxidation states of nickel 
(Ni"' and Nit complexes) have also been synthesized by employing a 
specially designed macrocycle, and their characteristic spectroscopic 
properties and X-ray structures reported. These nickel(I1) complexes 
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have been used in catalytic reactions such as olefin epoxidation and 
electrochemical reduction of alkyl halide and carbon dioxide. The un- 
common high-valent nickel (Ni"' and Ni'") and low-valent nickel (Nil) 
species have been proposed to be involved in the former and the latter 
reactions, respectively. The Ni(1) macrocyclic complexes in particular 
have attracted great attention because methane production by F430 
has been proposed to involve Ni(1) species (1,2). F430 is a Ni(I1) hydro- 
corphinoid complex that is the prosthetic group of methyl coenzyme M 
reductase. It catalyzes the reductive cleavage of S-methyl coenzyme M 
to coenzyme M and methane in the final stage of carbon dioxide reduc- 
tion in methanogenic bacteria. 

This review deals with syntheses, properties, structures, and reac- 
tions of Ni(II), Ni(III), and Ni(1) macrocyclic complexes that have been 
reported over the past few years. 

II. Nickel(l1) Complexes 

A. SYNTHESIS 

The Ni(I1) complexes of aza-type macrocylic ligands were prepared 
by complexation reaction between presynthesized macrocyclic ligands 
and the metal ion in solution or by metal-ion-directed template conden- 
sation reactions. The advantage of the complexation reaction is that 
the macrocyclic ligand may be isolated, purified, and characterized 
prior to the synthesis of the complex and the complexation is readily 
detectable by physical methods. Metal template synthesis generally 
offers high-yielding and selective routes to  new ligand complexes. It 
often yields the macrocyclic complexes in one-pot reactions in which 
all reactants are mixed together in the presence of the metal ion and 
heated at reflux. The "1) ion was used as the template metal ion 
more often than any other metal ions, because Ni(I1) does not impede 
ligand-forming reactions by redox or hydrolysis, and Ni(I1) complexes 
are in general insensitive to moisture and oxygen. In many instances, 
when a macrocyclic ligand complex was prepared by using Ni(I1) ion 
as a template, then the same ligand complex was also obtainable us- 
ing Cu(I1). 

It has been known that square-planar Ni(I1) complexes are most 
stable with the 14-membered macrocyclic ligands. The typical 14- 
membered macrocycle is [14laneN,, which is called cyclam. Therefore, 
many Ni(I1) complexes synthesized are those with 14-membered macro- 
cyclic ligands that form 6-5-6-5-membered chelate rings with the metal 
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ion. Some Ni(I1) macrocyclic complexes with different ring sizes have 
been reported as well. 

1 .  Template Condensation Involving Amines and Formaldehyde 

Template condensation reactions of amines and formaldehyde are a 
very simple and convenient way to provide various macrocyclic ligand 
complexes. The "1) macrocyclic complexes have been prepared by 
heating amines and formaldehyde in the presence of the metal ion. In 
cyclization reactions, formaldehyde links two cis-coordinated amine 
moieties to yield methylenediamine (N-CH,-N) linkages. Methyl- 
enediamine groups are known to be unstable when they contain pri- 
mary or secondary amines (3 ). Therefore, the nitrogen atoms of meth- 
ylenediamine linkages of secondary nitrogens show a strong tendency 
to become tertiary upon cyclization (4-10). However, the secondary 
nitrogens of methylenediamine linkages can be stabilized when coordi- 
nated to  the metal ion, and therefore ligands containing methylenedia- 
mine linkages with secondary nitrogens are stable as long as they exist 
as part of metal complexes. 

Free ligands containing methylenediamine linkages have not been 
isolated because such ligands decompose when the metal ion is taken 
out of the complex. 

a .  Square-Planar NickeUII) Complexes with Monocyclic Ligand. 
Hexaaza macrocyclic ligand complexes 1, 2 and those with various 
alkyl groups at  the uncoordinated bridgehead nitrogen atoms have 
been synthesized by template condensation of ethylenediamine, formal- 
dehyde, and primary alkylamine in the presence of NiCl, in MeOH, 
followed by addition of the salt containing appropriate anion as summa- 
rized in Eq. (1). The Ni(I1) complexes form square-planar geometry 
without coordination of the tertiary nitrogens at the bridgehead posi- 
tion (7, 11 1. Similarly, the Ni(I1) complexes of pentaaza macrocyclic 
ligand 3a and their analogues have been synthesized by employing 3,7- 
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diazanonane-1,g-diamine (2,3,2-tet), formaldehyde, and primary amine 
as described in Eq. (2) (12). 

H-H 
/-N N 7  k H-H H n  

/-N N 7  
Me-N NI N-Me c," Ni N-Me 

NJ 
H U H  

1 2 3a 

H ~ H  
n 

Ni2+ + NH, NH, + CH,O + RNH, - 
1: R = Me. 2: R = Et 

The functional groups can be attached to the macrocyclic ligands by 
using methods similar to Eqs. (1) and (2). The Ni(I1) complexes of 
pentaaza macrocyclic ligands, 3b-3g, in which functional groups are 
appended at  the bridgehead nitrogen atom, are prepared by the tem- 
plate reaction of [Ni(2,3,2-tet)I2' and formaldehyde with carboxamide 
or sulfonamide in the presence of base. The complexes 3b and 3c are 

r 

3d: R = CO-CH, 

3e: R = C G x  (X = H, o or pN02)  
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FIG. 1. Structure of LNi"(5)1(C10,)2. [Reprinted with permission from (16) .  Copyright 
1994, American Chemical Society.] 

obtained as [Ni(L)](ClO,), . HClO,, in which the pendent pyridine sub- 
unit becomes protonated. The pyridine pendants react with [Pt"C1,I2- 
and cis-[Ru"(bipy),Cl,I in a 2 :  1 ratio to give supercomplexes cis- 
[(Ni11L)2Pt"C121(PtCl,)(C104)2 and ~is-[(Ni~~L),Ru"(bipy),](ClO,),, re- 
spectively (13,14). The Ni(I1) complex, 3h, in which a ferrocene subunit 
is covalently linked to the azacyclam ligand also has been synthesized 
by a similar reaction, using 2,3,2-tet, formaldehyde, and ferrocenesulfo- 
namide in the presence of Ni(I1) ion (15). 

The nickel(I1) complexes 4-7, which incorporate functional groups 
-OH and -CN into the pendent arms attached to the uncoordinated 
bridgehead nitrogen atoms, are synthesized by the template condensa- 
tion reactions of ethylenediamine, formaldehyde, and primary amines 
with appropriate functional groups (16). The complexes 4-7 are square- 
planar in solutions. The pendent hydroxyl groups in [412' and El2+ do 
not coordinate Ni(I1) ion in water at  pH 5 13.0 and ionic strength 1.0 
M (NaC10,). In the solid state, the complexes 4, 5, and 7 form square- 
planar complexes as the functional groups do not coordinate metal ions 
(Fig. 1). However, [6](BF,), , the complex containing a -CH2CH2-CN 
functional group, is a coordination polymer with an octahedral geome- 
try around the metal (Fig. 2). The coordination polymer is formed by the 
coordination of both nitrile pendants of the ligand to the intermolecular 
Ni(I1) ions. 

FIG. 2. Structure of INi"(6)1, (BF,)2,, . [Reprinted with permission from (16). Copyright 
1994, American Chemical Society.] 
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HAH 
rN Ni N7N-(Cth)r)( 

r;' 
X-(C th',NL 

H N L /  

4.  X=OH,n=2  5: X=OH,n=3  
6: x = C N , n = 2  7 ;  X=CN,n=5 

Nitroethane also has been utilized in place of primary amine or 
amide as a locking fragment in the template condensation reaction of 
amines and formaldehyde for the synthesis of macrocyclic complexes. 
For example, the square-planar Ni(I1) complex of L, was prepared by 
the reaction of Ni(en)i+, formaldehyde, and nitroethane (17). 

b. Square-Planar Nickel(11) Complexes with Macropolycyclic Li- 
gands. The Ni(I1) complexes of various polyaza polycyclic ligands, 
8-14, have been synthesized by heating formaldehyde and appropriate 
amines a t  reflux in the presence of NiC1, in methanol solutions for 4-12 
hr, and then precipitating with LiClO, or CF,SO,Li as summarized in 
Eqs. (3)-(9) (6, 8, 10, 18). The yields were generally high (50-90%). 
All ligands in 8-14 contain methylenediamine linkages in which nitro- 

FIG. 3. Structure of INi"(lO)l(F'F&. [Reprinted with permission from (18) .  Copyright 
1994, The Royal Society of Chemistry.] 
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gen atoms are either tertiary or coordinated secondary groups. The 
complexes 8-10 contained football-shaped tetraazabicyclononane moie- 
ties (Fig. 3). The complexes 11-14 contained uncommon 1,3-diazacyclo- 
pentane and 1,3-diazacyclohexane sub-ring moieties in the hexaaza 
macrocyclic framework. Although the ligands in 8-14 contained more 
than four nitrogen atoms, they acted as a tetradentate to form the 
square-planar complexes. 

The "1) macrocyclic complexes, 9-14, are extremely stable and 
become only slightly decomposed even in highly acidic media. 

Ni" + H,N/ \Hz + CH20 + NH40H- [ 81" (3) 
1 : l  MeOHhO 

[ 81" + CHzO + CH3NHz T [ 0l2+ (4) 
MeOH 

8 9 

Ni2+ + H2 &Hz + CH20 

Ni2+ + H2 m, + 

10 

1 1  1 2  1 3  1 4  
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In cases where nitroethane is used instead of methylamine as shown 
in Eq. (4), the Ni(I1) complex of hexaaza macrotricyclic ligand, L, , can 
be prepared (19). 

c.  Octahedral N i c k e l O  Complexes with Macrobicyclic Ligands. 
The Ni(I1) complex of 15 was synthesized by a reaction similar to that 
used in the synthesis of complex 12, but with a different mole ratio 
of reactants (9). The hexaaza macrocyclic ligand in 15 serves as a 
pentadentate, and the Ni(I1) complex forms a distorted octahedral struc- 
ture having an  extra axial C1- ligand. The complex includes an  uncom- 
mon four-membered chelate ring and the methoxy methyl pendent 
chain. 

The octahedral Ni(I1) complex of 16 was obtained from the reaction 
of [Ni(en)J2+, formaldehyde, and ammonia, similarly to Eq. (3). The 
yield was low (ca. l%), probably because the Ni(I1) ion is a labile 
metal ion ( 4 ) .  The complex was extraordinarily stable against ligand 
substitution with donors such as NCS-, Me,SO, H,O, or MeCN. The 
electronic spectrum of the complex was similar to that of [Ni(en),I2+, 
but the ligand field strength of the complex was slightly stronger than 
that of [Ni(en),12+ because of capping with tris(methy1ene)amino moi- 
eties. 



MACROCYCLIC CHEMISTRY OF NICKEL 10 1 

1 6  

d. Bismacrocyclic Nickel(ZZ) Complexes. The macrocycles that can 
provide dinuclear complexes of a well-defined structure are important 
for mimicking of metallobiosites (20), to activate simple molecules (21, 
22), and to investigate the mutual effect of two metal centers on their 
physicochemical properties (23, 24). 

The dinickel(I1) complexes of bis-heptaazamacrocyclic ligands, 
17-19. have been prepared by the template condensation reactions of 
the nickel(I1) complex of 3,7-bis(2-aminoethyl)-1,3,5,7-tetraazabicyclo- 
[3.3. llnonane (8 )  with formaldehyde and the appropriate primary di- 
amines such as ethylenediamine, 1,4-butanediamine, and p-xylenedia- 
mine. The electrochemical data indicated that each Ni(I1) ion was 
independent, without interaction between the two Ni(I1) metal cen- 
ters (25).  

Similarly, the dinuclear Ni(I1) complexes of bis-monocyclic ligands, 
20, were prepared by using [Ni(2,3,2-tet)l(C1O4), , formaldehyde, and 
NH,-(CH,),-NH,(n = 2,3,4). No interactions between the metal cen- 
ters were observed in these dinickel complexes, either (26,27). 
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2.  Other Template Reactions 

The square-planar Ni(I1) complex of an  anionic macrocyclic ligand, 
21, was prepared from the template reaction of 3,3'-(ethylenebis(imino- 
methylidene)bis(2,4-pentanedionato)nickel(II) with l13-diamino-2-pro- 
panol [Eq. (1011. The uncoordinated -OH group reacted smoothly with 
acylating agents, resulting in -COPh and -COCH, (28). 

( N;N(o 
Nq 

F x 
y 2 1  

(10) 

The Ni(I1) complex of a 16-membered macrocycle, 2,7-dimethyl-3,6 - 
(1,l' - (2,2' - biimidazole) - 1,3,6,8,11,14 - hexaazacyclohexadeca - 1,7 - 
diene, 22, was synthesized by Schiff base condensation of the Ni(I1)- 
triethylenetetramine complex and 1,l '-diacetyl-2,2'-bisimidazole (29). 
The Ni(I1) complex formed square-planar geometry with iodide or per- 
chlorate anions and an  octahedral structure with chloro or bromo 
ligands. 

22 

The heterodinuclear Ni(II)M(II) (M = Pb, Mn, Fe, Co, Ni, Cu, Zn) 
complexes, 23, have been prepared from the template reaction of Ni(I1) 
complex of N~'-ethylenebis(3-formyl-5-methylsalicylideneiminato~, 
diethylenetriamine, and Pb(C10,), * 3H20 salt, followed by the trans- 
metallation of Pb(I1) ion with M(I1). In the complexes, where Ni(I1) ion 
is found located a t  the 4-coordination site, the M(I1) ion is observed 
located at the 5-coordination site of the macrocycle (30). 
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3. Synthesis of Macrocyclic Complexes from Free Ligands 

Macrocyclic Ni(I1) complexes with a series of elegantly designed mac- 
rocyclic ligands were prepared by inserting the metal ions into the 
presynthesized free ligands. In particular, various complexes contain- 
ing pendent functional groups were prepared by this method. The func- 
tional groups often affected the properties of the macrocyclic complexes 
through the coordination of metal ion. The most common ligands syn- 
thesized were cyclam derivatives. 

Various functional groups, such as amine, hydroxyl, amide, carbox- 
ylic, and nitrile functional groups, have been attached to the side chains 
of the coordinated nitrogen donors (31-34). Some of these donors bound 
to metal ions intramolecularly at the axial position and dramatically 
altered the properties of the complexes. For example, the cyclam deriva- 
tive with tetranitrile pendent chains, L3, was prepared by heating 
cyclam directly in acrylonitrile (34).  The Ni(I1) complex of L3 formed 
a square-planar geometry without coordination of any of its nitrile 
groups to the metal ion. However, the ligand with an amide functional 
derivative yielded an octahedral and a five-coordinate complex in which 
two and one of the pendent amide groups, respectively, became bonded 
to the Ni(I1) ion. 
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N-(Aminoethy1)cyclam was prepared from the reaction between trito- 
sylated cyclam and tosylaziridine. In the Ni(I1) complexes of the ligand, 
the amine group of the side chain displayed acidity-dependent coordina- 
tion behavior. At pH > 2.8 the side arm apically bound to Ni(I1) ion 
to form a blue high-spin complex [Ni(L4)I2+, but a t  pH < 2.8 the amine 
of the side chain became protonated and formed [Ni"(L4H)I3+ as a 
mixture of a blue high-spin form and a yellow low-spin form (35).  

In addition, Ni(I1) complexes with macrocyclic ligands containing 
pyridine in the macrocyclic framework with a single pyrrolidinyl pen- 
dent arm, Ls-1 and Ls-2, have been prepared (36).  Such complex formed 
octahedral [Ni~Ls-2)(0C10,~I[C10~l by coordinating four nitrogens of 
the macrocycle, the pendent pyridine, and a C10; ion. In the complex, 
the macrocyclic ligand coordinated close the corners of a square pyra- 
mid with the pendent group a t  the apical position. 

The 12-membered tetraaza-macrocyclic ligand with four pendant 
pyrazole groups, L6, was synthesized by the reaction of 1-(hydroxy- 
methy1)pyrazole with 1,4,7,10-tetraazacyclododecane in MeCN. The 
Ni(I1) complex "&]I2 formed a distorted octahedral structure with 

I 
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two pendent arms of the ligand being coordinated. In this complex, 
the four amine nitrogens span two contiguous faces of the distorted 
octahedron about the nickel atom, with the pyrazole nitrogens occupy- 
ing the remaining pair of cis positions (37). 

The pendent-arm macrocycles L7-l and L7-2 have been synthesized 
by the reaction of L7-3 and L7-4, respectively: They were prepared by 
the reaction of [Ni(DMSO),I(C10,)2 and the free ligand in EtOH, with 
aqueous NaOH followed by the addition of 2-chloromethylpyridine and 
l-(hydroxymethy1)pyrazole under nitrogen. The Ni(I1) complexes of L7- 
1 and L7-2 are six-coordinate, and the X-ray crystal structure of [Ni(L7- 
l)](C104)2 shows that the macrocycle has a folded conformation with 
the two pendent 2-pyridylmethyl arms occupying cis-coordination 
sites (38). 

L,-l : K'= X. It2 = H 
I,,.2 : R' = Y, R2 = M e  

L7-3 : K '  = R2 = H 
L7-4 : K '  =H. KZ =Me 

Some functional groups such as phenol, pyridyl, catechol, imidazole, 
and amine, which are attached to the carbon atoms of macrocyclic 
framework, also affect the coordination geometry of the metal ions 
(39-44 1. 

The 12-membered macrocyclic triamine bearing a phenol pendant, 
Lg, was synthesized by one-pot annealation from coumarin and 1,7- 
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diamino-4-azaheptane. The pendent phenol readily dissociated its pro- 
ton at  acidic pH upon coordination of metal ions such as Ni(II), Zn(II), 
and Cu(I1) and became a strong fourth donor (45). 

The cyclam with an amine pendent donor attached at  the bridgehead 
carbon atom was synthesized from diethylaminomalonate and 1,9-dia- 
mino-3,7-diazanonane in refluxing MeOH, followed by BH,-thf reduc- 
tion (41 1. The ligand coordinated Ni(I1) ion in pH 8.5 as a pentadentate 
and formed a six-coordinate complex with a water molecule binding at 
the axial site. The X-ray crystal structure of the complex indicated 
that the pendent NH, coordinated at the axial site and the cyclam 
moiety took a trans-I configuration. 

L9 
H20 

The encapsulating ligand with N,Sz donors (Llo) was prepared, and 
it coordinated to Ni(I1) to give an octahedral complex (46). 

CH3 
I 

4 .  Synthesis of New NickeKII) Complexes by Using €'resynthesized 
NickeKII) Macrocyclic Unit 

a. Synthesis of N-Alkylated NickeKII) Complexes. N-Methylated 
macrocyclic Ni(I1) complexes were prepared, in general, by the deproto- 
nation of secondary amines of Ni(I1) macrocyclic complexes with pulver- 
ized KOH in Me,SO or MeCN media, followed by alkylation with CH31. 
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It is also possible to prepare the complexes from presynthesized N- 
alkylated macrocycles. 

Bis-N-alkylated complexes of Me2-9 and Me,-11, as well as the tetra- 
methylated Ni(I1)cyclam (Ni"TMC) derivatives, have been synthesized 
by the deprotonation of secondary amines followed by alkylation (34, 
47,481. When EtI or other alkyl halide with /3-hydrogen was added to 
the deprotonated Ni(I1) complex of cyclam or 11, HX elimination occur- 
red instead of S,2 reaction. Therefore, ethylene gas was produced in- 
stead of N-ethylated complex formation when EtI was added to the 
deprotonated complex of cyclam or 11. However, in the case of 8, bis- 
N-ethylated Ni(I1) complex was isolated. This may be because HX 
elimination is slower than SN2 reaction. The bis-N-alkylated Ni(I1) 
complexes of 9 (Me,-9 and Eh-9) and Me,-11 were stable against ligand 
dissociation in acidic aqueous solutions. The N-alkylated complexes 
were dealkylated when the complexes were heated in aqueous solutions 
(34, 47). 

Me2+: R = M e  Me,-l 1 Ni-TMC 

Et,-9: R = Et 

b. Synthesis of Dinucleating Ligand Complexes. The dinuclear bis- 
macrocyclic complex 24 has been prepared from the reaction of 25 and 
0-xylyl chloride followed by reduction with NaBH, in H 2 0  (pH 5-6). 
The two cyclam rings in 24 were arranged in a face-to-face manner. 
The complex coordinated the bridging ligand such as C1-, Br-, or 
C0:- . The chloro-bridged dinickel(I1) complex had a pseudo-one-dimen- 
sional Ni-C1 alternate linear chain structure in the solid state. The 

2 4  2 5  
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complex exhibited an antiferromagnetic interaction between the two 
Ni(I1) ions (49). 

The reaction of the Ni(1I) complex, 25, with isophthaloyl dichloride 
resulted in the dinuclear "1) complex, 26. The two coordination 
planes were nearly coplanar with the metal ions being 12.8 apart (50).  

2 6  

B. ELECTRONIC ABSORPTION SPECTRA 

The UV-vis spectrophotometric properties of Ni(I1) macrocyclic com- 
plexes are affected by the substituents, the degree of unsaturation, the 
cavity size, and the chelate ring sequences of the macrocyclic ring (13, 
51,521. In addition, the presence of tertiary amine donors and the size 
of the sub-ring moieties fused to  the macrocyclic framework may alter 
such properties. In general, introduction of tertiary amine donors in 
the Ni(I1) macrocyclic complexes results in a decrease in the ligand 
field strength, thus causing the maximum absorption to  shift to  longer 
wavelengths. For the macrotricyclic complexes with fused sub-ring 
moieties such as 11-14, the ligand field strength is shown to decrease 
as the size of the sub-ring increases. 

1 .  Effect of Uncoordinated Tertiary Nitrogens and Type of 
Pendent Chain 

Square-planar Ni(I1) macrocyclic complexes are typically yellow, red, 
or brown in color and absorb around 400-500 nm, depending on the 
ligand structure. The octahedral Ni(I1) complexes absorb a t  500-600 
nm. 

Spectrophotometric data on some Ni(I1) macrocyclic complexes are 
summarized in Table I. The maximum absorption of the square-planar 
Ni(I1) complex with neutral azamacrocyclic ligand shifts to a longer 
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TABLE I 

ELECTRONIC ABSORPTION SPECTRA AND ELECTROCHEMICAL DATA FOR NICKELUI) 
MACROCYCLIC COMPLEXES 

1 
2 
3a 
4 
5 
6 
7 
cyclam 
Me,[ 141aneN4g 
Me2[131aneN4g 
8 
9 
10 
11 
12 
13 
R JE ,S,S- 14 
R ,S& ,S- 14 
17 
18 
19 

15 

16 
Ni(en);+ 

Square-planar complexes 
449 (56)' 
449 (64Y 
450d 
448 (82); 446 (56)d 
449 (77); 445 (56)d 
445 (27): 451 (394 
449 (63); 445 (57)d 
445d 

428 (145) 
435 (83)' 
438 (831,' 442 (80)' 
425 (209jd 
447 (80); 449 (78)' 
456 (89); 459 (80)' 
465 (95); 471 (41)' 
471 (90); 480 (28)' 
489 (116); 496 (106)' 
440 
434 (71); 440 (152)' 
442 (161)' 

+0.93 
+0.90 

+0.94(q) 

+0.91 
+1.11 

+ 1.32 
>+1.53 
+1.50 (i) 
+1.43 (i) 
+ 1.34 
+ 1.25 
+ 1.39 
+1.31 (qr) 
+1.48 (i) 
>+1.90 

Octahedral complexes 
554 (15), 363 (234 
534 (€9, 350 
510 (a), 316 (11)' 
540 (7), 333 (9)' 

-1.55 
- 1.47 

-1.47(qr) 

-1.46 
-1.33 

-1.39 
-1.38 (r) 
-1.28 
-1.25 
-1.20 (qr) 
-1.14 
-1.01 
-1.42 (r) 
- 1.37 (qr) 
-1.33 (r) 

7 
7 
12 
16 
16 
16 
16 
58 
58 
62 
6 
6 
18 
8, 10 
10 
8, I0 
10 
56a 
25 
25 
25 

9 

4 

a Measured in acetonitrile solutions, 0.1 M ( ~ - B U ) ~ N C ~ O ~ ,  volts vs SCE. 
i = irreversible; qr = quasi-reversible, 
Measured in MeN02. 
Measured in HzO. 

' Measured in MeCN. 
f Measured in Me2S0. 
g Abbreviations: Me6[14]aneN4 = 5,5,7,12,12,14-hexamethyl-1,4,8,ll-tetraazacyclote- 

tradecane, Me2[131aneN4 = 8,10-dimethyl-1,4,7,1l-tetraazacyclotridecane. 

wavelength in the visible region (Amax) as the ligand field strength 
decreases. Extinction coefficients of the square-planar Ni(I1) complexes 
without double-bond conjugation in the macrocycle are in the range of 
30-100 nm, depending on the solvent. The electronic spectra of Ni(I1) 
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complexes’of monocyclic ligands 1-7 are similar to  those of Ni(I1) com- 
plexes of cyclam, indicating that the presence of two extra uncoordi- 
nated tertiary nitrogens at the bridgehead position does not affect the 
ligand field strength of the complexes. In addition, a variation of alkyl 
groups and the types of the pendent functional groups at the bridgehead 
nitrogen atoms slightly affect the spectra of the complexes (7, 11, 13, 
16). 

2. Effect of Fused Sub-ring Moieties of Macrocycle 

The N U )  complexes 8-10, which contain a football-shaped moiety 
fused to the ligands, absorb at  significantly shorter wavelengths than 
the complexes of the 14-membered tetraaza monocycle and exhibit 
unusually strong ligand field strength. This is attributed to the short 
N--N bite distances of the six-membered chelate ring involving the 
tetraazabicyclononane (“football”) moieties (7,18). The N--N bite dis- 
tances involving the tetraazabicyclononane moieties are similar to the 
values for five-membered chelate ring. Therefore, the macrocycles in 9 
and 10 are rather similar to a [131aneN4 and a [121aneN4, respectively. 

For the macrotricyclic complexes 11-14, which retain the same 14- 
membered macrocyclic framework, the size of the sub-ring moieties 
affects the spectroscopic properties of the complexes. The complexes of 
11 and 12 contain uncommon 1,3-diazacyclopentane, and 13 and 14 
contain 1,3-diazacyclohexane sub-ring moieties in the hexaaza macro- 
cyclic framework. The Ni(I1) complexes 13 and 14 exhibit A,, values 
that are ca. 20 nm longer than those of 11 and 12, indicating the weaker 
ligand field strength of 13 and 14. The weaker interaction between the 
Ni(I1) ion and the macrocyclic ligand with 1,3-diazacyclohexane sub- 
ring moieties is related to the Ni-N bond distances in 13 and 14, 
which are longer by 0.03 A than those in 11 and 12 @ , l o ) .  There is a 
qualitative relationship between Ni-N bond distances and A,,, values. 
As the Ni-N bond distance increases, the A,,, value increases. 
3. Effect of Bridging Chains in Bismacrocycles 

The spectra and redox potentials of the binuclear bismacrocyclic 
Ni(I1) complexes, 17-19 and 20, are similar to those of the correspond- 
ing mononuclear complexes of 9 and 3a, respectively. That is, the ligand 
field strength of the complexes is only slightly affected by the type or 
the length of bridging chain that links the two macrocyclic units. 
4 .  Effect of Tertiary Amine Donors 

The introduction of N-alkyl substituents to  the secondary nitrogens 
of 9 and 11, as well as cyclam, results in the shift of A,,, values to  
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TABLE I1 

PROPERTIES OF SQUARE-PLANAR NICKELW COMPLEXES OF N-ALKYLATED 
MACROTRICYCLIC LIGANDS 

Ligand 

Cyclam 
N-Me-cyclam 
N-Me,-cyclam 
9 
N-Me2-9 
N-Eb-9 
11 
N-Me2-11 

445 
454 (85)" 
511 (711," 492b 

447 (751," 447 (103)' 
438 (83Y 

455 (118); 457 (119Y 
447 (80Y 
455 (92): 466 (102)b 

+0.91 
+1.01 

+1.32 
+1.60 (i) 
+1.41 
+1.50 (i) 
+1.64 (i) 

-1.46 
-1.40 

- 1.39 
-1.07 
-1.12 
-1.28 
-0.94 (qr) 

55a 
55a 
556,59 
6, 47 
6, 47 
47 
47 
47 

Measured in H20 at 20°C. 
Measured in MeNOz at 20°C. 

i = irreversible, qr = quasi-reversible. 
' Measured in acetonitrile solutions; 0.1 M ( ~ - B U ) ~ N C ~ O ~ ;  volts vs SCE. 

10-20 nm longer wavelengths (Table 111, indicating a decrease in the 
ligand field strength upon N-alkylation (47, 53-553). The weaker li- 
gand field strength of the N-alkylated complexes is explained by the 
longer Ni-N bond distances of the complexes. For example, the square- 
planar Ni(I1) TMC complex has an average Ni-N distance ca. 0.04 
longer than that of Ni(I1) cyclam and shows a A,, value that is 65 nm 
red-shifted compared to that of Ni(I1) cyclam (54). The spectra of the 
Ni(I1) complexes of N-alkylated ligands of 9 indicate that N-ethyl sub- 
stituents weaken the ligand field strength better than N-methyl sub- 
stituents (47). Nitrogen donors with bulky substituents would tend to 
form sp2 hybridization rather than sp3, thus causing further elongation 
in the Ni-N bonds. 

The spectrum of the octahedral Ni(I1) complex with hexaaza macrobi- 
cyclic ligand, 16, is similar to that of [Ni(en),12+, but the ligand field 
strength of the complex is increased slightly by the capping of the 
[Ni(en),I2+ moiety with two tris(methy1ene)amino groups (4 1. 
5.  Effect of Configuration of Macrocyclic Ligand 

The configuration of the macrocyclic ligand affects the A,,, and the 
extinction coefficient of Ni(I1) complex (Table I) (56a, 563). For example, 
the maximum absorption band of (R,S,R,S)-[Ni(l4)I2+ appears at -20 
nm longer wavelengths than that of the R,R,S,S isomer. In addition, 
the value of the extinction coefficient for the R,S,R,S complex is greater 
than that for the R,R,S,S isomer, in the visible region. Similar observa- 
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tions are also made with other macrocyclic complexes (56b, 56c). In 
the square-planar R,S,R,S complex, the metal ion locates out of the 
coordination plane and the five-membered chelate rings display a n  
asymmetric gauche conformation. Therefore, the R,S,R,S complex has 
steric strain of the macrocycle that causes poor overlap between the 
Ni(I1) ion and the nitrogen orbitals and provides weaker ligand field 
strength. 

C. ELECTROCHEMICAL PROPERTIES 

Electrochemical properties of the Ni(I1) macrocyclic complexes are 
related to the cavity size, the unsaturation, the degree of functionaliza- 
tion, and the sub-ring moieties fused to the macrocycles (10,47,51,57). 

1. Monocyclic Ligand Complexes us Polycyclic Ligand Complexes 

Cyclic voltammetry data for the Ni(I1) complexes of monocyclic li- 
gands 1-7 and of polycyclic ligands 9-14 are summarized in Table 
1. For the monocyclic complexes 1-7, oxidation to Ni(II1) occurs at 
+0.90-+0.93 V and reduction to Ni(1) a t  -1.46--1.55 V vs SCE. 
However, in the macropolycyclic ligand complexes 9-14, oxidation and 
reduction occur at +1.25-+1.60 V and a t  -0.94--1.40 V vs SCE, 
respectively. That is, electrochemical oxidation of Ni(I1) complex to 
Ni(II1) species is easier for the monocyclic complexes, whereas electro- 
chemical reduction to Ni(1) is easier for the macropolycyclic complexes. 
The anodic shifts in both oxidation and reduction potentials for Ni(I1) 
macropolycyclic complexes in part may be attributed to the tertiary 
nitrogen donors of the ligands. 

2. Effect of Uncoordinated Tertiary Amines and Pendent Groups 

The redox properties of the hexaaza monocyclic complexes 1-7 are 
similar to those of the cyclam. This indicates that the electrochemical 
properties of the complexes are only slightly affected by the presence 
of uncoordinated tertiary nitrogen atoms, the length of the pendent 
chain, and the type of the functional group appended at the bridgehead 
nitrogen (16, 58). 

However, the redox potentials of the Ni(I1) complexes of the aza- 
cyclam (3b-3g) containing carboxamide or sulfonamide functional 
groups are reported to be influenced by the nature of the functional 
group. In particular, the amide fragment controls the reduction poten- 
tial for the Ni"'/Ni" and Ni"/Ni' redox couples, which may be attributed 
to the 7~ interaction between the nickel ion and the amido group (14). 
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3. Effect of Tertiary Amine Donors 

The introduction of N-alkyl substituents to the secondary amine 
donors of the macrocycle results in anodic shifts in both oxidation and 
reduction potentials of the complexes relative to the parent ligand 
systems (Table 11). The extent of anodic shifts depends on the number 
of alkyl groups introduced to the ligand (47,55a). That is, N-alkylation 
makes the attainment of the Ni(1) state easier and the Ni(II1) state more 
difficult. The stabilization of Ni(1) species by N-alkylation is ascribed to 
solvation and stereochemical effects (55b, 60). N-Ethyl groups have 
greater inductive effects than N-methyl groups and yield less anodic 
shift in both oxidation and reduction potentials (47). This anodic shift 
of redox potentials may be attributed to weaker Ni-N interactions in 
the N-alkylated complexes. The weaker Ni-N interaction for the ter- 
tiary amine results in the stabilization of antibonding a-orbitals of the 
Ni(I1) complex, which makes it more favorable to add an  electron, but 
less favorable to remove an electron. 

4 .  Effect of Configuration of Macrocyclic Ligand 

The configuration of the macrocyclic ligand affects the electrochemi- 
cal properties of Ni(I1) complexes (Table I) (56a, 54).  For example, the 
oxidation and reduction potentials of (R,S,R,S)-[Ni(14)12' are shifted 
by +0.14 and +0.13 V, respectively, compared with those ofthe R,R,S,S 
isomer. Similar trends are also observed for a series of R,S,R,S and 
R,??,S,S isomers of N-methylated cyclam derivatives (61a, 61 b) .  The 
anodic shift of the redox potentials for the R,S,R,S-Ni(II) complex indi- 
cates that the complex is more difficult to oxidize to Ni(II1) but easier 
to reduce to Ni(I), compared with the R,R,S,S complex. This may be 
related to the reduced ligand field strength of the R,S,R,S complex, 
which stabilizes the antibonding a-orbitals and thus makes addition 
of an electron more favorable while removal of an electron is less fa- 
vorable. 

D. X-RAY STRUCTURES 

The Ni-N bond distances, N-N bite distances, and N-M-N bite 
angles of Ni(I1) macrocyclic complexes depend on the coordination num- 
ber of the metal ion and the type of macrocycle. These structural param- 
eters influence the electronic spectra and the electrochemical data. 
In general, Ni-N bond distances of square-planar complexes are 
shorter than those of the octahedral complexes because of the absence 
of electrons in dx2-y2. Furthermore, as the Ni-N bond distance in- 
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creases, the value of A,,, for the square-planar Ni(I1) complex shifts 
to the longer wavelength. In addition, Ni(I1) + Ni(1) electrochemical 
reduction of the complexes becomes easier and Ni(I1) + Ni(II1) electro- 
chemical oxidation becomes more difficult as the Ni-N bond dis- 
tances increase. 

The structural parameters of various Ni(I1) macrocyclic complexes 
are summarized in Table 111. Square-planar Ni(I1) complexes with satu- 
rated macrocyclic ligands have Ni-N bond distances ranging from 1.90 
to 1.95 A, depending on the type of ligand. The Ni-N bond distances 
increase when square-planar Ni(I1) complexes bind axial ligands to  
form octahedral species. For example, the square-planar Ni(I1) complex 
[51(C10.J2 has an average Ni-N bond distance of 1.929(2) A, while 
the Ni(I1) coordination polymer [6I,(BF,),, , where the Ni(I1) ion is 
in an octahedral geometry by coordinating two nitrile groups of the 
neighboring macrocycles, has an  average Ni-N(macrocyc1e) bond dis- 
tance of 2.056(3) A (16). 

Square-planar Ni(I1) complexes of the 14-membered tetraazamacro- 
cycle have several possible ligand configurations. The most stable con- 
figuration of the ligand is the R,R,S,S-(trans-111) configuration, in 
which the hydrogen atoms on the nitrogens of six-membered chelate 
rings are positioned at the same side of the macrocycle while the hydro- 
gen atoms trans to  them are at the opposite side of the plane (62). Most 
of the Ni(I1) complexes including 1-14 have the trans-I11 configuration, 
although some complexes having the trans-I configuration are also 

TABLE I11 

DIMENSIONS FOR SOME SQUARE-PLANAR NICKEL(II) COMPLEXES 

Chelate rings 

Ni" 

0.018 
0 
0 
0.034 
0.057 

0.020 
0.025 

Ni-Lb 

1.932 
1.929(2) 
2.056(3) 
1.918(3) 
1.904(7) 
1.920 
1.923(4) 
1.951(2) 

Bite distancesc (A) Bite angled (deg) Ref. 

2.647(3), 2.807(3) 
2.797(6), 3.013(7) 
2.65, 2,66, 2.84, 2.69 
2.70( l), 2.68( 1) 
2.627(9), 2.801(9) 
2.65, 2.79 
2.67, 2.84 

86.4, 93.5 
86.6(1), 93.4(1) 
85.7(2), 94.3(2) 
87.7, 89.1, 95.4 
90.4(2), 89.5(2) 
86.3(3), 93.7(3) 
87.2, 93.0 
86.5, 93.5 

12 
16 
16 
6 
18 
8 
10 
10 

' Displacement of Ni atom from NiN4 plane (A). 
Average Ni-N bond distance (A). 
N-N bite distances (A). 
Bite (NMN) angles. 
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isolated. In the Ni(I1) complexes of macropolycyclic ligands 11-14, the 
macrocycles adopt the most stable trans-I11 configurations, and thus 
two small sub-ring moieties are located at opposite sides and almost 
perpendicularly with respect to  the square-coordination plane (8,101. 

For the macropolycyclic Ni(I1) complexes containing two sub-ring 
moieties, 11-14, the Ni-N bond distances depend on the size of the 
sub-ring. For example, the complex [141(C104)2 )H,O, which contains 
two six-membered sub-rings, has an average Ni-N bond distance of 
1.95 A, whereas the complexes [111Cl2 - 2H20 and [12](C10,)2, which 
contain five-membered sub-rings, have average Ni-N bond distances 
of 1.92 A. The weaker ligand field strength of the complexes 13 and 
14 with six-membered sub-rings is attributed to the longer Ni-N bond 
distances (10). 

In Ni(I1) macrocyclic complexes containing uncoordinated tertiary 
nitrogen atoms, 1-14, shortening of bonds and flattening of bond angles 
involving the tertiary nitrogen atoms have been observed, which indi- 
cates the partial contribution of sp2 hybridization of the tertiary nitro- 
gen atoms (5, 6, 8, 10, 12, 13). For instance, the average N-C bond 
distance involving bridgehead tertiary nitrogen atom in L51(C10)4)2 is 
1.44 A, which is shorter than the normal C-N single-bond distance, 
and the C-N-C angles are 114-116", which is larger than the angles 
of sp3 hybridization (16). 

The octahedral "1) complex 16 of encapsulating macrocyclic ligand 
also shows short C-N bond distances, 1.41(2) and 1.44(2) A, and large 
C-N-C bond angles, 117(1)' and 118(1)', involving tertiary amines 
at the apices of the caps, which indicates sp2 hybridization (4 ) .  

The bite distances and angles are a measure of the macrocyclic hole 
size. In general, the bite distances of the five-membered and six-mem- 
bered chelate rings are ca. 2.6-2.7 A and ca. 2.8-2.9 A, respectively, 
while the bite angles of five-membered and six-membered chelate rings 
are 84-88' and 92-96', respectively (64). Table I11 presents the bite 
distances and bite angles of some Ni(I1) macrocyclic complexes. Com- 
plexes that contain strained moieties show unusual behaviors. For 
example, in [9](C104)2 the bite distances and N-Ni-N bite angles in- 
volving the tetraazabicyclononane ring are 2.691(6) A and 89.1(2)", 
respectively, although the ring consists of six-membered chelate rings. 
In addition, the octaazamacrocyclic complex [ 10](PF6)2 shows bite dis- 
tances of 2.706(6) A and 2.698(6) A and bite angles of 90.4(2)" and 
90.3(2)' for five-membered chelate rings, and bite distances of 2.703(6) 
8, and 2.665(7) A and bite angles of 90.3(2)' and 88.8(2)" for six-mem- 
bered chelate rings involving cage ring moieties (18). These results 
indicate that the N-N bite distances involving the cage ring moieties 
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are similar to  those of the five-membered chelate rings, although each 
cage ring consists of two six-membered chelate rings. Therefore, the 
complexes 9 and 10 are more like the complexes of a [13laneN, and a 
[ 12]aneN,, respectively, rather than that of a [ 14]aneN,. Consequently, 
the Ni-N bond distance (1.904 A) of [101(PFs)2, which is 0.015 A 
shorter than that of [9](C10,)2, results in the unusually strong ligand 
field strength for [1012'. 

E. EQUILIBRIUM BETWEEN SQUARE-PLANAR AND OCTAHEDRAL 
SPECIES IN COORDINATING SOLVENT 

Some macrocyclic Ni(I1) complexes exist as equilibrium mixtures of 
the yellow, diamagnetic, square-planar [Ni(L)I2+ and blue (or violet), 
paramagnetic, octahedral [Ni(L)(S)212+ species in coordinating solvents 
(S)  such as water, acetonitrile, or Me2S0 (7, 10, 12-14, 16, 65, 66). 
Interconversion between these two forms depends on the ligand struc- 
ture and reflects a balance between endothermic solvent coordination 
and exothermic Ni-N bond lengthening in octahedral species. 

In water, the equilibrium constant K of Eq. (11) is reduced when 
either the concentration of supporting electrolyte (e.g., NaC10,) or the 
temperature is increased. Existence of the equilibrium is indicated by 
the absorption coefficients at A,, measured in water for [Ni(L)I2+, 
which are smaller than those measured in a noncoordinating solvent 
such as nitromethane or acetone. 

(11) K 
[Ni(L)I2' + 2H20 [Ni(LKH20)212' 

The Ni(I1) complexes 1-3g with hexaaza and pentaaza macrocyclic 
ligands as well as the Ni(I1) cyclam complex display a low-spin square- 
planar and high-spin octahedral complex interconversion in aqueous 
solution (7, 12-14). However, complexes 1-3a favor formation of the 
high-spin form upon addition of acid, which is in contrast to the cyclam 
complex. The protonation of tertiary nitrogen atoms at the bridgehead 
position facilitates the axial coordination of anion or  water because of 
hydrogen-bonding between them (12, 144. 

The thermodynamic data of Eq. (11) for the various Ni(I1) macrocyclic 
complexes are summarized in Table IV. Since the octahedral species 
should have longer Ni-N bond distances than the square-planar spe- 
cies, the complexes with flexible macrocyclic ligands have larger K 
values. For example, the formation constants of octahedral species for 
[1312' and [1412+ are ca. 10 times greater than those for [1112' and 
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TABLE IV 

EQUILIBRIUM THERMODYNAMIC  DATA^ 

K, -AH" -ASo 
L 25°C kJ mo1-l kJ rnol-' Ref. 

1 0.17d 36d 13fjd 

2 0.23d 19d 7Eid 

11 0.0511 24.5 106 10 

12 0.0398 31.57 132 10 

13 10 

14 0.297 34.1 124 10 

1 l2]dioxoaneN4 0.15 -36.4 - 138 68 
[131dioxoaneN4 2.0 -17.5 -53.5 68 
Mep[ IlIaneN, 2.5 69 

0.44' 17' 64' 7 

0.36' 1 0' 43' 7 

0.0538' 21.4b 96.2' 

0.0707' 12.9' 65.4' 

0.772b 20.9' 72.4' 

0.646' 24.6' 86.1' 

'I = 0.07 M NaC10, and T = 25°C unless otherwise specified. ' Measured in pure water. 
' Data cannot be measured in I = 0.07 M NaClO, because of insolubility 

dl  = 0.1 M NaClO,. 
of the complex. 

[1212+ at room temperature and comparable to those of the complexes 
of monocyclic ligands Me2[14]aneN6 and Et2[14]aneN, (10). The com- 
plexes 13 and 14, which have larger macrocyclic holes than 11 and 12, 
accommodate larger octahedral Ni(I1) ions better. 

It has been reported that interconversion of square-planar to octahe- 
dral species for the Ni(I1) complexes of the lipophilic macrocycle L-a 

L-P 
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occurs in noncoordinating solvents that contain background electrolyte. 
The interconversion depends on the coordinating ability of the X ions 
of electrolyte ( n  - Bu),NX in CH,Cl, solution and can be monitored 
by measuring the Ni(III)/Ni(II) reduction potential (67). 

F. REACTIONS 

1 .  Oxidative Dehydrogenation with H,O, 

Oxidation of Ni(I1) cyclam complex with hydrogen peroxide in acidic 
perchlorate media results in the formation of a dimeric bismacrocyclic 
complex [Ni2(L,z)[(C10,), . This complex contains five double bonds in 
the two macrocyclic ligands linked together through the bridgehead 
position. The complex forms square-planar geometry and there exists 
planarity across the carbon bridging framework (70). A similar oxida- 
tion reaction occurs with the Fe(I1) cyclam complex [Fe(cyclam) 
(MeCN),I2+ to produce [Fe2(Llz)(MeCN),l(C10,),, which is the di- 
nuclear bismacrocyclic Fe(I1) complex having an octahedral geome- 
try (71 1. 

1-12 

2 .  Reactions with Molecular Oxygen 

Although most of the square-planar Ni(11) macrocyclic complexes are 
not air-sensitive, some "1) macrocyclic complexes, especially those 
with negatively charged ligands, are air-sensitive and react with molec- 
ular oxygen. 

Pentadentate macrocyclic ligands L,,-Ll, accommodate Ni(I1) ion 
with simultaneous dissociation of the two amide protons to form the 
square-pyramidal high-spin complex of [NiH_,L]", 27. These complexes 
are air-sensitive and show a very low Ni(II)/Ni(III) oxidation potential 
of +0.24 V vs SCE (72, 73). They form 1 : 1 dioxygen adducts, 27-oz, 
at room temperature in aqueous solution, which are formulated as 
Ni**'-O; based on the EPR spectral data. The magnetic moment of the 
1 : 1 0, adduct is 2.83 BM, which is interpreted in terms of weak interac- 
tions of Ni(II1) with the superoxide where the spin coupling is weak. 
The oxygen uptake reaction is first-order with respect to both LO2] and 
[NiH-,L]" in aqueous solutions and yields a second-order rate constant 
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of 1.7 x 10, M-ls-' a t  35°C. The 0, complexation constant K is 1.9 x 
lo4 M-' at 35°C (73, 74). The dioxygen adducts react with added sub- 
strates such as benzene, toluene, and anisole to produce hydroxylated 
products of organic substrates, except with nitrobenzene. This suggests 
that the activated 0, species has an electrophilic character (73). The 
dioxygen adducts of Ni(I1) complexes are proposed as the models of 
mono-oxygenase because the complexes are able to activate the di- 
oxygen. 

The dioxy gen complexes also undergo facile irreversible degradation 
in aqueous solutions and result in the hydroxylated derivatives of the 
corresponding ligands being formed in a good yield (85 2 5%)(72, 75). 

R 
I 

. .  

H H 

2 7  27 -02  

G. CATALYSIS 

1. Electrocatalytic Reduction of Alkyl Halides 

The square-planar "1) complexes of L1, and L,, catalyze the ca- 
thodic reduction of several alkyl halides in aprotic solvents (76). In the 
presence of activated olefins such as CH,=CHCN or CH2=CH 
COOC,H, , the reduction of alkyl bromide leads to mixtures of products 
that are compatible with those formed by radical addition to the double 
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bond. The "1) complex of cyclam also catalyzes the electrochemical 
reduction of alkyl halides. It has been proposed that the electrochemi- 
cally generated Ni(1) species mediates the reduction of alkyl halides 
(77, 78). 

L16 L17 

2 .  Electrocatalytic Reduction of CO, 

Some Ni(I1) complexes show catalytic activity for the electrocatalytic 
reduction of CO, in water, where an intermediate formation of Ni(1) 
species has been proposed. To obtain a useful electrocatalyst in the 
electroreduction of CO, , the selectivity of the process is highly impor- 
tant. As many electrochemical systems available for reducing CO, 
require the presence of water, the reduction of molecular hydrogen is 
always a competing reaction that needs to be avoided. 

The Ni(I1) complexes of 14-membered tetraaza macrocyclic ligands, 
cyclam, Lls, Lla, and LIB show catalytic activity in H,O or aqueous 
MeCN. The total mole-for-mole yields of CO and H, are ca. 1 in most 
cases. The [Ni(cyclam)12+ complex is a very effective and selective cata- 
lyst for the electrochemical reduction of CO, to CO relative to the 
reduction of water to H2 in aqueous solution when it is adsorbed onto 
mercury. The CO/H, product ratio is >lo0 for [Ni(cyclam)lC1, (79). It 
is suggested that the greater selectivity for the electroreduction of CO, 
compared with water is related to the size of the macrocyclic ligand 
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and the presence of N-H groups in [Ni(cyc1am)]C1,. The complexes 
[Ni(cyc1am)l2+ and [Ni2(L,,)l4+ display analogous properties with re- 
spect to  CO, , leading to CO formation in water but HCOO- in addition 
to CO in low-water-content DMF (79-84). 

The Ni(I1) complex of L,, with protonated amine pendant with truns- 
I11 configuration, also catalyzes the electrochemical reduction of CO, 
to CO efficiently (41 1. 

The Ni(I1) complex of the hexaaza macrocyclic ligand 1 is reported 
to show a high activity for the electrocatalytic reduction of COz to CO 
when a rotating copper disc electrode is used (85). In addition, water- 
soluble Ni"-azacyclam complexes, 3a-3g, where R = carboxamide or 
sulfonamide, either aliphatic or aromatic, are found to be active in the 
electrocatalytic reduction of COP a t  a mercury cathode. The efficiency 
is comparable to that of [Ni(cyclam)12+ (14). 

The complexes R,R,S,S-[Ni(HTIM)I(C104)2 and [Ni(DMC)l(C104)z 
have been shown to be better catalysts than [Ni(cyclam)12+ in terms 
of larger catalytic currents and more positive potentials in aqueous 
solution using a hanging mercury electrode. However, R,S,SJ-[Ni" 
HTIMI" does not show good catalytic activity, and this indicates that  
structural differences may be an important factor. The axial methyl 
group of the R,S,S,R-[Ni(HTIM)]2+ may sterically hinder effective ad- 
sorption of the complex onto Hg, and may also hinder CO, binding to 
the complex (86). 

C-meso-DYC C-RRSS-HTIM C-RSSR-HTIM 

3. Photoreduction of CO, 

Some Ni(I1) macrocyclic complexes mediate electron transfer and 
produce CO during the photochemical reduction of COz. However, pho- 
tochemical reduction of CO, using a photosensitizer, a sacrificial elec- 
tron donor, and [Ni(cyclam)12+ as the catalyst has been only moderately 
successful compared to the electrochemical reduction of COz using 
[Ni(cyclam)12+. 
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The Rull-Nill heteronuclear complexes, 28-30, in which the photo- 
sensitizer [R~(bpy)~I '+ or [Ru(phen),12+ is covalently attached to the 
Ni"-cyclam complex, have been synthesized in order to improve the 
efficiency of electron transfer from the photoexcited photosensitizer to  
the catalytic site (87-89). However, the complex 28 did not perform 
well, because it has a n  unusual trans-I configuration of the "1)- 
cyclam subunit, and the resulting steric hindrance then impeded CO, 
access to the Ni(I1)-cyclam catalytic site. The distortion in the coordina- 
tion environment of the [Ru(bpy),12+ subunit and the resulting short 
lifetime of the excited state of the [Ru(bpy),12+ moiety are also impor- 
tant. The complex 29 has the normal trans-I11 configuration and there 
is no distortion around the Ru(I1) center of the [Ru(phen),12+ subunit. 
However, the emission lifetime of [Ru(phen),I2+ is not sufficiently long 
to permit effective reductive quenching of the excited state of the 
[Ru(phen),12+ subunit by a reductant. The Ni(I1)-cyclam complexes 
(30 and 31) containing a pendent pyridinium group show improved 
catalytic efficiency for CO, photoreduction, although they show photo- 
cleavage of the complex that is induced during the process. 

28  

3 1  
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4. Alkene Epoxidation 

Many transition-metal complexes have been widely studied in their 
application as catalysts in alkene epoxidation. Nickel is unique in 
the respect that its simple soluble salts such as Ni(N03),. 6H,O are 
completely ineffective in the catalytic epoxidation of alkenes, whereas 
soluble manganese, iron, cobalt, or copper salts in acetonitrile catalyze 
the epoxidation of stilbene or substituted alkenes with iodosylbenzene 
as oxidant. However, the Ni(I1) complexes of tetraaza macrocycles as 
well as other chelating ligands dramatically enhance the reactivity of 
epoxidation of olefins (90, 91 1. 

"1) complexes of cyclam and oxocyclam derivatives catalyze the 
epoxidation of cyclohexene and various aryl-substituted alkenes with 
PhIO and NaOCl as oxidants, respectively. In the epoxidation catalyzed 
by the Ni(I1) cyclam complex using PhIO as a termin?; oxidant, the 
high-valent nickel-oxo complexes (e.g., LNi"'-0', LNi=O, LNi"'-O- 
I-Ph, or LNi"'-O-Ni"'L) have been proposed as the active oxidant 
(92). In the reaction, E olefins are more reactive than the corresponding 
Z isomers, and a strong correlation was observed between the electron- 
donating effect of the para substituents in styrene and the initial reac- 
tion rate (91). Isotope labeling studies have shown that the epoxide 
oxygen is derived from PhIO. 

Introduction of optically active functionalized pendants to  cyclam to 
give 32 and 33 was tried in order to examine their effects on reactivity 
and enantioselectivity. However, the overall result was not much differ- 
ent from that for simple cyclam, and no enantiomeric excess was ob- 
served (93). 

32 33 

In an effort to introduce C, symmetry into nickel complexes for their 
application in catalysis of asymmetric epoxidation, a series of oxo- 
cyclam analogues derived from amino acids 34 were synthesized. They 
did not react in the presence of PhIO as oxidant. However, they showed 
enhanced reactivity with NaOCl as the terminal oxidant under phase- 
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transfer conditions. Asymmetric induction was not observed in this 
case, either, and their reactivity showed rough correlation with their 
relative solubilities in organic phase (94,95). The high-valent radical 
species LNi"'-O' was proposed as an  intermediate for this system. 

0 -0 

3 4  

The Ni(I1) complex of salen 35 was found to be a highly efficient 
epoxidation catalyst when used in conjunction with NaOC1. Enhanced 
selectivity and high turnover rate were observed (96). By adjusting pH 
of the aqueous phase, significant increase in turnover rate as high 
as >600 min-' for trans-P-methylstyrene can be achieved, which is 
comparable to that of the Mn(II1) tetraarylporphyrin (97). From the 
pH dependence of the rate constants, it was proposed that transfer of 
HOCl to the organic phase was required to become an  efficient catalyst, 
and its reaction with the Ni(I1) salen complex led to formation of the 
active species LNi"'-O'. 

The Ni(I1) complexes of salen analogues with bipyridine units 36 
showed higher catalytic activity than Ni(II)(salen) in the epoxidation 
of an electron-deficient olefin, ally1 chloride. Their enhanced reactivity 
was ascribed partially to their higher stability relative to the salen 
complex (98). 

Recently, the Ni(I1) complexes of cyclam, 1, 4, 11, 12, and 14, have 
been adopted in the epoxidation of truns-P-methylstyrene using PhIO 
as a terminal oxidant in order to assess the structural effect of the 
macrocyclic ligand and the relative importance of each step in the 
oxygen transfer mechanism (99). In general, monocyclic ligand com- 
plexes are better catalysts than polycyclic complexes with respect to 
the epoxide yield. The presence of the pendent chain at the bridgehead 
nitrogen reduces epoxide yield. The oxygen transfer process from PhIO 
to the Ni(II) complex is the most important step in the epoxidation 
reaction, and it is greatly influenced by steric factors around the metal 
center to allow the easy axial approach of the terminal oxidant, PhIO. 
The process is also affected by the oxidation potential of "1) to Ni(II1). 
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u 'Bu 

3 5  

36 

5. DNA Modification 

Various Ni(I1) complexes promote oxidative modification of DNA in 
the presence of peracid oxidants and effect strand scission subsequent 
to alkaline treatment. Especially, complexes with neutral tetraaza- 
macrocyclic cyclam and cyclam-like ligands are known to enhance the 
reactivity of Ni(I1) in promoting DNA oxidation using KHSO, . These 
reactions depend strongly on the nature of the metal complex, and 
several features have been found to be important for efficient DNA 
oxidation: (i) square-planar rather than octahedral coordination, (ii) 
positively charged complexes with neutral rather than anionic ligands, 
and (iii) relatively high values for Ni(II)/Ni(III) oxidation. The 14- 
membered macrocycles with nitrogens present as pyridine or imine 
groups are more efficient complexes for such a reaction. A high degree 
of unsaturation in the ring leads to conformational rigidity, which may 
be detrimental to the formation of key intermediates bound to DNA. 
Accordingly the complex 37 was found to be one of the most effective 
catalysts for the DNA oxidation, while analogous Cu(I1) complexes are 
unreactive. A mechanism in which the square-planar Ni(I1) complex is 
oxidized to a square-pyramidal or octahedral Ni(II1) complex possessing 
labile axial sites to bind to N7 of guanine has been proposed (IOOa, 
100b). 

37 
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H. CONFIGURATIONAL ISOMERIZATION OF MACROCYCLES 

A 14-membered tetraaza macrocyclic complex may exist in one of 
five possible configurations I-V based on the stereochemistry of the 
donor nitrogens. Most of the known square-planar complexes of aza- 
macrocyclic ligand have the R,R,S,S configuration, which is thermody- 
namically the most stable. In the case of the R,S,R,S complex, the 
asymmetric gauche conformation in the five-membered chelate rings 
exerts significant strain on the ligand structure and leads to isomeriza- 
tion to the more stable R,R,S,S configuration. For example, in H,O- 
MeCN media, (R,S,R,S)-[Ni(14)I2+ isomerizes to (R,R,S,S)-[Ni(l4)I2+ 
via axial coordination of water followed by Ni-N(tert) bond cleavage 
assisted by water acting as a general acid (56a). 

The reverse isomerization from the R,R,S,S to the R,S,R,S configu- 
ration is also possible. In this process, a strongly coordinating solvent 
( 1 0 0 ~ )  or pendent donor group induces the configurational change of 
the macrocycle (41 1. 

R.S.R.S R.R.R.S R. R.S.S 

I I 1  111 

111. Nickel(ll1) Complexes 

The Ni(II1) oxidation state is biologically significant (101,102). More- 
over, high-valent nickel species may be intermediates in some catalytic 
oxidations (97) and in the nickel-mediated sequence-specific oxidative 
cleavage of DNA by designed metalloproteins (103) as discussed in 
Section 1,G. The chemistry of Ni(II1) macrocyclic complexes has been 
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extensively reviewed elsewhere (104 1, and therefore only more recent 
results are reviewed in this article. 

A. SYNTHESIS AND PROPERTIES 

Complexes of Ni(II1) are synthesized by the oxidation of Ni(I1) ana- 
logues in aqueous or nonaqueous media. Electrochemical oxidation (51, 
105,1061, chemical oxidation using (NH,)2S208, conc. HNO, , NOBF,, 
or Co(H,O)g+, and pulse radiolysis (107-110) are the most commonly 
used methods. Ni(II1) complexes can be prepared from Ni(I1) complexes 
when the Ni(II)/Ni(III) oxidation potentials are less than +1.1 V vs 
SCE. For instance, the Ni(II1) species can be prepared from [Ni 
(cyclam)12' and 1-3a, but cannot be obtained from the polycyclic com- 
plexes (9-141, which have Ni(II)/Ni(III) oxidation potentials in the 
range +1.25-+1.50 V vs SCE. 

In general, the Ni(II1) complexes of tetraaza macrocyclic ligands are 
isolated as distorted octahedral species in which high-valent metal 
ion is electronically neutralized by extra axial ligands. Square-planar 
Ni(II1) macrocyclic complexes are extremely rare, and most examples 
have a negatively charged macrocyclic ligand (111,112). The color of 
octahedral Ni(II1) macrocyclic complexes ranges from green to brown 
depending on the ligand structure. The square-planar Ni(II1) complex 
of 38 is, by contrast, a deep purple. 

The latter complex containing the elegantly designed macrocyclic 
ligand (Lz0) was synthesized by oxidation ofthe Ni(I1) form with benzoyl 
peroxide (112). In the salt-prepared [Et,N][Ni(L-4)], 38, all amine pro- 
tons are deprotonated, and in solution it has a low affinity for axial 
ligands a t  20°C. The complex shows an  axial epr spectrum with g, > 
gll in noncoordinating solvent glasses. The Ni(III)/Ni(II) couple occurs 
a t  -0.58 V vs Fc+/Fc in CH2C1,, 0.1 M (n - Bu),NClO,, or at +0.13 
V vs NHE. The average Ni(II1)-N distance is 1.84 A, which is consider- 
ably shorter (ca. 0.1 A) than other Ni(II1)-N distances (113-116). 
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It has been reported that the trans-dichloro "11) complex, [Ni"'(H2 
~,)C1,](C1)(C104)2 - 2H20, was isolated during the crystallization of 
the Ni(I1) complex of H,LX: in acidic perchlorate media containing 
chloride (117). The Ni(II1) species shows an axial epr spectrum with 
g ,  = 2.17 andg,, = 2.02, andA = 30 G. This complex has a pseudooctahe- 
dral geometry with an average Ni(II1)-N bond distance of 1.893(14) 

and Ni-C1 bond distance of 2.415(60) A. 

The Ni(II1) cyclam species is fairly stable in solution. In the case of 
aqueous media, persistence is affected by the solution acidity. At higher 
acidity, the complex is found to be more persistent. The bright, deep 
green color of [Ni"'cyclam13+ lasts indefinitely in aqueous 1 M H2S04 
at room temperature. However, if the solution is made alkaline, the 
color changes to yellow-orange, which is characteristic of the Ni(I1) 
species. When it is added to a solution buffered at pH = 7 2 1, a 
violet transient is observed, which is ascribed to Ni(II1)-ion-promoted 
deprotonation of an amine group of cyclam: the pK,  value of the amine 
is 7.1 iz 0.2 (118). 

Some other Ni(I1I) complexes containing saturated macrocyclic li- 
gands are reported to decompose to Ni(I1) complexes of oxidized macro- 
cycles in alkaline solution of 9.0 < pH < 11.0. The reaction involves 
the Ni(II1) complex of the deprotonated ligand (119). 

Ni(II1) complexes often exhibit equilibrium with Ni(I1) ligand radical 
species. For example, the Ni(II1) complex of lacunar cyclidene is octahe- 
dral [Ni"'L(CH,CN),I3+ at low temperature, but at high temperature 
it transforms into the Ni(I1) complex with an oxidized ligand radical 
[Ni"L+I3+, identifiable by the absorption at 590 nm. The Ni(II1) com- 
plexes and Ni(I1) species with an oxidized ligand radical exhibit a 
thermal equilibrium (Eq. 12) (105). 

[Ni"'(L)B13+ F= [Ni11(L+)13' + B 
heat 

(12) 

B. SPECTRA 

UV-vis spectra of some Ni(II1) macrocyclic complexes are summa- 
rized in Table V. The spectra depend on the type of macrocyclic ligand 
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TABLE V 

ELECTRONIC SPECTRAL DATA FOR SOME NICKEL(III) MACROCYCLIC COMPLEXES 

Complex A,,,, nm ( E ,  M-lcrn-') Solvent Ref. 

NCO 
NO, 

380 (5480), 532 (3620) CH2C12 112 

270 (8150) HZO 
650 (2330), 808 (4180) 

219 (8000), 303 (6700) 0.1 M HC104 117 
358 (sh. 3200) 

325 (sh, 3300), 395 (4300) acidic H 2 0  51,114 
315 (9400), 400 (sh, 5000) 
280 (8000), 385 (7500). 730 (50) 
310 (11000), 410 (7000), 710 (60) 

318 (11700), 775 (26) MeCN 110 
305 (5120), 360 (sh. 3540) 
769 (39) 
303 (1880),6730(16) 
321 (11100), 714 (42) 

as well as the axial ligand type. There is no general understanding of 
the UV-vis spectra, because the Ni(II1) complexes tend to be dominated 
by low-energy charge-transfer bands that obscure the d-d structure. 

The epr spectra of Ni(II1) complexes of various macrocyclic ligands 
are well documented (104). In general, frozen solutions of octahedral 
Ni(II1) complexes with the formula [Ni(L)B2]x+ (B = MeCN, C1-, Br-, 
NCO-, or NO, ; x = 1-31, which have elongated tetragonal geometry, 
show anisotropic axial spectra with g ,  values being greater than gll 
values. The square-planar Ni(II1) complex 38, (Et,N)[Ni(LH-,)l, gives 
a rhombic spectrum with g ,  = 2.366, g ,  = 2.303, g ,  = 1.994 in frozen 
toluene/CH,Cl, . 

C. STRUCTURE 

The Ni(II1) complexes can be isolated as solids, and some of their X- 
ray crystal structures have been determined (113, 120, 1 2 0 ~ ) .  The 
Ni(II1) complexes are usually found to have an octahedral geometry 
with axially elongated bonds, and the square-planar complex is ex- 
tremely rare. The X-ray structural parameters for some Ni(II1) com- 
plexes are summarized in Table VI. The average Ni-N bond distances 
of octahedral Ni(II1) complexes are ca. 0.1 A longer than those of the 
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TABLE VI 

STRUCTURAL DATA FOR NICKEL(III) MACROCYCLIC COMPLEXES 

Complex Av. Nilll-Nmac, 8, Av. Ni"'-axial ligand Ref. 

(Et4N)[361 1.84 112 

[Ni(cyclam)(NCS)~l(C104) 1.972(7) Ni-NCS: 2.081(3) 120 

[Ni(~H2)Cl2lCl(C1O4)22H2O 1.983(14) Ni-CI: 2.415(6) 117 
[Ni(cyclam)C1~1(C104) 1.970(4) Ni-CI: 2.452(4) 113 

[Ni(L,,H~,)(H20)l(C104)2H~0 Ni-N(amine): Ni-"axial): 2.067(4) 121 
1.963(5) Ni-0: 2.340(4) 
Ni-N(amide): 
1.890( 4 1 

[Ni(L,s)(H2P0,)21(C104) 1.993(4) N i - 0  2.061(3) 
2.013(3) 

[Ni(Ln)l Ni-N: 1.93 
Ni-0: 1.91 

square-planar Nit111 complexes. The bond distances of Ni-axial ligands 
are longer than in-plane Ni-N bond distances. 

D. REACTIONS 

Ni(II1) complexes oxidize some substrates. For example, [Ni(cy- 
clam)13+ oxidizes hydroquinone and catechol in aqueous perchlorate 
media. The kinetics of the reactions have been studied (122). 

The Ni(II1) complex of L,, oxidizes the cyclohexanone in MeCN con- 
taining CF,CO,H (123). 

IV.  Nickel(1) Complexes 

Currently, Ni(1) macrocyclic complexes have attracted much atten- 
tion. This is because Ni(I1) tetraaza macrocyclic complexes catalyze 
the electrochemical reduction of CO, and alkyl halides, and i t  is pro- 
posed that the Ni(1) species are involved in such reactions (1,2, 76- 79, 
82, 124-126). Furthermore, F430, a Ni(1I) hydrocorphinoid complex, 
is a prosthetic group of methyl coenzyme M reductase that catalyzes 
the reductive cleavage of S-methyl coenzyme M to methane in the final 
stage of C02 reduction to methane (127-130). An EPR signal detected 
in whole cells of Methanobacterium thermoautotrophicum has been at- 
tributed to an  Ni(1) form of F430 in intact active enzyme (131, 132). 
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F430 

Macrocyclic ligands often stabilize metal ions in uncommon oxidation 
states, and a number of Ni(1) species have been detected in solutions 
mainly by epr spectroscopy. However, the Ni(1) species are usually 
unstable, and only a few Ni(1) macrocyclic complexes have been isolated 
in the solid state thus far. Their electronic absorption spectra, epr 
spectra, and X-ray crystal structures have been measured. 

A. SYNTHESIS 

Complexes of Ni(1) are prepared by the reduction of Ni(I1) macrocycles 
by electrochemical or photochemical methods (55b, 1331, or by using 
chemical reducing agents (18, 25, 27, 57, 133-135). It is difficult to  
obtain Ni(1) complexes in high purity by the electrochemical method, 
because the reduction should be carried out to only -50% completion 
to avoid oxygen contamination (1331, and the added electrolyte should 
be removed after the reduction step. The photochemical reduction is 
based on the strong reducing properties of the (CH,)&O-. radical that is 
produced by the irradiation of acetone (133). Pulse radiolysis involving 
e& and CO; or .CH,C(CH,),OH radical has also been applied (55b). 
The chemical reagent that is most commonly used in the reduction of 
Ni(I1) macrocyclic complexes is Na(Hg) (18, 25, 57, 134, 135). When 
Ni(I1) perchlorate salts are reduced with Na(Hg) in acetonitrile, a mix- 
ture of NaClO, and Ni(1) perchlorate complex precipitates, from which 
the Ni(1) complex is isolated by recrystallization (57). Metallic nickel 
may be formed if Ni(I1) complexes are treated with Na(Hg) for a pro- 
longed period of time (57).  

The reduction of various square-planar Ni(I1) complexes of saturated 
macrocyclic ligands in acetonitrile leads to the formation of square- 
planar Ni(1) complexes (57, 135). In the case of Ni(I1) complexes that 
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contain conjugated double bonds in the macrocyclic ligands, the reduc- 
tion yields the nickel-stabilized ligand radicals, Ni" (mac-), instead of 
Ni(1) species (135). 

The Ni" (mac-) turns to the five-coordinate Ni(I)-CO species on 
reaction with CO. Introduction of CO gas into the solution of square- 
planar Ni(1) species also produces five-coordinate Ni(I)-CO complexes, 
although they unusually contain 19 valence electrons (66, 135). 

The five-coordinate Ni(1) macrocyclic complex [Ni(l4)(NHC(OH) 
CH3)IC104, in which Ni(1) ion is coordinated by the nitrogen atom of 
acetamide in the iminol form, has been prepared (136). The complex 
is obtained by the reduction of square-planar Ni(I1) complex 
[Ni(14)1(C104)2 * +H20 with Na(Hg) in MeCN under a nitrogen atmo- 
sphere or by the addition of acetamide to the square-planar Ni(1) com- 
plex of 14. Although the starting Ni(I1) and Ni(1) complexes have the 
R,R,S,S configuration, the resulting five-coordinate complex has the 
R,S,R,S configuration. In the formation of the complex, the solvent 
MeCN is hydrated to acetamide by OH- ion, which is produced by the 
reaction between Na(Hg) and the lattice water contained in the starting 
Ni(I1) complex. The five-coordinate (R,S,R,S)-[Ni(14)(NHC(OH)CH3)l+ 
equilibrates with four-coordinate (R,R,S,S)-[Ni(L)]+ species in MeCN. 

The Ni(I1) complexes that are reduced to Ni(1) species show the Ni(II)/ 
Ni(1) electroreduction potential of less than -1.45 V vs SCE. 

B. SPECTROSCOPIC PROPERTIES 

1.  Electronic Absorption Spectra 

Spectral data for selected square-planar Ni(1) macrocyclic complexes 
are summarized in Table VII. The reduced nickel species are deeply 
colored, and their electronic absorption spectra consist of intense 
charge-transfer bands. Ni(1) complexes with saturated ma-type macro- 
cyclic ligands are red, purple, blue, or green, depending on the type of 
macrocycle. All Ni(I1) complexes with ligand radicals are green and 
exhibit qualitatively similar spectral patterns to those of the Ni(1) 
complexes. The d-d transition of the square-planar Ni(1) complexes 
occurs at 540-600 nm, which is ca. 100 nm red-shifted compared to 
the corresponding square-planar Ni(I1) complexes. This indicates that 
the ligand-field strength decreases upon reduction of the metal. In the 
case of Ni(1) polycyclic ligand complexes, the absorption coefficients of 
the Ni(1) complexes are several hundreds to  thousands of M-lcm-l, 
which are ca. 5-10 times greater than those of the corresponding Ni(I1) 
complexes (18,25,57,134). This is due to the distortion of the coordina- 
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TABLE VII 

ELECTRONIC ABSORPTION AND EPR SPECTRAL DATA FOR FOUR-COORDINATE NICKELU) 
MACROCYCLIC COMPLEXES 

~~ 

Compound" Amax.' nm(E, M-'cm-*) Epr data' Ref. 

C-RRSS-INi'(HTIM)] + 

[Ni'(DMC )I '  

[Ni '(cyclam) I '  

538 (600), 330 (2020), 

560 (330), 338 (1180), 

559 (4501, 340 (1840), 

596 (250), 354 (8101, 

572' 
564, 338' 
549 (170), 323 (1800) 
535 (690),328 (2400) 
536 (13001, 332 (4600) 
684 (1301, 348 (3370), 

600 sh (12701, 468 (41201, 

234 (2670) 

246 (31101 

240 (1990) 

252 (2530) 

250 (3890) 

340 sh (2300), 305 
(2930) 

564 (401, 388 (4340), 
270 (3610) 

570 (36), 384 (40101, 
268 (3440) 

560 (80), 384 (44001, 
267 (4300) 

gll = 2.240, g, = 2.062 57 

57 

57 

57 

57 
57 

134 
25 
25 
66 

137 

66 

66 

66 

a Structures of the macrocyclic ligands are shown in Sections I,A and IV,B. 
' Measured in MeCN. 
The spectra were measured with powder samples at room temperature. 

tion core, which lowers the symmetry of the complexes, as discussed 
in Section IV,C. However, the Ni(1) complexes with the monocyclic 
ligands such as cyclam, DMC, and C-RRSS-[NiHTIMl+ show visible 
bands with low absorption coefficients ranging from 30 to 80 M-lcm-'. 
The charge transfer bands of the Ni(1) complexes appear at 330-390 
and 230-270 nm depending on the type of macrocycle (57, 66, 137). 
The dinickel(I1) complexes of bismacrocyclic ligands can also be reduced 
with Na(Hg) in MeCN, leading to the dinickel(1) complexes, which have 
similar spectra to the mononuclear Ni(1) complexes (25). 

The spectral data of the five-coordinate complexes of Ni'-CO and 
Ni'-NH-C(OH)CH, are summarized in Table VIII. The visible band 
of the five-coordinate Ni'-CO complex of the macrocycle that does not 
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TABLE VIII 

ELECTRONIC ABSORPTION SPECTRAL DATA FOR FIVE-COORDINATE NICKEL(I) 
COMPLEXES WITH MACROCYCLIC LICANDS 

Compound 
~ 

Ref. 

[Ni'(cyclam)COl' 620 (loo), 400 sh (940), 348 (1540) 66 
C-RRSS-[Ni'(HTIM)COJ' 66 
[Ni'(dieneN,)COl' 620 (40), 410 sh (1500), 345 sh (3600), 137 

[Ni'(DMC)COl ' 66 
C-RSRS-I Ni'(TMC KO] + 66 
[Ni'(TIM)CO]+* 680 sh (3020), 546 (6000). 480 sh (47101, 137 

[Ni1(14)-(NHC(OH)CH,)lt 645 (53), 401 (120) 136 

635 sh (27), 470 (790), 296 (2450). 246 (7710) 

301 (3300), 238 (8100) 
632 (59), 410 sh (960), 352 (1430), 240 (7580) 
706 (<loo), 450 (680), 350 sh (960) 

400 sh (4100), 378 (4420) 

(I In MeCN at 25°C unless otherwise specified. 
* In C3H7CN at - 120°C. 

contain conjugated double bonds appears around 620-635 nm with 
relatively low absorption coefficients of less than 100 cm-'M-' (66, 
137). The five-coordinate NiWacetamide complex, (R,S,R,S)- 
[Ni(14)(NHC(OH)CH3)1C104 shows color and UV-vis spectra similar to 
those of the five-coordinate Ni(I)-CO complexes (Table VIII) (136). The 
electronic spectrum of (R ,S,R ,S )-[Ni( 14)(NHC(OH)CH3 )I + depends on 
the amount of added acetamide as well as the temperature because of 
the axial acetamide dissociation in MeCN. The maximum absorption 
peaks of the complex appear a t  628 nm ( E  = 76 cm-'M-.') and 389 nm 
( E  = 140 cm-'M-') in MeCN, and they further shift to longer wave- 
length, 645 nm ( E  = 53 Crn-lM-l), 401 nm ( E  = 120 cm-lM-l), upon 
addition of excess acetamide. 
2 .  Epr Spectra 

The four-coordinate NiU) complexes with saturated ligands exhibit 
anisotropic axial spectra with gll values being greater than g, values. 
The Ni(I1) species of ligand-stabilized radical, which is produced from 
the reduction of the four-coordinate Ni(I1) macrocyclic complexes with 
conjugated double bonds, exhibit isotropic spectra. The isotropic spectra 
of Ni" (mac-) turn to anisotropic axial spectra as the complexes coordi- 
nate CO to form five-coordinate Ni(I)-CO adducts (135,137). The aniso- 
tropic axial epr spectra of four-coordinate Ni(1) complexes become rhom- 
bic as the complexes coordinate extra axial ligand such as CO or 
acetamide to  form five-coordinate Ni(1) species (135, 136). The epr 
spectral data of some Ni(1) complexes are summarized in Table VII. 
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C. X-RAY CRYSTAL STRUCTURE 

Few X-ray structures have been reported for the square-planar Ni(1) 
macrocyclic complexes (57,66,134,137), and only one has been reported 
thus far for the five-coordinate Ni(1) macrocyclic complexes (136). In 
general, Ni-N bond distances in Ni(1) complexes are anticipated to 
be much longer than in Ni(I1) complexes, since the Ni(1) ion should be 
larger than the Ni(I1) ion in the square-planar geometry, and UV-vis 
spectra indicate that ligand field strengths of Ni(1) complexes must be 
significantly weaker than those of Ni(I1) complexes. However, X-ray 
structures of Ni(1) macrocyclic complexes are often inconsistent with 
such expectations. 

The X-ray crystal structures of four-coordinate Ni(1) complexes that 
were prepared from Ni(I1) complexes of macropolycyclic ligands, 9, 12, 
and 14, and those of HTIM and L,, (dieneN,) have been reported (16, 
57, 66, 137). For all four-coordinate Ni(1) complexes, the macrocyclic 
ligands adopt the R,R,S,S (trans-111) configuration, which is thermody- 
namically the most stable structure. The most interesting structural 
observation in Ni(1) macrocyclic complexes relates to  the Ni-N bond 
distances. Two different sets of Ni-N bond distances have been ob- 
served in all square-planar Ni(1) complexes reported thus far (57, 66, 
134, 137). In the Ni(1) complexes obtained from the Ni(I1) complexes 
of 9, 12, and 14, a separation into shorter and longer Ni-N bond 
distances was observed without an increase in average Ni-N bond 
distances compared to  the structures of Ni(I1) analogues (57,134). The 
Ni(1) complexes of 9,12, and 14 contain secondary and tertiary nitrogen 
donors, but each set is not differentiated by the secondary and the 
tertiary nitrogen donors. For the Ni(1) complexes of 9 and 12, each set 
is formed by two cis-Ni-N bonds involving the six-membered chelate 
rings (Fig. 4). In the case of the Ni(1) complex of 14, however, a set is 
formed by three long bonds consisting of two Ni-N(tert) and one 
Ni-N(sec) bonds, and the other set by a short Ni-N(sec) bond (Fig. 
5 )  (134). 

For the Ni(1) complexes of HTIM and dieneN,(L,,) ligands, Ni-N 
bond distances increase by about 0.11 and 0.13 A, respectively, upon 
reduction of the Ni(I1) complexes to  Ni(1). In addition, there are two 
sets of Ni-N bond distances, although the differences between the 
two sets are not large (66, 137). In the case of the Ni(1) complex of 
dieneN,(L,,), Ni-N bond distances involving amine nitrogens are 
longer than those involving imine nitrogens (137). However, similar 
observations were also made for Ni(I1) complexes, although the differ- 
ence between Ni-Namine and Ni-Nimine bond distances is greater in 
case of Ni(1) complexes. 



FIG. 4. Structure of [Ni1(9)lC10,. [Reprinted with permission from (57). Copyright 
1992, American Chemical Society.] 

FIG. 5. Structure of [Ni1(14)1C1O,. (Reprinted with permission from Inorg. Chem. 31, 
3620-3625. Copyright 1992 American Chemical Society.) 
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In short, Ni(1) complexes with flexible symmetric ligands such as 
HTIM and dieneN, show expansion of the core, while those of rigid 
ligands in 9,12, and 14 exhibit distortion of the core without an  expan- 
sion of the hole. The structural characteristics of Ni(1) complexes are 
summarized in Tables IX and X and compared with those of Ni(I1) com- 
plexes. 

Reports on EXAFS data analyses for the Ni(1) F430 (138a), Ni(1) iBC 
(138b1, and Ni(1) OEiBC complexes (139) also suggest two sets of Ni-N 
bond distances rather than a simple expansion of the macrocyclic core. 
Therefore, the occurrence of two sets of Ni-N bond distances is com- 
mon in all square-planar NiU) species reported thus far. Although it  
is unclear whether this distortion is electronic in nature or a conse- 
quence of the ligands examined, comparison of the structural features 
of isoelectronic Nil and Cu"-(OEiBC) complexes suggested that the 
two distinct sets of Ni-N distances observed for Ni(I)(OEiBC) was not 
an electronic configuration effect. It might be the reflection of a balance 

TABLE IX 

COMPARISON OF STRUCTURES BETWEEN NICKEL(I) AND NICKEL(II )  PERCHLORATE COMPLEXES 
OF MACROCYCLIC LICANDS 

Five-membered Six-membered 
rings rings 

Distortion'' ( A )  ______ ~ 

Av. Ni-N ~ N-N N-Ni-N N-N N-Ni-N 
Complex t A i  Ni N IAI 101 ( A )  I 0 l  Ref. 

1.893121 
1.9361 21 
1.918131 

1.859i71 
1.974I71 
1.923I21 

1.87814) 
1.978i3) 
1.94211) 
1.961( 1) 
1.979171 
2.06816 I 
1 .9071 2 1 

2.05313 1 

2.083131 

1.948121 

1.93812 I 

1.9691 1 i 

0.04 ~ 0 . 0 1  2.67111 
2.681 1 I 

0.03 ~ 0 . 0 1  2.66111 
2.651 1 I 

0.03 kO.09 2.69121 
2.60121 

0.02 tO.08 , 2.66111 
2.641 1 I 

0.006 20.026 2.62111 
2.74( 1 I 

0.025 ~ 0 . 0 2 0  2.63(11 
2.721 1 I 

88.41 11 
88.91 1 I 
87.7t21 
87.7(21 
88.1(51 
85.515, 
87.4(21 
86.912, 
86.4121 
87.2(21 
85.21 1) 
87.91 1 I 

84.6 

85.7 

2.761 1 I 93.61 1 I 
2.721 1 I 89.01 11 
2.841 1 I 95.4t2) 
2.69111 89.1t21 
2.74121 94.0151 
2.86121 92.915) 
2.75i11 91.312) 
2.831 1 I 94.7t21 
2.80(11 92.7(2) 
2.88(1) 93.7(2) 
2.8611) 9 3 2 1 )  
2.83111 93.8(11 

95.4 

94.3 

57 

6.  57 

57 

10.57 

134 

134 

137 

137 

66 

66 

a The shift from the least squares plane made by four nitrogen donors. 
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TABLE X 

DIFFERENCES IN Two Ni-N BOND DISTANCES (A)  IN FOUR-COORDINATE 
NICKEL(I) COMPLEXES O F  VARIOUS MACROCYCLIC LIGANDS" 

NiU) complex 

Ligand Short Long Adb Ni(I1) complex Ref. 

9 1.893(2) 1.936(2) 0.043 1.918(3) 57 
12 1.859(7) 1.974(7) 0.115 1.923(4) 57 
14 1.878(4) 1.978(3) 0.100 1.951(2) 134 
HTIM 2.053(3) 2.083(3) 0.030 1.948(2), 1.969(1) 66 
dieneN, 1.988(7) 2.063(6) 0.075 1.907(2), 1.938(2) 137 

F430' 1.88(3) 2.03(3) 0.15 1.90(2) 1386 
iBC' 1.85(5) 2.00(3) 0.15 1.93(2) 138a 
OEiBC' 1.91(2) 2.07(2) 0.16 1.94(2) 139 

1.979(7) 2.068(6) 0.089 

X-ray crystal structure data unless otherwise specified. 

EXAFS data. 
* Differences between long and short Ni-N bonds. 

between metal-nitrogen interaction energies and the macrocycle's con- 
formation energy (139). 

Ni-OEiBC 
Ni-iBC 

In the five-coordinate Ni(1) complex (R,S,R,S)-[Ni(l4)(NHC(OH) 
CH3)]C104 (1361, the Ni(1) ion displays a square-pyramidal geometry 
with an R,S,R,S (trans-I) configuration of the macrocycle. The complex 
also shows two sets of Ni-N(macrocyc1e) bond distances (Fig. 6). They 
are 2.09 and 2.14 A, ca. 0.1-0.2 A longer than those of the square- 
planar Ni(1) complex (R,R,S,S)-[Ni(l4)IC1O4. The axial Ni-N(imino1) 
bond distance (1.97 A) is much shorter than the equatorial Ni-N(mac) 
bond distances, although it is significantly longer than the Ni(I)-CO 
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FIG. 6. Structure of [Nil( 14)(NHC(OH)CH3)]C1O4. [Reprinted with permission from 
(136). Copyright 1996, American Chemical Society.] 

bond distance (1.80 A) of [Ni(dieneN,)(CO)]ClO, determined by EX- 
AFS analysis (137). The short Ni-N or Ni-CO axial bond must be 
attributed to the 7~ back-bonding between Ni(1) ion and the axial ligand 
such as acetamide in the iminol form and CO. 

D. REACTIONS OF SQUARE-PLANAR COMPLEXES 
1. Reactions with Carbon Monoxide 

The square-planar Ni(1) complexes form five-coordinate Ni(1) car- 
bony1 complexes when CO gas is introduced into solutions of the com- 
plexes, because they contain electron-rich Ni(1) ions capable of 7~ back- 
donation (66,135). The CO binding constants and carbonyl vibrational 
frequencies are summarized in Table XI. Because of the back-bonding 
interaction between the Ni(1) atom and the CO ligand, CO stretching 
frequencies for the Ni(1) carbonyl complexes decrease as NiL' becomes 
a more powerful reductant, which is represented by the&,, values (66). 

2.  Reactions with Alkyl Halide 

The Ni(1) complex of tetramethylated cyclam, [Ni(TMC)I +, generated 
from the corresponding Ni(I1) complex by electrochemical or photo- 
chemical methods, reacts with alkyl halides (RX) (133,140-143). It is 
a radical reaction, generating R' transients and/or Ni-alkyls, which 
then decay to form alkanes, alkenes, and dimeric or cyclic organics. 
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TABLE XI 

CARBONYL VIBRATIONAL FREQUENCIES AND CARBON MONOXIDE BINDING 

MACROCYCLIC LIGANDS 
CONSTANTS FOR NICKEL(I) CARBONYL COMPLEXES OF 

C-RRSS-[Nil(HTTM)l + 1939 (9.0 L 2.0) x 104 66 
[ Ni'(cyc1am)l 1955 (2.8 2 0.6) x lo5 137 
[Ni'(DMC)I' 1956 (1.8 2 0.4) x lo5 137 
C-RSRS-[Ni'(TMC)I' 1967 (1.2 2 0.4) x 105 137 
[Ni'(dieneN4)1 * 1962 (5.6 2 1.5) x lo4 66 
INi*(TIM)I- 2012 (1.3 2 0.3) x 10' 66 

In MeCN at 25°C. 
* For C-RSRS-INi(TIM)I', Kro is defined by the equation 

INi"(TIM.)I' + CO [Ni'(TIM)COl 

The identity and distribution of the products varies with organic sub- 
strates and with the ratio of substrate : nickel complex employed. 

Organonickel(I1) species are believed to be formed during the reaction 
between [Ni(TMC)l' and primary alkyl halides, and subsequently un- 
dergo hydrolysis with cleavage of the Ni-C bond. Kinetic data mea- 
sured in the presence of excess alkyl halide indicate a rate law -d[Ni' 
(TMC)']ldt = It[Ni'(TMC)'I[RXl. The rate constants increase for R and 
X in the order methyl < primary < secondary < ally1 < benzyl halides 
and C1 < Br < I (133, 140). This suggests that  the rate-determining 
step is electron transfer from the Ni(1) complex to  R-X via an inner- 
sphere atom-transfer mechanism (143). 

The complex [Ni(TMC)I+ also reacts with disubstituted alkanes, 
X(CH,),Y (X, Y, = C1, Br, I, OH, OTs) (n = 2-6) in aqueous solutions 
(144-146). With vicinal disubstituted alkanes (n = 2, 31, alkenes are 
formed quantitatively and the transient organonickel species is not 
detected. The reaction of [Ni(TMC)l+ with Br(CH,),OH yields l-propa- 
nol, but reactions with 1,3-disubstituted propanes (X, Y = Br, C1, OTs) 
form cyclopropane exclusively. The reaction of 1,5-dibromopentane 
with excess Ni(1) complex results in cyclopentane. 

In contrast to the [Ni(TMC)I' complex, [Ni'(OEiBC)I- shows reactiv- 
ity patterns for R and X of methyl > primary > secondary > tertiary 
and I > Br > C1. This is consistent with the rate-determining step being 
SN2-type nucleophilic attack at R-X by [Ni'(OEiBC)I- to generate 
NiIII-alkyl species (147, 148). 
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The reaction between the Ni(1) complex of 12 and CH,I also has an 
SN2-type mechanism. The Ni(1) complex of 12 reacts with CH31 in a 
2 : 1 stoichiometry in MeCN to yield the corresponding Ni(I1) complexes, 
I-, CH,, and C2H,. The rate law measured in MeCN is -d[Ni*lldt = 

k[Ni'][CH,I]. The second-order rate constants increase in the order 
methyl > ethyl > propyl. The rate-determining step proposed is an 
SN2-type nucleophilic attack at R-X by Ni(1) complex to generate 
Ni"'-alkyl transients (149, 150). 
3. Reaction with Carbon Dioxide 

Some Ni(1) complexes bind COz. The C0,-binding properties have 
been investigated in Me,SO by electrochemical methods. The Ni(1) 
complex of cyclam binds CO, irreversibly, whereas the Ni(1) complex 
of MeJl41ane (L16) shows no observable reaction. The Ni(I1) and Ni(1) 
complexes of dieneN,(L,,) show a very low affinity for CO, binding 
(151 ). The Ni(1) complexes of 9,11, and 12 have been observed to react 
with COz to form Ni(I1) complexes, although the reduction products of 
COz are not easily identifiable (63). 
4. Reaction with Amide 

The square-planar Ni(1) complex R,R,S,S-[Ni(l4)1+ reacts with acet- 
amide in MeCN to form the amide adduct R,R,S,S-[Ni(l4)(NHC 
(OH)CH,)I+ (136). In the acetamide complex, the Ni(1) ion binds acet- 
amide in the iminol form through the nitrogen atom. The coordination 
chemistry of the metal-amide linkage is important in the context of 
metal ion-peptide chemistry (152-154). In general, 2+ or 3+ metal 
ions coordinate amide via the carbonyl oxygen (155-160) or the anionic 
nitrogen (160-165), and the acetamide coordination in the iminol form 
is quite uncommon (166,167). It is apparent that the soft and electron- 
rich Ni(1) ion binds acetamide in the iminol form via the nitrogen atom, 
which is a softer and weaker o-donor than oxygen, and there must be 
the dn-r* interaction between the Ni(1) ion and nitrogen of iminol. 
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I. Introduction 

At the next dinner party, as your host proudly serves the lobster 
thermidor, you may wish to momentarily stray from the conventions 
of a polite but conservative guest, the archetypal chemist, by casually 
inquiring about the arsenic content of the meal. Given arsenic’s reputa- 
tion as a potent poison, your host may be affronted or bemused, but he 
or she is sure to be interested. 
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The following review could provide you with a t  least some of the 
answers to the probable ensuing questions about arsenic and marine 
organisms. It is intended to inform the reader of the rich and varied 
chemistry shown by arsenic in marine systems, and to stimulate some 
interest and debate in chemical circles regarding the origin and possible 
role of these compounds. The review begins with a brief overview of 
marine arsenic research and a summary of arsenic concentrations in 
the various marine compartments. General chemical and analytical 
characteristics of the arsenic compounds of significance in marine arse- 
nic studies are then considered, followed by an outline of their occur- 
rence, distribution, and biotransformation in marine samples. Finally, 
questions concerning the origin of arsenobetaine in marine animals 
are discussed. 

Workers in the area have applied different scientific disciplines to 
advance various aspects of the problem over the years. For example, 
progress in biological and biochemical studies of the uptake of arsenic 
by algae was made following chemical studies identifying the natural 
arsenic constituents of algae. Subsequent chemical synthesis of the 
arsenic compounds enabled toxicological assessment and further bio- 
transformation studies to be carried out. What follows is a welding 
together of results from these different disciplines, with an emphasis 
on chemical aspects. 

II. Arsenic Concentrations in Marine Samples 

Although there had been earlier reports (1-3) of the presence of 
arsenic in marine samples, the first comprehensive study was presented 
by Jones ( 4 )  in 1922. He examined marine algae collected from British 
coastal waters, reporting concentrations of arsenic and information on 
its extraction with water and ethanol. He referred to the arsenic as 
organic arsenic and, perhaps somewhat mischievously, remarked that 
the reputed medicinal properties of some algae may be due to their 
organic arsenic content. 

In work related to the human toxicology of arsenic, Cox ( 5 )  noted 
that within 24 hours after a person eats fish, arsenic can be measured 
in the urine at  levels normally indicative of chronic arsenic poisoning. 
The subsequent study of Chapman ( 6 )  in 1926 established the occur- 
rence of high levels of arsenic in a wide range of marine organisms. 
Arsenic concentrations in seawater were also reported at  this time ( 7).  
Over the ensuing years there followed only infrequent reports (e.g., 8) 
on arsenic in marine samples until the late 1960s. Renewed interest 
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TABLE 1 

ARSENIC CONCENTRATIONS I N  SEDIMENTS 

Arsenic 
concentration 

Type Location (mgikg dry wt.) Ref. 

Coastaliestuary Bellingham Bay 10-15 I 1  
Coastaliestuary Central Puget Sound 4-35 11 
Coastaliestuary Thames 4-16 12 
Coastaliestuary Humbtr  18-94 12 
Coastaliestuary Severn and Bristol Channel 7-12 12 
Coastaliestuary Southampton Water 5-28 12 

Deep-sea Sea of Japan  6-14 13 
Deep-sea West Pacific Ocean 14-20 13 

Deep-sea North Atlantic Ocean 11-26 14 
Deep-sea Indian Ocean 4-86 14 
Deep-sea Equatorial Pacific Ocean 23-455 14 
Deep-sea South Pacific Ocean 3-32 14 

TABLE I1 

ARSENIC CONCENTRATIONS I N  MARINE ALGAE 

Arsenic concentration 
(mgikg dry wt.) 

Location 
Type (no. of species) Range Mean Ref. 

Brown India (81 8-68 30 I5 
Norway ( 7 )  15-109 44 16 
USA 124) 1-32 10 17 
Australia (14)  21-179 62 18 

Red India (5) 0-5 1.5 15 
Norway ( 2 )  10-13 12 16 
USA (151 0.4-3.2 1.4 17 
Australia (10 )  12-31 19 18 
Japan  125) 6-45 17 19 

Green India (5) 0.1-6.3 2.2 15 
USA (161 0.2-23 1.5 17 
Australia 19) 6-16 11 18 

Japan 113, 2-72 21  19 

Japan  151 12-19 16 19 

9 20 (mixed samples) - 

Phytoplankton Australia 
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was based on human toxicological issues related to arsenic in seafoods, 
and a large body of data on arsenic levels in marine samples resulted. 

Tables I to I11 provide a summary of some representative data for 
total arsenic concentrations in sediments, marine algae, and marine 
animals. There can be considerable variation in the arsenic levels in 
these samples, in contrast to the levels in seawater, which are reason- 
ably uniform in the world’s oceans at about 0.5-2 pg/liter ( 9 , I O ) .  For 
sediments, there is perhaps a tendency for arsenic concentrations to 
be lower in samples from coastal regions and estuaries compared with 
deep-sea sediments. Industrial discharges of arsenic-enriched effluents 
can, however, result in arsenic contamination of near-shore sediments 
( 11,12 ). Arsenic concentrations in marine algae are generally consider- 
ably higher in brown algae than in either red or green algae. Reasons 

TABLE 111 

ARSENIC CONCENTRATIONS IN MARINE ANIMALS 

Location 
Type (no. of species) 

Finfish Australia (9) 
Northern Europe (14) 
Greenland (5) 
Norway (8) 
USA (many) 

Arabian Gulf (13) 

Arabian Gulf (3) 
Scotland (3) 
USA (16) 

Crustaceans Australia (5) 

Bivalve Japan  (51 
molluscs U.K. (5) 

USA (12) 

Goa (4) 
Gastropod Japan  (101 

Arsenic 
concentration 
(mg/kg wet or 

dry wt. as shown) 

Range Mean Ref. 

0.8-14 6.5 
1.3-37 7.7 

0.6-8 2.7 
Range of means 

from 1 to 7 
0.3-32 4.9 

7-91 27 
6-16 12 
3-38 12 

Range of means 
from 3 to 50 
1-10 3.6 

2.6-15 7.8 
Range of means 

from 2 to 20 
2.3-11 5.0 
1.6-107 26 

8-307 60 

dry 

dry 
wet 

wet 
wet 

wet 

wet 
wet 
wet 

dry 

wet 

wet 
dry 

dry 
wet 

21 
22 
23 
24 
25 

26 
21 
26 
27 
25 

18 
29 
25 

30 
28 

molluscs 
U.K. (6) 8.1-38 16 dry 29 
USA (2) 3.0-27 14 wet 25 
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for this are not known at  present. The trend in arsenic concentrations 
between groups of marine animals is less clear, although crustaceans 
are generally higher than other animals. Certainly, there is no indica- 
tion that arsenic accumulates along food chains. 

Ill. Key Arsenic Compounds: Chemical and Analytical Considerations 

In chemical combination, arsenic can exist in oxidation state I11 or 
V and can have a coordination number of 3, 4, 5 ,  or 6. In marine 
samples, arsenic is mainly found in the V oxidation state, although, 
usually as a consequence of biological factors, arsenic (111) compounds 
can also occur and may at  times be predominant. The properties and 
analysis of the various arsenic-containing compounds of significance 
in marine arsenic research are briefly discussed, and information is 
provided on their synthesis. For ease. of reference, the arsenic com- 
pounds frequently mentioned by name (or abbreviation/acronym) are 
listed in Table IV together with their structure numbers. 

A. INORGANIC ARSENIC 

In normal seawater, the major AdV) species is calculated to be 
HASO:- (1)  (98% of total) with trace amounts of H,AsO, and As0;- 
(31 1. Similar calculations for As(II1) indicate that in seawater the major 
species would be the neutral H3As03 (21, although hydrolysis may 

TABLE IV 

NAMES, ABBREVIATIONS, AND STRUCTURES OF SOME MARINE 
ARSENIC-CONTAINING COMPOUNDS 

Compound Abbreviation Structure no. 

Arsenate 
Arsenite 
Monomethylarsonic acid 
Dirnethylarsinic acid 
Trimethylarsine oxide 
Tetramethylarsoniurn ion 

As (V)  
As (111) 
MMA 
DMA 

TMAO 
TeMA 

7 Arsenobetaine - 

8 Arsenocholine - 
Dimethylarsinoylribosides Arsenosugars e.g., 17 
Trirnethylarsonioribosides Arsenosugars e.g., 33 
Dirnethy larsinoy lethanol DMAE 39 
Glycerophospho( arsenocholine) GPAC 44 
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result in up to 13% of H,AsO, . As noted by Cullen and Reimer ( 3 2 )  
in their comprehensive discussion of aqueous complexes of arsenic, 
most researchers in the field do not distinguish between the different 
levels of protonation of the inorganic arsenic species, referring to them 
collectively as either arsenite or arsenate for the As(II1) or As(V) forms, 
respectively. That convention is also used here. The two inorganic forms 
of arsenic are readily interconverted in solution by simple oxidizing or 
reducing agents, and changes in arsenic speciation have been reported 
on storage of seawater samples ( 3 3 ) .  Consequently, care must be taken 
when preparing marine samples for As(III)/As(V) speciation analysis 
to ensure that the sample chemistry remains unchanged from the time 
of collection to analysis. 

0 

~ 0 - A s - o -  HO-As-OH 
I 

t 

OH 
I 
0- 

The most useful chemical species in the analysis of arsenic is the 
volatile hydride, namely arsine (ASH,, bp - 55°C). Analytical methods 
based on the formation of volatile arsines are generally referred to as 
hydride, or arsine, generation techniques. Arsenite is readily reduced 
to arsine, which is easily separated from complex sample matrices 
before its detection, usually by atomic absorption spectrometry (33 ). 
A solution of sodium borohydride is the most commonly used reductant. 
Because arsenate does not form a hydride directly, arsenite can be 
analyzed selectively in its presence (34 ). Specific analysis of As(II1) 
in the presence of As(V) can also be effected by selective extraction 
methods (35).  

Anion-exchange chromatography can also be used to separate Ad1111 
and AdV) where the difference in pK,’s (9.3 vs 2.3)  allows good resolu- 
tion (36) .  High-performance liquid chromatography (HPLC) coupled to 
element-specific detectors is being increasingly used to separate and 
analyze chemical forms of arsenic found in marine samples ( 3 3 ) .  The 
detection systems used include atomic absorption spectrometry (AAS), 
inductively coupled plasma-atomic emission spectrometry (ICP-AES), 
and inductively coupled plasma-mass spectrometry (ICP-MS). Al- 
though these HPLC methods are suitable for separating and determin- 
ing the inorganic arsenic species (37), the less sophisticated methods, 
such as hydride generation, are still the most commonly used. 
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B. SIMPLE METHYLATED ARSENIC COMPOUNDS 

Arsenic compounds with one to four methyl groups attached to the 
arsenic atom are common constituents of marine samples. The relevant 
species are monomethylarsonic acid (MMA) (31, dimethylarsinic acid 
(DMA) (4), trimethylarsine oxide (TMAO) (51, and tetramethylarson- 
ium ion (TeMA) (6). Of these, MMA and DMA are readily separated 

0 
4 

~ e - A s - 0 ~  
I 
OH 

t" 
MepAs-OH 

0 

Me3As 
.) + 

MedAs 

from each other and from arsenite and arsenate on ion-exchange media 
(38) .  At pH < 3.5, DMA can protonate (391, giving the charged species 
Me,As'(OH), , which may be retained on cation-exchange media. The 
acronyms MMA and DMA are used to refer to the species regardless 
of whether they are present as the anions, free acids, or cations. Tri- 
methylarsine oxide can also protonate, giving the cationic species 
Me,As'OH, which is retained on cation-exchange columns and eluted 
by dilute ammonia. Tetramethylarsonium ion, however, is tightly 
bound to cation-exchange media, requiring 6 M HCl for its elution (40). 
Because of the large differences in their anionidcationic properties, 
these four methylated arsenicals are easily separated by chromatogra- 
phy, and techniques such as HPLC/ICP-MS are most suitable for their 
determination. 

The compounds MMA, DMA, and TMAO are reduced in acidic aque- 
ous media by borohydride solutions to methylarsine (MeAsH,, bp 2 '0 ,  
dimethylarsine (Me,AsH, bp 35'C), and trimethylarsine (MesAs, bp 
55"C), respectively. These products are useful derivatives for speciation 
analysis of arsenic because they are readily separated from complex 
sample matrices and may be further separated from each other by 
distillation (41 1 or by gas chromatography (42)  prior to their determina- 
tion by element-specific detectors. Consequently, arsine generation 
techniques are the most commonly used methods for determining 
MMA, DMA, and TMAO in marine samples. 
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TMAO 
Arsenobetaine 

DMAE 

Arsenocholine 

1 

PPm ' 9  1 8  1 7  1 6  

FIG. 1. NMR spectrum ('H, 500 MHz) of a synthetic mixture of six marine arsenic 
compounds in seawater Each compound was present at a concentration of 10 pg AsimL 
(Spectrum courtesy of Dr. L. Byrne ) 

The chemical shifts in the NMR for the methyl groups on arsenic 
can vary depending on pH. They are, however, sufficiently different 
from each other and from other marine arsenic compounds that they 
are readily distinguishable even in seawater solutions (Fig. 1) .  Thus, 
the possibility exists for examining marine arsenic transformations in 
solutions or cells by NMR spectroscopy. Little work has been done in 
this area. 

C .  ARSENOBETAINE AND ARSENOCHOLINE 

Arsenobetaine (7) and arsenocholine (8 )  are both resistant to attack 
from acids, and this property, in regard to arsenobetaine, probably 

+ - + 
Me3As -COO MeBAs 

OH 

(7) (8) 

accounts for the problems of low recovery often associated with the 
analysis of arsenic in marine samples (43 1. Wet digestion techniques 
employing nitric acid are not sufficiently robust to  decompose arsenobe- 
taine to a form (arsenate) that it is possible to analyze ( 4 4 , 4 5 ) .  Arseno- 
betaine and arsenocholine, however, differ markedly in their stability 
toward NaOH. Treatment with hot 2 M NaOH results in complete 
decomposition of arsenobetaine, whereas arsenocholine remains intact 



ARSENIC A N D  MARINE ORGANISMS 155 

(46) .  Attempts have been made to use this difference in reactivity to 
distinguish between the two arsenic-containing compounds in marine 
samples. Although some success was achieved on synthetic materials, 
the results from marine samples (47)  have been misleading and have 
been questioned (32) .  

Arsenobetaine is zwitterionic in solution, displaying cationic proper- 
ties a t  pH ~ 3 . 5  (39). The first reported isolation of arsenobetaine was 
greatly facilitated by its retention on a cation-exchange resin and subse- 
quent elution with dilute aqueous ammonia (48). Arsenocholine, how- 
ever, remains cationic a t  high pH and requires forceful conditions (e.g., 
6 M HCl) to  displace it from cation-exchange resins-a property i t  
shares with TeMA. 

Importantly, neither arsenobetaine nor arsenocholine forms an  ar- 
sine on treatment with borohydride solutions. Consequently, arsenobe- 
taine and arsenocholine may remain undetected in samples, seawater 
for example, when arsines are generated and determined in an arsenic 
speciation analysis. The technique HPLC/ICP-MS is most suitable for 
the analysis of these (non-arsine-forming) compounds (49) .  Use of the 
highly sensitive ICP-MS detector allows application of small quantities 
of material to the chromatography column, thereby obviating possible 
sample matrix effects previously observed for arsenobetaine (50) .  

Arsenobetaine can be prepared by treatment of trimethylarsine with 
ethyl bromoacetate followed by basic hydrolysis (51 1. Because the mate- 
rial so obtained is deliquescent and difficult to handle, preparation 
of the bromide salt beginning with bromoacetic acid, though lower- 
yielding, may be preferable (52 ). Arsenocholine bromide is synthesized 
by prolonged heating of trimethylarsine with 2-bromoethanol (53 ); i t  
is readily changed to  the nonhygroscopic iodide salt by treatment with 
NaI in acetonitrile ( 5 3 )  or by passage through an anion-exchange col- 
umn (54 j. Both arsenobetaine and arsenocholine display the character- 
istic singlet (Me,As) a t  about 6 2.0 in the 'H NMR, although this can 
vary depending on pH and concentration (see Fig. 1). The methylene 
protons in arsenobetaine exchange slowly ( t l l z  = 24 h) in D,O at  room 
temperature. 

D. ARSENIC-CONTAINING RIBOSIDES (ARSENOSUGARS) 

A number of arsenic-containing ribosides, also referred to here simply 
as arsenosugars, occur in marine samples. Most of the arsenosugars 
are dimethylarsinoylribosides (Fig. 2, compounds 9 to 25). This group 
of compounds was unknown prior to  1981, when 9 and 12 were isolated 
from a brown alga (55) .  Structures for the two compounds were origi- 
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Me2Asv HO OH 

R 

0 T O H  

OH 

(13) 

FIG. 2. Structures of dimethylarsinoylribosides. With the exception of 14, all the 
compounds have been isolated from marine sources. 
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Me2Asv HO OH 

R 

0 / \ ( \ s o ;  
p H 3  

OMe 

(20) 

0- 

CHPOH 

0 

0 COOH 
H 

NHZ 
I 

(21) (25) 

FIG. 2. Continued. 

nally assigned chiefly from NMR data. Subsequent synthetic studies 
(56,57) provided confirmation of the proposed structures and allowed 
assignment of the configuration at C-2 in the aglycone as represented 
by 10 and 13. X-ray crystallographic analysis of the related compound 
17 had previously confirmed the p-D-rib0 ring structure for the dimethyl- 
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arsinoylribbsides (58). The bond lengths and angles for 17 were as 
expected for this type of compound, the As-0 bond length being 0.173 
nm-comparable with that for arson0 compounds (59). With the excep- 
tion of 14, which was obtained by chemical synthesis, all compounds 
shown in Fig. 2 have been isolated from marine samples. 

Although dimethylarsinoylribosides form arsines on treatment with 
borohydride solutions, these derivatives have not proved useful for 
arsenic speciation analysis. In this instance the arsines are too invola- 
tile to be readily removed from the sample matrix, and too polar to 
allow their extraction from the aqueous phase. The dimethylarsinoylri- 
bosides display acidic or basic properties depending on the aglycone. 
In compounds containing a neutral aglycone (e.g., compound 131, the 
arsine oxide moiety may be protonated at  low pH, imparting cationic 
characteristics to the molecule. Consequently, HPLC/ICP-MS tech- 
niques employing ion-exchange or ion-pairing conditions have been 
successfully applied to the analysis of these compounds (Fig. 3) (60,611. 

Compound 13 was the first arsenosugar to be synthesized (Fig. 4) 
(56) .  The orthoester 26 was transesterified with the alcohol 27 to give 
an intermediate orthoester, which rearranged on treatment with mer- 
cury(I1) bromide to the riboside 28. Removal of the ester protecting 
groups yielded the trio1 29, which was converted to the isopropylidene 
derivative and then the chloride 30. The key intermediate 31 was then 
prepared by treating the chloride 30 with dimethylarsinosodium after 
the method of Feltham et al. (62). Attempts to purify this arsine proved 
difficult. Instead, it was oxidized without purification, giving 32, which 

0 450 

Retention Time (secs) 

900 

FIG. 3. Typical separation of four arsenosugars and DMA by HPLCIICP-MS using an 
ODS reversed-phase column at pH 3.2 under conditions described in Ref. 60. The sensitiv- 
ity and specificity of the detector allows the determination of arsenosugars and other 
arsenic compounds to be conducted on dilute aqueous extracts of the marine samples. 
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then yielded the desired compound 13 on brief exposure to aqueous acid. 
The related carboxylic acid 22 was prepared by selective deprotection of 
the diisopropylidene derivative 32, followed by oxidation of the resul- 
tant diol and hydrolysis (63). 

Beginning with the enantiomer of 27, the reaction sequence outlined 
in Fig. 4 was repeated, leading to compound 14 (63). Selective oxidation 
of 14 afforded the carboxylic acid 23 (63). The arsenic-containing nucle- 
oside 25 was obtained by treating 5'-chloro-5'-deoxyadenosine with 
excess dimethylarsinosodium and oxidation of the resultant arsine (63). 

(31) (32) 

FIG. 4. Reaction sequence for the synthesis of the arsenosugar 13. 
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Trimethylarsonioribosides have also been synthesized (Fig. 5). 
Compound 33 was first isolated from a brown alga and was subse- 
quently prepared by addition of methyl iodide to the arsine obtained 
on reduction of the natural product 17 with borohydride solution 
(64 1. Compound 33 has also been prepared by using 2,3-dimercapto- 
propanol as the reductant, and this procedure was similarly used for 
the synthesis of compounds 34 to 37 from the respective dimethylated 
compounds ( 65 ). 

Two unusual trialkylarsonioriboside diastereoisomers were also iso- 
lated as a mixture from a brown alga (57). Although the exact nature 
of the diastereoisomerism could not be established, it seems probable 
that the compounds differed only in the configuration at  the methine 
attached to the carboxy group, as shown in structure 38. The diastereo- 
isomers have recently been separated by HPLC. 

Me3As+v HO OH 

R 

0 y o s o , .  
OH 

(33) 

O T O H  

OH 

(34) 
OMe 

(37) 

(35) 

FIG. 5. Structures of trimethylarsonioribosides. Compound 33 is, thus far, the only 
trimethylarsonioriboside identified as a marine natural product. 
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The NMR signals for the groups attached to arsenic are distinctive 
for the di- and trimethylated arsenosugars. The methyl groups in the 
dimethylarsinoylribosides give two characteristic singlets a t  about 6 
1.86 and 6 1.89, the one exception being the nucleoside 25 with signals 
a t  6 1.69 and 6 1.70 (63). The methyl groups in the trimethylarsonio 
compounds, however, give a sharp singlet at 6 1.99-2.01 (65). Thus, 
NMR spectroscopy may be suitable for studying biotransformations of 
arsenosugars, particularly those processes involving methylation. 

HO OH 

E. OTHER ARSENIC-CONTAINING COMPOUNDS 

Several other arsenic compounds with possible significance in marine 
arsenic chemistry have been synthesized. Dimethylarsinoylethanol 
(DMAE) 39 was prepared by treating bis(dimethy1arsenic) oxide, gener- 
ated from iododimethylarsine, with 2-bromoethanol(66). Dimethylar- 
sinoylacetic acid 40 was similarly prepared, but in low yield, from 
bis(dimethylarsenic1 oxide and sodium chloroacetate (66). In solution, 
40 exists as the zwitterion Me,As '(OH)CH,COO-, as shown by the 'H 
NMR spectrum, which registered the singlet for the methyl groups at 
6 2.21, well downfield compared with the equivalent groups in other 
arsine oxides ( 5 4 ) .  For the ammonium salt of 40, the methyl groups 
resonate a t  6 1.87. Similar effects resulting from the protonation of the 
arsine oxide moiety in the arsenosugar 13 have also been observed 
(56). Dimethylarsinothioylethanol 41 was formed by bubbling H,S 
through an aqueous solution of the oxide 39 (67). 

0 + P S 
t 
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The betaines trimethylarsonioproprionate 42 and trimethylarsonio- 
butyrate 43 have been prepared by heating trimethylarsine in a sealed 
tube with 3-bromoproprionic acid or 4-bromobutyric acid, respectively 
(68). Glycerophospho(arsenocho1ine) (GPAC) 44 was prepared by treat- 
ing phenylphosphoryl dichloride with 1,2-O-isopropylideneglycerol, fol- 
lowed by arsenocholine, and removal of the protecting groups (69). The 
compound GPAC has also been obtained from marine samples following 
basic hydrolysis of the lipids, presumably from deacylation of phospha- 
tidylarsenocholine 45 ( 70). Finally, the naturally occurring taurine 
derivative 46 was synthesized by treating 4-dimethylarsinoylbutanoic 
acid, prepared from ethyl-4-bromobutanoate and dimethylarsinosod- 
ium, with taurine in the presence of ethyl chloroformate (63). 

(44) R=H 

(45) R=CO(CH2),Me 

IV. Occurrence and Distribution of Arsenic Compounds in Marine Samples 

A. SEAWATER AND SEDIMENTS/~OREWATER 

Thermodynamic considerations suggest that  in oxygenated seawater, 
arsenic should exist almost entirely as arsenate ( 71 1. It was apparent 
from the early work on arsenic in seawater, however, that  arsenite 
was also present in significant concentrations and could at  times pre- 
dominate over arsenate ( 7,8, 72, 73). Marine bacteria ( 74) and marine 
phytoplankton (75) were shown to reduce arsenate to arsenite, thereby 
providing an  explanation for the observed As(III)/As(V) ratio in seawa- 
ter. The compounds MMA and DMA also occur in seawater, generally 
as minor constituents (9, 34, 71, 76). The concentrations of As(III), 
MMA, and DMA are positively correlated with primary productivity, 
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indicating that algae are important in the transformation of AsW) 
in seawater (9, 71). Andreae (71) proposed that phytoplankton were 
involved in the uptake of arsenate and its release to seawater as As(III1, 
MMA, and DMA; a sharp rise in the concentration of arsenate at the 
base of the photic zone suggested rapid regeneration of this species by 
demethylation and oxidation. 

Further work in this area has shown large changes in arsenic specia- 
tion depending on season and biological activity in the water column 
(10, 77-79). Although As(III), AdV), MMA, and DMA are the only 
species to be identified in seawater to date, additional arsenic, unac- 
counted for by those species, has also been reported (80). The analytical 
method for determining arsenic species in seawater involves the gener- 
ation of volatile arsines, and is thus restricted to analysis of those 
species forming suitable analytes. Arsenic compounds such as TeMA, 
arsenobetaine, arsenocholine, and arsenosugars would not be detected 
by such analytical systems. These compounds and others are, however, 
decomposed to AdV) by UV irradiation (81 1. When coastal seawater 
was analyzed before and after UV irradiation, there was an average 
25% increase in the amount of arsenic detected as arsines (80). This 
so-called “hidden” arsenic was believed to be derived from compounds 
related to arsenosugars, although no firm evidence was provided to 
support that view. Arsenic other than that accounted for by arsine- 
forming species constituted about 20% of the total arsenic in the waters 
of the lower Tagus estuary (82,831. On that occasion some of the arsenic 
remained refractory after treatment with NaOH; arsenosugars and 
arsenobetaine (but not arsenocholine and TeMA) would be decomposed 
by such treatment. 

Only limited information has so far been obtained from examination 
of the arsenic-containing compounds in sediments, primarily because 
the arsenic is bound in such a way that the reagents commonly used for 
sediment extraction are likely to change the form of arsenic originally 
present (33). Milder extracting agents are required, but little work 
has been done in this area. Rather, work has focused on the arsenic 
compounds in the porewaters (interstitial waters) of the sediments. 
Both As(II1) and AsW) occurred in the porewaters of sediments from the 
northeast Pacific, but methylated arsenic compounds were not detected 
( 71 1. However, MMA and DMA constituted 1-4% of the total arsenic 
in porewaters of the Tamar estuary (84 1. These two methylated species 
in addition to TMAO were detected in all samples from 10 stations 
off British Columbia (41). Again, the methylated forms were minor 
constituents, representing < 10% of the total dissolved arsenic. There 
was a strong positive correlation between the methylated arsenicals 
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and total dissolved arsenic, suggesting that microbial methylation may 
be taking place in situ. The possibility remains, however, that  the 
methylated arsenic compounds represent degradation products from 
biological material in the sediments. 

The total dissolved arsenic concentrations for the stations off British 
Columbia were 3-52 pg/liter (411, consistent with results for fjord 
porewaters ( 4 2 )  and estuarine porewaters (84 1. These results, however, 
rely on analytical techniques that would not detect the “hidden” or 
refractory arsenic levels reported earlier as occurring in seawater, and 
the true values may be slightly higher than those reported. The identity 
of the hidden and refractory arsenic remains unknown; possible candi- 
dates include arsenosugars, TeMA, arsenobetaine, and arsenocholine. 

Clearly there is much to be learned from further examination of 
arsenic levels in seawater and porewaters. However, low concentrations 
and analytical difficulties presented by the salt matrix continue to 
complicate these analyses (33,851. Techniques such as HPLC/ICP-MS 
suffer from interference by the molecular ion 40Ar35Clt, formed by 
combination of the plasma gas and chloride ion, with the monoisotopic 
7 5 A ~ + .  Techniques to separate the arsenic compounds from the salt 
matrix before HPLC/ICP-MS have not been fully investigated because 
they may result in fractionation of the compounds and loss of speciation 
information. Nevertheless, methods to establish the presence or other- 
wise in seawater of some of the arsenic-containing compounds impor- 
tant in other marine compartments is worth pursuing. 

B. MARINE ALGAE 

Although Jones ( 4 )  first reported that marine algae contained appre- 
ciable levels of organoarsenic in 1922, the structures of the compounds 
were not established until 1981, when the two novel arsenosugars 10 
and 13 were isolated and identified from the brown macroalga Ecklonia 
radiata (55). A repeat extraction ofE. radiata produced the related com- 
pound 15 (87). Expansion ofthe work to other species ofbrown algae and 
other algal families has revealed a total of 15 arsenosugars (88). With 
only two exceptions (compounds 33 and 381, the compounds are all di- 
methylarsinoylribosides differingonly in the aglycone. The various agly- 
cones represent common metabolites present in algae, although the rela- 
tive abundance of the arsenosugars does not appear to reflect the 
abundance of the alcohol able to form the glycosidic bond. Mannitol, for 
example, is a common major constituent of marine algae (891, but the 
corresponding arsenic compound 21 is a trace constituent only (57). 

The early work adopted a natural products approach and focused on 
the brown algae (Phaeophyta) primarily because of their high arsenic 
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concentrations. The brown alga Sargassum lacerifolium provides an  
example of this type of work, producing the most complex pattern of 
arsenic compounds so far with the isolation of eight arsenosugars and 
some DMA (57). Most of the arsenic compounds in Sargassum were 
present as minor or trace constituents, and 40 kg of fresh alga was 
extracted to ensure that adequate quantities of pure compounds were 
obtained for NMR spectroscopic analysis, or, in the case of the crystal- 
line compound 19, X-ray molecular structure determination. The avail- 
ability of naturally occurring or synthetic arsenosugars for use as 
reference compounds, together with the application of HPLC with 
element-specific detectors, has led to the examination of many other 
algal species, particularly the red algae (Rhodophyta) and green algae 
(Chlorophyta). Table V provides information on all the arsenic com- 

TABLE V 

ARSENIC-CONTAINING COMPOUNDS FROM MARINE ALGAE 

Arsenic 
concentration 
(mgikg wet or Arsenic compounds" 

dry Wt. as  % Water- 
TYPe Species shown) soluble Significant Minor Trace Ref. 

Brown Ecklnnia radrata 
Hurkia firsiforme 
Laminaria .lapoiiicn 
Sphmrotrichia 

diuaricata 
Undarin pinnatifida 
Sargassum thunbrrgii 
Sargassurn 

LaceriJhli ii  m 
Spatlioghssum 

pacificurn 
Puchvdrct,von 
coriaceuni 

U"7 pertirsa 

Caulerpa hraihvpus 
Red Corallina pilidifera 

Cvrt.vmmta s p m w  
A hnfe/tia pnratioxa 
Coeloseira pacifica 
Laorerrcur okamurat 

Green Codium fragile 

Blyopsis m M - l m U  

10 wet 
10 wet 
4 wet 
2 wet 

2.8 wet 
4 wet 

40 wet 

16.3 dry 

16.7 dry 

0.6 wet 
17.1 dry 
19.4 dry 
11.6 dry 
21.6 dry 
44.8 dry 
11.7 dry 
23.1 dry 
19.2 dry 

>80 
1.80 
>80 

75 

71 
51 

> 80 

69 

72 

67 
40 
20 
32 
15 
69 
58 
35 
47 

10, 13, 15 - 
1, 17 10 
10, 11 13. 15 

13 15, 10, 19 

16h - 

17 
17 15, 10, 

11, 13 
10 13, 15 

- 

10 13. 15 

13 15, 4 
13 15 
15 13 

15 13, u 
15 13 

15, u 13, 17 
15, u 13 
13, 17 15, u 

U - 

55.87 
90 
91 
92 

19. 9.9 
19. 6-1 

57 

19 

19 

19.94 
19 
19 
19 
19 
I 9  
I9 
19 
19 

Significant, ~ 2 0 %  of total water-soluble arsenic; minor, 1-1995 of total water-soluble ar- 

Lipid arsenic. 
senic; trace, <1% of total water-soluble arsenic; u, unknown. 
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pounds isolated from algae in addition to presenting a selection of the 
large body of data where identification has been achieved with HPLC 
and comparison with reference compounds (19). 

Some general trends in the data are apparent. For Rhodophyta and 
Chlorophyta, the arsenosugars with the glycerol (13) and phosphoric 
acid diester (15) aglycones predominate, while the sulfonic acid 10 
and the sulfuric acid ester 17 are generally minor constituents. In 
Phaeophyta, however, arsenosugars 10 or 17 are the major arsenic 
compounds. There also appear to be differences between orders of 
Phaeophyta: the sulfonic acid 10 is the major compound in the three 
species of the order Laminariales so far examined, whereas the sulfuric 
acid ester 17 predominates in the three representatives of the order 
Fucales (95 ). Thus, arsenosugars may have chemotaxonomic signifi- 
cance. In this regard, and perhaps more important, these compounds 
may prove to be useful as highly specific food chain tracers in marine 
biological studies. 

The precise chemical structures of the arsenic constituents of unicel- 
lular algae have been less well studied. A natural products approach 
was not feasible when dealing with unicellular algae because of the 
difficulties in getting sufficient quantities of material. Instead, radiola- 
beling experiments were carried out to determine the identity of the 
arsenic compounds (39,961. Progress in this area was hindered when 
early work assigned incorrect structures to the major arsenic com- 
pounds in Chaetoceros concavicornis. Those early results have been 
reinterpreted, and it is now accepted that unicellular algae contain 
the same arsenosugars as found in macroalgae (97). Later work has 
confirmed the arsenosugar 17 as the major arsenical in the unicellular 
alga Chaetoceros concauicornis when grown in culture (98).  Although 
it appears probable that arsenosugars are widespread in unicellular 
algae, it should be noted that the unicellular alga Polyphysa peniculus 
does not produce detectable quantities of arsenosugars in culture exper- 
iments (99). 

Lipid-soluble arsenic also occurs in algae, often as a major constit- 
uent. Early studies showed that the lipid-soluble and water-soluble 
arsenic compounds are related (see Section V1,B). Identification of the 
glycerophospho compound 15 in algae (87) suggested that the lipid- 
soluble arsenicals might be phospholipids, and this was subsequently 
shown to be the case when compound 16 was isolated and identified 
from the brown alga Undaria pinnatifida (93). It seems likely that 
other lipid arsenic compounds found in marine algae are also acylated, 
perhaps monoacylated (39 ), derivatives of arsenosugar 15, although 
derivatives of 38 are also possible. 
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Although inorganic arsenic is usually a minor component of algae, 
two species of brown algae, Sargassum muticum and Hizikia fusiforme, 
have been found t o  contain appreciable quantities of inorganic arsenic, 
representing 38 t o  61% of the total (100-102). Extraction of arsenic 
compounds from algae is usually carried out with water, methanol, 
chloroform, or mixtures of these solvents. Only a small proportion of 
the total arsenic remains in the insoluble residue following extraction 
with these solvents. 

The arsenic constituents of marine algae have been the subject of 
several detailed studies over the past 15 years. It is of interest that  
arsenotetaine, arsenocholine, TMAO, and TeMA are yet to be detected 
in marine algae. 

C. MARINE ANIMALS 

Arsenobetaine was the first arsenic compound identified in a marine 
animal when it was isolated in 1977 in a crystalline form from the tail 
muscle of the western rock lobster Panulirus cygnus (48) .  The large 
body of work that followed established that arsenobetaine was by far 
the predominant form of arsenic in marine animals (Table VI). It occurs 
at all trophic levels, although there is a tendency for it to be present 
at higher concentrations (or a t  least constitute the greater percentage 

TABLE VI 

AKSENOBETAINE IN MARINE ANIMALS~ 

Arsenobetaine 
contentb 

(no. of species] (mgikg, wet wt.) arsenic) 
Animal Arsenic concentrationb (Q of total 

Fish 
Elasmobranchs (7 )  3.1-44.3 2 9 4  
Teleosts (17) 0.1-166 48 to >95 

Lobsters (4 )  4.7-26 77 to >95 
Prawns (5) 5.5-20.8 55 to >95 
Crabs ( 6 )  3.5-8.6 79 to >95 

Bivalves (4 )  0.7-2.8 44-88 

Crustaceans 

Molluscs 

Gastropods (6)  3.1-1 16.5 58 to >95 
Cephalopods (3 )  49 72 to >95 

" Ref. 88. 
Values refer to muscle tissue only. 
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of total arsenic) in the higher-trophic-level animals. The ubiquity of 
arsenobetaine in the marine animal kingdom has been highlighted by 
recent work identifying arsenobetaine in shrimp and mussels from 
hydrothermal vent communities living a t  depths of more than 3000 m 
in the region of the Mid-Atlantic Ridge (103) .  

The initial studies determining the chemical forms of arsenic in 
marine animals were carried out on crustaceans and fish; they failed 
to detect any arsenic compounds other than arsenobetaine. Examina- 
tion of other marine animals, however, revealed the presence of consid- 
erable quantities of unidentified arsenic in addition to arsenobetaine 
(28 )  and led to  the identification of TeMA in the clam Meretrix lusoria 
(104).  The distribution of TeMA varied considerably among the various 
tissues of M .  lusoria. The gill contained the highest concentrations, 
suggesting that it was an  important site for arsenic metabolism involv- 
ing TeMA. TeMA was subsequently shown to be widespread among 
marine animals (40,105-108), particularly in bivalve molluscs where 
it can replace arsenobetaine as the major arsenic compound (108). 

Arsenosugars also occur in some marine animals where they are 
probably derived from ingested algal metabolites (58, 63, 70, 106). 
They have also been recently reported in mussels from a hydrothermal 
vent community where algal metabolites are unlikely to be significant 
(103).  The presence of these compounds in high concentrations in the 
kidney of the clam Tridacna maxima resulted from the accumulation 
of arsenic compounds elaborated by unicellular algae growing in the 
mantle of the clam (58, 63 ) .  

Inorganic arsenic is a minor component in marine animals, generally 
constituting less than 2% of the total arsenic (109). 

The application of high-sensitivity ICP-MS detectors coupled to 
HPLC has enabled the detection of trace arsenic compounds present 
in marine animals. Thus, arsenocholine has been reported as a trace 
constituent (<0.1% of the total arsenic) in fish, molluscs, and crusta- 
ceans (37 )  and was found to be present in appreciable quantities (up 
to  15%) in some tissues of a marine turtle (110).  Earlier reports (46,471 
of appreciable concentrations of arsenocholine in some marine animals 
appear to have been in error (32 1. Phosphatidylarsenocholine 45 was 
identified as a trace constituent of lobster digestive gland following 
hydrolysis of the lipids and detection of GPAC in the hydrolysate by 
HPLC/ICP-MS analysis ( 70) .  It might result from the substitution of 
choline with arsenocholine in enzyme systems for the biogenesis of 
phosphatidylcholine ( 1  1 1  1. 

TMAO has been detected in fish (37, 112, 1131, molluscs (37, 1081, 
and crustaceans (37 ) .  It may occur from microbial decomposition of 
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FIG. 6. Arsenicals in the various marine compartments. 

arsenobetaine (113,114) or from microbial methylation of arsenate by 
the gut flora of the animals (112). Traces of trimethylarsine have been 
reported in six species of prawns and two species of lobster (1 15 1, where 
it was thought to arise from microbial methylation of arsenate within 
the animals' digestive glands. 

The distribution of the chemical forms of arsenic in the various ma- 
rine compartments is summarized in Fig. 6. 

V. Toxicological Considerations 

Toxicological issues fall into two quite distinct areas: first, human 
health concerns resulting from consumption of arsenic compounds in 
seafood, and second, ecological concerns arising from the effects of these 
compounds on marine organisms. 

Since the early work in the 1920s (4-61, it had been accepted that 
arsenic in marine organisms was organic and nontoxic. This appeared 
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to be a reasonable assumption in the absence of any data whatsoever 
that ingestion of marine arsenic was detrimental to human health. 
Animal studies had long established that so-called shrimp arsenic was 
nontoxic to rats and rapidly excreted in the urine (116). The confidence 
placed in these early studies was shaken in the late 1960s when it was 
discovered that naturally acquired mercury in fish was present in an 
organic form as the potentially toxic methylmercury species. The view 
that arsenic in marine animals was of no toxicological concern because 
it was natural and organic clearly required reassessment. 

Consequently, there was renewed interest in marine arsenic re- 
search, and several groups worked in this area during the 1970s. Not 
surprisingly, they were from countries such as Japan and Australia 
and those in Scandinavia, where seafood is either widely consumed or 
is an important export commodity. The research activity resulted in 
the identification of arsenobetaine and the range of other arsenic com- 
pounds reported in Section IV. 

Synthesis of arsenobetaine allowed detailed toxicological assessment, 
which rigorously established the nontoxic nature of this common sea- 
food constituent (1 17-119). Toxicological studies of other arsenic com- 
pounds have yet to be conducted. In particular, TeMA requires assess- 
ment; it is widespread in marine animals and its nitrogen analogue, 
tetramine, is a known toxin ( 120). The toxicology of the arsenosugars 
currently available by synthesis also needs to be determined. In some 
countries, many of those in east Asia, for example, algae are common 
components of the human diet. 

Although the intake of inorganic arsenic from seafood is low, it may 
also require reassessment in the face of growing evidence that it acts 
as a carcinogen with no threshold value (121 1. In that regard, the old 
literature on the arsenic eaters of Styria provides interesting reading 
with claims of bright complexion and general healthy and strong ap- 
pearance among individuals consuming arsenous oxide on a regular 
basis (122,123). 

Aquatic toxicological studies of inorganic arsenic have been reported 
for fish, crustaceans, molluscs, echinoderms, and algae (124 1. Gener- 
ally, the data indicate low to moderate toxicity, with marine animals, 
including larval stages, not acutely affected by arsenic levels below 
200 pg/liter. The results for algae are more variable, with some species 
growing well in seawater containing arsenic a t  up to 10,000 pglliter 
(125 )-testimony to an efficient detoxification mechanism. Relatively 
low levels of arsenate (1 to 1 0 ~  ambient concentration), however, can 
inhibit some phytoplankton species in mixed natural assemblages, 
leading to marked changes in species composition (126). Ecotoxicologi- 
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cal effects of arsenic a t  different trophic levels have been little studied. 
Presumably, the assimilative capacity of marine waters receiving arse- 
nic contamination would depend largely on the presence of suitable 
algal species able to  transform the arsenic to less toxic forms. 

VI. Biotransformation of Marine Arsenic Compounds 

A. MICROBIOLOGICAL TRANSFORMATIONS 

The classic studies by Challenger (127-129) on microbial methyla- 
tion of arsenic still provide the basis of our understanding of these 
processes. Although Challenger’s work focused on mycological methyla- 
tions (he mistakenly believed that bacteria did not methylate arsenic), 
the scheme he proposed is applicable to other biological systems as 
well. It is briefly discussed here, together with the confirmatory studies 
of Cullen and co-workers. 

According to Challenger (1271, arsenate is transformed to trimethyl- 
arsine by the mold Scopulariopsis brevicaulis, by sequential reduction 
and oxidative methylation of the arsenic species (Fig. 7). The proposed 
intermediates in the pathway were MMA, DMA, and TMAO. Although 
Challenger could not detect these compounds, when they were added 
to a culture of S. brevicaulis trimethylarsine was formed. Challenger 
(129) considered that the likely source of methyl groups was S-adeno- 
sylmethionine ( AdoMet), which had previously been identified as an 

As(V) As(1II) MMA 

Trimethylarsine TMAO DMA 

FIG. 7. Challenger’s pathway for the methylation of arsenic by microorganisms. 
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active methyl donor in enzymatic systems (130,131). The proposal that  
AdoMet is the source of Me’ in mycological methylation of arsenic was 
strongly supported by the later work of Cullen and co-workers (132). 

The source of the electrons in the reduction of arsenic outlined in 
Fig. 7 is not known, but a sound model involving reduction by thiols 
has been proposed (133). A reexamination of Challenger’s proposed 
methylation pathway looked a t  the effects of adding low levels of AdIII), 
As(V), MMA, and DMA to cultures of two microorganisms including 
S. brevicaulis (134). By the use of sensitive analytical methodology 
involving arsine generation, the arsenic intermediates proposed in Fig. 
7 were identified in the growth medium. A significant result was the 
detection of TMAO, rather than trimethylarsine, as the major methyla- 
tion product. The low concentrations of arsenic employed in these exper- 
iments resulted in TMAO being present a t  less than toxic concentra- 
tions, and further detoxification by reducing TMAO to the arsine was 
considered unnecessary. Whether or not TeMA was produced in these 
experiments is not known; its presence was not reported, but it would 
not have been detected by the analytical technique used. 

Bacterial methylation of arsenate by a methanogen was first reported 
by McBride and Wolfe (135) in 1971, and reports of nonmethanogenic 
bacterial methylation followed. These transformations are now known 
to be effected by a range of bacteria, and the mechanisms are likely to  
be similar to  those proposed for fungi (32).  

Transformations of arsenic by marine microorganisms have been 
shown to  occur, but have not been the subject of detailed mechanistic 
studies. Bacteria in seawater can reduce arsenate to arsenite (74).  
This process of reduction might provide energy for microbial growth; 
a microorganism isolated from freshwater sediments was recently re- 
ported to derive energy for growth by reducing arsenate t o  arsenite 
(136). When exposed to  arsenate, bacteria can produce MMA in addition 
to AdIII), while a marine yeast was shown t o  produce AdIII), MMA, 
and DMA (137). Microorganisms also mediate demethylation and oxi- 
dation of methylated arsenic compounds in seawater (138, 1391, and 
the marine pseudomonad readily reduces TMAO to trimethylarsine 
(140). Thus, in marine systems microbial activity effects interconver- 
sions of arsenic among As(III), As(V), and the simple methylated forms. 

Hanaoka and co-workers (141 ) have reported several experiments 
describing the microbial degradation of arsenobetaine. Unspecified mi- 
croorganisms derived from sediments, algae, mollusc intestine, or sus- 
pended sediments were incubated with arsenobetaine under various 
conditions. Arsenobetaine was degraded to TMAO and DMA in all 
cases and, for sediments and suspended sediments, further degradation 
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to AdV) was observed. A similar degradation to TMAO was observed 
in seawater during arsenobetaine uptake experiments with mussels of 
the species Mytilus edulis (85). Microorganisms in the seawater were 
thought to be involved, although this was not proved. TeMA appeared 
to be unaffected by these conditions. 

Cullen and Nelson (142) reported an interesting study on microbial 
transformations in seawater by employing mussels as arsenic bioaccu- 
mulators. Thus, M .  edulis were maintained for four days in seawater 
containing [3HJMMA or 13HJDMA. The arsenic compounds in the seawa- 
ter and mussels were then examined by HPLC and measurements of 
the 3H activity in the fractions. Chromatograms were compared with 
those for arsenic standards detected by atomic absorption spectrometry. 
The "-labeled arsenobetaine was found in mussels kept in either 
[3HlMMA or [3H]DMA, with the latter being more readily transformed. 
The L3Hlarsenobetaine was also detected in the seawater, and the quan- 
tities increased in the absence of the mussels, indicating that arsenobe- 
taine was being biosynthesized by microorganisms in the seawater and 
bioaccumulated by the mussels. A similar study with M .  californianus 
and ['HIMMA produced essentially the same result, although on that 
occasion two unkown compounds were also detected (143). These studies 
would seem to provide the answer to the origin of arsenobetaine in 
marine animals. It would be relevant to know, however, if TMAO was 
produced by the microorganisms, as it might be thought a more likely 
product of this system than arsenobetaine. No mention is made of 
TMAO, yet the chromatographic properties used to identify the major 
product as arsenobetaine also appear to fit TMAO. 

Microbial transformations occuring in sediments have been studied 
under laboratory conditions designed to mimic natural marine systems. 
When the brown alga EcKlonia radiata was incubated under anaerobic 
conditions with seawater and sediment, its naturally occurring dimeth- 
ylarsinoylribosides were transformed to DMAE in virtually quantita- 
tive yield (66). Similar experiments with pure dimethylarsinoylriboside 
10 produced identical results (144). This conversion was thought to 
occur by cleavage of the C3-C4 bond of the sugar residue as shown 
in Fig. 8a. A modification of this experiment recorded the transforma- 
tion of DMAE as it moved through anaerobic sediments into oxygenated 
seawater (54) .  DMAE was partly converted to the sulfide 41 in the 
sediments, presumably chemically by H,S formed in situ by the action 
of sulfate-reducing bacteria on the porewater sulfate. In the water 
column, both DMAE and the sulfide 41 were transformed to arsenate. 
The kinetics of this transformation indicated that it was microbially 
mediated with a change in the microbial population with time; DMAE 
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FIG. 8. Microbial transformation of (a) dimethylarsinoylribosides and (b) trirnethylar- 
sonioribosides. 

and the sulfide 41 remained unchanged until day 14 of the experiment, 
after which time the compounds were rapidly transformed to arsenate. 

When subjected to anaerobic microbial conditions, the trimethyar- 
sonioriboside 33 was transformed quantitatively into arsenocholine, 
suggesting that cleavage of the C 3 4 4  bond of the sugar ring had 
occurred in an analogous manner to that observed for the dimethylarsi- 
noylribosides (Fig. 8b) (145). 

B. TRANSFORMATION BY ALGAE 

As mentioned in Section 11, arsenate is present in seawater at  a 
fairly uniform concentration (about 0.5-2 pg Adliter), and in nutrient- 
deficient waters its concentrations may exceed that of the essential 
phosphate (146). In oxygenated seawater, the species exist predomi- 
nantly as H2P0, and H2AsO;, and algae may absorb arsenate because 
it is similar to the phosphate anion (147). In terrestrial plants and other 
organisms, arsenic is taken up by the phosphate transport mechanism 
(1481, but the situation with algae is less clear, with several apparently 
conflicting reports in the literature. For example, although arsenate 
and phosphate were shown to compete for uptake by unicellular algae 
(1491, a related study with two species of brown macroalgae could 
provide no evidence for a common uptake mechanism (150). In one 
study with unicellular algae a t  low phosphate levels, arsenate uptake 
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increased with increasing phosphate concentrations, presumably as a 
consequence of increased algal metabolism (1 51 ). In a study of several 
natural algal populations in Southampton water, arsenate was readily 
assimilated by the algae even though phosphate concentrations re- 
mained high, indicating that arsenate uptake was not contingent upon 
phosphate depletion (152). Although additional detailed work is re- 
quired, it seems likely that more than one mechanism is involved in 
arsenic uptake by algae (151). 

On being assimilated by the alga, by whatever mechanism, arsenate 
can produce toxic effects including inhibition of growth and phosphorus 
metabolism, and changes in algal cell morphology (153,154). Possibly, 
algae biotransform the arsenate to which they are exposed, and have 
inadvertently absorbed, as a process of detoxification. The transforma- 
tions or detoxification processes taking place when algae are exposed 
to arsenic in seawater have been the subject of several radiolabeling 
studies using I4As arsenate (39, 96, 125, 155, 156). The studies were 
conducted with varying degrees of complexity, but produced essentially 
the same results; one of them, the study of Klumpp and Peterson (1561, 
is discussed here in more detail. 

The brown macroalga Fucus spiralis was exposed to 74As arsenate 
and the bioaccumulation and transformation of arsenic was monitored 
over time with electrophoretic and chromatographic techniques. After 
exposure for 5 min, arsenate predominated in the alga; two major water- 
soluble organoarsenic compounds (W1 and W2) were also present, along 
with a small amount of lipid arsenic. Over time the arsenate concentra- 
tions decreased, with concomitant increases in the levels of W1, W2, 
and lipid arsenic. The lipid arsenic continued to increase during the 
experiment and had stabilized a t  60% of the total label after 16 hr. 
Chemical treatment (methanolic KOH) of the lipid arsenic or W2 pro- 
duced wl. Although the chemical structures of the arsenic compounds 
were not identified (the study was essentially biological), it was clear 
that arsenic was being taken up by the alga as arsenate and trans- 
formed into water-soluble organoarsenic compounds, which were then 
further transformed into a lipid-soluble organoarsenic compound. From 
the subsequent large number of chemical studies on algae (see Section 
IV,B), it would appear that W1, W2, and the lipid arsenic are well 
accommodated by the arsenosugars 13, 15, and 16, respectively. 

The later observation of Morita and Shibata (19) is relevant here. 
They examined the distribution of the various arsenic compounds in 
Hizikia fusiforme (this alga is unusual in that it contains about 50% 
of its total arsenic as arsenate). The total arsenic concentrations were 
higher a t  the surface layers than in the center of the alga. Arsenate 



176 FRANCESCONI AND EDMONDS 

was located only at  the surface of the alga, whereas the arsenosugars 
were distributed evenly throughout. A process of transformation follow- 
ing adventitious uptake of arsenate is accommodated by these results. 

Although it is apparent that  algae transform their assimilated arse- 
nate into arsenosugars, the precise mechanisms involved remain to be 
elucidated. A pathway for the biogenesis of arsenosugars has been 
proposed, however, based on Challenger's pathway for mycological 
methylation of arsenate. Whereas in Challenger's pathway, S-adeno- 
sylmethionine provides the methyl groups to arsenic leading to trimeth- 
ylarsine, in algae, AdoMet is proposed as the donor of the methyl groups 
and the ribosyl moiety (Fig. 9). Thus, following the addition of two 
methyl groups to arsenic, AdoMet transfers its adenosyl group, forming 
the proposed intermediate 25, which on glycosidation with one or other 
of the common algal metabolites produces the range of arsenosugars 
observed in algae. 

The key intermediate in this proposed pathway is the arsenic-con- 
taining nucleoside 25. The isolation of 25 from Tridacna kidney (the 

0 

no - As - 0 
I 
0- 

t 
Reduction ~ 

then A 

0 
4 

~ e - A s - 0 ~  
I 

OH 

Reduction 

then A 

t" 
MezAs - OH Reduction 

then B 

+ 

, . . . . . . . . , 
Reduction 

HO OH HO OH 

TrirneIhylnrsonlorlboaides Dimelhylsninoylribu*dcs 

S-adcnorylmcthionine 

FIG. 9. Proposed pathway for the biogenesis of arsenosugars from arsenate (I) .  All 
proposed intermediates are marine natural products. 
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kidney accumulates products from Tridacna’s symbiotic alga growing 
in the mantle) has provided considerable support for the pathway (63) .  
The C-S bonds for the three alkyl groups in AdoMet (groups A, B, 
and C in Fig. 9) are chemically equivalent, and the transfer of the other 
alkyl groups from AdoMet to a suitable receptor had been predicted by 
Cantoni (157). The transfer of the four-carbon group (group C, the 3- 
amino-3-carboxypropyl moiety) of AdoMet to a nucleophilic nitrogen 
species has also been observed (158). Possibly, the biogenesis of the 
taurine derivative 46 also involves donation of the four-carbon alkyl 
group of AdoMet (63) .  

Although the order of methylation and adenosylation proposed in 
Fig. 9 appears reasonable, the adenosylation step may precede the 
methylation step(s). Compounds with structures consistent with that 
order of alkylation have not been identified, whereas both MMA and 
DMA occur in algae. Other compounds resulting from methylation 
only, namely TMAO and TeMA, have not been identified in algae, but 
they may be present a t  low, currently undetectable, levels. TeMA is a 
significant, often major, form of arsenic in algal-feeding bivalve mol- 
luscs (108). An expansion of the early radiolabeling studies on arsenic 
transformations by algae carried out in the light of current knowledge 
of the precise chemical structures involved would be most informative. 

The major compounds in marine algae are the dimethylarsinoylribo- 
sides (trialkylarsine oxides); the trimethylarsonioribosides (tetraalkyl 
compounds) are trace constituents (<1%). Hence, the process of alkyl- 
ation of arsenic by algae essentially stops a t  the trialkyl stage. Chemi- 
cally, the addition of the fourth alkyl group is a facile process; tertiary 
arsines generated from dimethylarsinoylribosides by reduction with a 
thiol are readily methylated by methyl iodide to give the tetraalkyl com- 
pounds (see Section 111,D). It is interesting to speculate that the arseno- 
sugars may serve a biochemical function in algae that depends on their 
being trialkylarsine oxides. These compounds are readily reduced to 
their respective arsines and can be regenerated under mild oxidizing 
conditions. Such conversions may take place within algal cells, allowing 
dimethylarsinoylribosides to participate in cellular redox reactions. 

Tetraalkylated arsenic compounds have not been observed as metabo- 
lites of arsenate detoxification in the many experimental studies con- 
ducted with organisms including fungi, bacteria, fish, and mammals 
(112,127,159). Although, for some of the studies a t  least, the methods of 
detection may not have been suitable for determining such metabolites, 
their apparent universal absence in experimental systems suggests 
a fundamental difficulty in adding the final alkyl group by purely 
biological processes. 
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c. TRANSFORMATIONS WITHIN MARINE ANIMALS 

In metabolic studies with animals it is often difficult to distinguish 
between processes carried out by the animal and those performed by 
resident microorganisms, such as the gut microflora. In the following, 
the transformations refer to those taking place within the marine ani- 
mal, whether microbially mediated or otherwise. Metabolic studies 
with marine animals are faced with further complications because 
water can be an  important uptake route. A chemical, in this instance 
arsenic in its various forms, may undergo microbial conversions in the 
water, and the resultant metabolites may be accumulated by the ma- 
rine animal. Thus, careful experimentation may be required to deter- 
mine what is occurring inside rather than outside the animal. 

1. Uptake from Water 

Most of the studies on the uptake and transformation of arsenic in 
water have dealt with arsenate: it is the predominant arsenic compo- 
nent in seawater, and radiolabeling experiments are most easily carried 
out with this chemical species. Generally, the results have shown that 
uptake of arsenate from water is a slow process and is unlikely to be 
significant in natural environments (160-1 63 1. 

The study of Klumpp and Peterson (1561, however, remains of 
interest. When two species of gastropod were exposed to 74As-labeled 
arsenate, they accumulated a single cationic organoarsenic product. 
The arsenic compound was not identified, but comparison with avail- 
able standards established that it was not arsenobetaine or arsenocho- 
line. Although TeMA was not used as a standard in that study, the 
reported properties of the unknown are a t  least consistent with that 
assignment. The mussel Mytilus edulis, however, did not accumulate 
arsenic when maintained in seawater containing elevated levels of 
arsenate or arsenite (85). Unlike the studies employing 7 4 A ~ ,  however, 
transformations of trace amounts of arsenate would not have been 
detected in this study. 

Uptake experiments have also been conducted with other forms of 
arsenic. M .  edulis exposed separately to a number of organoarsenic 
compounds in seawater were found to be selective in their arsenic 
uptake (85). They did not accumulate arsenic when it was present as 
MMA, DMA, TMAO, or DMAE. When exposed to the three quaternary 
arsonium compounds (arsenobetaine, arsenocholine, and TeMA), how- 
ever, the mussels accumulated substantial quantities of arsenic, with 
arsenobetaine being the most efficiently accumulated (Table VII). The 
chemical form of the accumulated arsenic was also examined. Mussels 
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TABLE VII 

UPTAKE OF ARSENIC COMPOUNDS BY MUSSELS 

As compound Bioaccumulation efficiency" 

C-2 betaine (7) 100 

C-3  betaine (42) 65 
Arsenocholine (8) 30 
TeMA (6) 8 
C - 4  betaine (43) 6 
Arsenate (1) 12 
Arsenite (2) <2 
MMA (3) <2 
DMA (4) <2 
TMAO (5) 1 2  
DMAE (39) <2 

(arsenobetaine) 

" As a percentage relative to C-2 betaine (arseno- 
betaine). 

exposed to arsenobetaine or TeMA accumulated the arsenic unchanged, 
whereas those exposed to arsenocholine accumulated most of the arse- 
nic as arsenobetaine with about 5% present as GPAC. It could not be 
established that the conversion of arsenocholine to arsenobetaine was 
actually taking place within the animal, because arsenobetaine was 
also being formed in the water, presumably by microbial oxidation of 
arsenocholine. The presence of GPAC in the mussels, however, suggests 
that a t  least some arsenocholine was taken up and metabolized by the 
mussels. GPAC was not detected in the water. 

It is of interest that arsenobetaine is accumulated so much more 
readily than other similar arsenic species. The cationic nature of the 
compounds may be significant; those compounds not bioaccumulated 
by the mussel are all anionic or neutral a t  seawater pH, whereas those 
accumulated all contain a positive charge. The zwitterionic nature of 
arsenobetaine may also be a factor, and recent experiments with C-3 
and C-4 arsenic containing betaines (compounds 42 and 43) support 
this view. Preliminary results (164 1 show that mussels bioaccumulate 
these compounds readily; the relative bioaccumulation efficiency was 
C-2 betaine (arsenobetaine) 100, C-3 betaine 65, and C-4 betaine 6 
(Table VII). These results also suggest that the distance between the 
charges in the molecules may be an additional factor. Expansion of 
studies on arsenic uptake from water may elucidate the actual processes 
of absorption of arsenobetaine, which may involve a specific ion channel. 
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2 .  Uptake from Food 

When arsenate is administered orally to fish, a small percentage of i t  is 
transformed into organoarsenic compounds. Penrose (1 65) showed that 
radiolabeled arsenate was converted to two unidentified organoarsenic 
products following oral administration to brown trout. In a similar exper- 
iment with rainbow trout, MMA and two unidentified arsenic compounds 
were formed (166). Experiments with catfish and whiting showed that 
ingested arsenate was methylated to TMAO and small quantities (<1% 
of administered dose) were accumulated in that form in the muscle tissue 
of the fish (112). The conversions were probably mediated by the mi- 
croflora in the gut of these fish (112,166). Arsenobetaine, the common 
native arsenical in fish, could not be detected in these experiments, indi- 
cating that it was not formed de novo from ingested arsenate. 

Uptake of ingested organoarsenicals has also been investigated (67). 
Separate groups of yelloweye mullet were administered one of five 
organoarsenic compounds (7, 8, 39, 40, 41). Analysis of the arsenic 
concentrations in the fish and comparison with a control group showed 
that the three dimethylated compounds DMAE (391, 40, and 41 were 
not accumulated by the fish (an accumulation of >0.1% would have 
been detected), whereas both arsenobetaine and arsenocholine were 
readily accumulated. Importantly, arsenocholine was rapidly trans- 
formed to arsenobetaine within the fish; minor metabolites were GPAC 
and phosphatidylarsenocholine 45. 

Transformations of organoarsenic compounds in short food chains 
have been studied using radiolabeling experiments. The assumptions 
made when interpreting the results of such biological studies, per- 
formed before the chemical structures of the arsenic compounds in 
algae were elucidated, have been previously discussed (97). In the study 
of Cooney and Benson (1671, the unicellular alga Dunaliella tertio2ecta 
was cultured in seawater containing 74As-arsenate, and subsequently 
processed and fed to juvenile lobsters (Homarus americanus). The ra- 
diolabeled organoarsenic compounds, predominantly arsenosugars, 
contained in the alga were not substantially changed within the lob- 
sters (some conversion from lipid-soluble to water-soluble forms was 
observed). Importantly, 74As-arsenobetaine was not detected in the lob- 
sters, even though all the naturally occurring arsenic in H.  americanus 
is present as arsenobetaine (168). Thus, a direct link between arsenosu- 
gars occurring in algae and arsenobetaine occurring in animals could 
not be established. 

A related study (156) beginning with 74As-arsenate in seawater and 
employing similar techniques examined the short food chain 

macroalga - herbivorous gastropod - carnivorous gastropod 
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In these experiments, 74As-arsenobetaine was similarly not detected, 
again showing that conversion of arsenosugars to arsenobetaine was 
not taking place within the animals. Unlike the study with Homarus, 
however, a single unknown transformation product was observed in 
the gastropods. 

Preliminary experiments in which HPLC/ICP-MS techniques have 
been used to monitor arsenic transformations within planktonic crusta- 
ceans feeding on a cultured unicellular alga containing arsenosugars 
a t  high concentrations have also been unable to demonstrate the pro- 
duction of arsenobetaine (98). Clearly there is much scope for work in 
this area. 

3. Uptake from Sediments 

Possible uptake of arsenic from sediments has been little studied. 
TMAO in estuary catfish is presumed to result from methylation within 
the fish of arsenate contained in surface sediments ingested as a conse- 
quence of the fish’s foraging behavior (1 12 1. Benthic-feeding organisms 
generally contain high levels of arsenic, which might suggest that 
uptake from sediments is significant. A benthic organism, the poly- 
chaete Tharyx marioni, contained >2000 mg Aslkg dry weight-the 
highest natural level of arsenic reported for a marine organism (169).  
Radiolabeling experiments suggested that the sediments were the 
source of arsenic for T .  marioni. The chemical form of this arsenic 
remains unknown. The possibility exists that arsenobetaine or its pre- 
cursors might be formed by microbial transformations occurring in 
sediments and accumulated by the benthic feeders. 

VII. Origin of Arsenobetaine 

It is now almost 20 years since arsenobetaine was first isolated and 
identified in a marine animal, and its presence has been recorded in 
the whole spectrum of marine animals including planktonic crusta- 
ceans, large ocean-roaming carnivorous sharks, and hydrothermal vent 
organisms occupying a tiny ecological niche thousands of meters below 
the sea surface. There has been, however, no substantiated pathway 
proposed for the formation and accumulation of arsenobetaine by ma- 
rine animals. The role, if any, of this compound is also to be demon- 
strated, although its nitrogen analogue glycine betaine is widespread 
in marine organisms, where i t  is believed to protect cytoplasmic constit- 
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uents .from water stress associated with a high-salt environment (89). 
Possibly, arsenobetaine behaves similarly and serves merely as an 
adventitiously acquired osmolyte. 

Before considering possible biogenetic pathways for arsenobetaine, 
it may be worth offering some explanation for the apparent absence of 
arsenobetaine in marine algae, sediments, and seawater. A similar 
paradox initially faced those workers examining the origin of methyl- 
mercury in fish. In marine systems, mercury exists essentially in two 
chemical forms, namely inorganic mercury (Hg2 + 1 and methylmercury 
(MeHg'). Methylmercury exists a t  trace levels only in sediments (usu- 
ally <1% of total) and seawater (<l% of total), and yet constitutes 
>90% of the total mercury in fish (170, 171). Other organisms can 
have intermediate percentages of methylmercury (1  72 ). Laboratory 
experimentation (e.g., 173) with marine animals showed that methyl- 
mercury was more readily accumulated than inorganic mercury from 
water and food, and thus selective bioaccumulation offered an  explana- 
tion for the observed mercury distribution in natural systems. A similar 
process may also apply for arsenic. For marine animals, however, the 
selectivity favoring accumulation of arsenobetaine over inorganic arse- 
nic is much greater than that observed for methylmercury/inorganic 
mercury. Consequently, arsenobetaine may need to be present in sea- 
water and sediments a t  only trace levels in order to account for its 
ubiquity and predominance in marine animals. 

The structural similarity between arsenobetaine and glycine betaine 
suggested that arsenic may substitute for nitrogen in pathways of 
phospholipid biosynthesis and was the basis for a proposed biogenetic 
pathway for arsenobetaine (1 74 ). The proposed pathway begins with 
arsenic present as either arsenoethanolamine or arsenocholine. How- 
ever, the origin of these two compounds is not discussed, and there has 
been no experimental evidence to support the hypothesis. 

A possible pathway for the biogenesis of arsenobetaine became appar- 
ent following work showing that dimethylarsinoylribosides were the 
major arsenic compounds in algae. Although experimentation had 
shown that the arsenic compounds in algae (arsenosugars) were not 
transformed into arsenobetaine within marine animals (Section VI,C ), 
later studies demonstrated that dimethylarsinoylribosides were readily 
degraded to DMAE (39) (Section VI,A) and offered an explanation 
for the origin of the two-carbon side chain in arsenobetaine. Further 
necessary steps involve methylation of arsenic and oxidation of the 
alcohol function, both of which were envisaged to occur readily in 
marine systems (Fig. 10). However, laboratory and related studies have 
been unable to substantiate the proposed role of DMAE in the formation 
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FIG. 10. Possible pathways for the biogenesis of arsenobetaine (7) from arsenosugars. 

of arsenobetaine. In particular, DMAE is yet to be identified as a natu- 
rally occurring compound, and attempts to further methylate it in 
laboratory experiments designed to simulate marine systems have 
proved unsuccessful (54, 67). Mention should be made, however, of a 
recent report of the presence of trace amounts of dimethylarsinoylacetic 
acid (40), together with arsenosugars, in a mussel sample (61 ). If sub- 
stantiated, this result would offer support for the involvement of 
DMAE, and hence dimethylarsinoylribosides, in the formation of arse- 
nobetaine. 

The identification of small quantities of the trimethylarsonioriboside 
33 in algae (64 ) suggested a possible simpler route to arsenobetaine 
(Fig. 10). The pathway requires only cleavage of the C 3 4 4  bond in 
the riboside and oxidation of the resultant alcohol, arsenocholine. Both 
these processes have been demonstrated to occur, in virtually quantita- 
tive yield, in laboratory experiments under biological conditions ex- 
pected to exist in natural marine systems (67,145). The pathway from 
trimethylarsonioribosides does not depend on an additional, presently 
unknown, methylation process; all the carbons required for arsenobe- 
taine have come from the trimethylarsonioriboside produced by the 
algae. So facile is the transformation of trimethylarsonioriboside 33 to 
arsenobetaine in the laboratory that it seems likely that trimethylated 
arsenosugars in algae are a t  least contributing to the levels of arsenobe- 
taine found in marine animals. Estimates of how significant this contri- 
bution might be would need to consider that trimethylated arsenosu- 
gars are present as only trace constituents of algae (probably <1% of 
the total arsenic), but should also take into account the huge biomass 
of marine algae relative to that of marine animals. 
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It should be mentioned that although transformation of the arsenosu- 
gars has, so far, only been reported to occur in sediments under labora- 
tory conditions, such processes might also take place in seawater. 
Transformations of mercury first observed in sediments were subse- 
quently shown to  occur in seawater as well (171 ), and the estimated 
production of methylmercury from these two compartments is compara- 
ble (175). 

The work of Cullen and co-workers (142, 143) supports the earlier 
studies (156, 167) indicating that arsenosugars are not directly in- 
volved in the biogenesis of arsenobetaine. They showed that both MMA 
and DMA can serve as precursors to arsenobetaine, with the transfor- 
mations carried out in the water column by microorganisms. The source 
of the carboxymethyl group in arsenobetaine was not specified, but the 
inference was that it did not originate from arsenosugars because algae 
were absent from the system. The arsenosugars might, however, still 
be the source of methylated arsenic, if not in the reported experiments, 
then a t  least in natural seawater where MMA and DMA are associated 
with algal productivity and may represent breakdown products of arse- 
nosugars. 

An assumption made in much of the foregoing is that arsenosugars 
are synthesized exclusively by algae. Recent work has shown that 
mussels from a deep-sea hydrothermal vent, an environment where 
primary productivity by algae plays no significant part, contain both 
arsenosugars and arsenobetaine (1 03 ). The observation suggests that 
arsenosugars may be synthesized by other organisms in addition 
to algae-for example, by chemolithoautotrophic bacteria in the 
hydrothermal vent environment. This is perhaps not unexpected 
when one considers the similarities in the pathways (and the methyl- 
ating agent) proposed for arsenic methylation by fungi, bacteria, and 
algae. The presence of both arsenobetaine and arsenosugars in the 
one organism, particularly one from such an isolated and self- 
contained environment, might be taken as support for the view that 
arsenosugars are serving as precursors to arsenobetaine. Alterna- 
tively, arsenobetaine in these hydrothermal vent mussels and in 
marine animals from other environments may arise from a pathway 
independent of the presence of arsenosugars. In this regard, a report 
of the occurrence of arsenobetaine in mushrooms is highly significant 
( 1  76). This is the first report of arsenobetaine occurring in a terres- 
trial organism, and there is no suggestion of the involvement of 
arsenosugars in this instance. Further work on terrestrial organisms 
may well provide answers to problems previously thought to be 
confined to the marine environment. 
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Clearly, much work is still required to elucidate the processes result- 
ing in the accumulation of arsenobetaine in marine animals. The stud- 
ies so far have focused on biological transformations, and abiotic pro- 
cesses have been little investigated. As mentioned previously, 
biological systems readily methylate arsenic to the trialkyl stage, but 
further alkylation affording tetraalkylarsonium species is rare. Possi- 
bly, the final alkylation step leading to arsenobetaine occurs abiotically 
in the water column or in sediments. Future studies should explore 
this possibility, but would first need to address analytical difficulties 
associated with determining low, but possibly significant, yields of 
arsenobetaine produced in a complex sample matrix. 
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I. Scope of Review 

Every time a fish dies, its bones fall to the bottom of the sea. This 
can leave the shallower waters, where light intensity is enough for 
growth of phytoplankton, short of the phosphate they require, and this 
applies particularly in equatorial waters where the temperature and 
density differences between deep and shallow levels minimize mixing 
(Atkins, 1-5).  This puts a high selective pressure on organisms to be 

191 

Copyright 0 1997 by Academic Press, Inc 
All rights of reproduction in any form reserved 



192 HENRY B. F. DIXON 

able to concentrate phosphate from very low environmental concentra- 
tions. The chemical similarity of phosphate and arsenate means that 
they cannot avoid concentrating arsenate, too. As described in Sections 
II,A and B, arsenate is harmful to  organisms, and hence there is selec- 
tive pressure toward rendering it nontoxic. This gives rise to the amaz- 
ing pathways of arsenic metabolism in marine organisms, which have 
long been studied and are the subject of the review by Francesconi and 
Edmonds (6) in this volume. The present review deals with a more 
artificial situation, where experimenters have deliberately added ar- 
senic compounds to living organisms or systems derived from them. 
It is largely restricted to arsonic acids, R-As03H2, which contain 
As(V), and particularly those that possess the arsonomethyl group, 
-CH2-As03H2, because of their similarity to phosphates contain- 
ing the phosphono-oxy group, -0-P03H2. Ni Dhubhghaill and 
Sadler (7) have discussed arsenic chemistry more widely in relation 
to biological activity. 

As shown later (Section IV), a compound R-CHz-As03H2 is often 
a substrate for an enzyme that normally acts on the corresponding 
R-0-P03H2. The consequences of this enzymic action may be un- 
usual. If the action of the enzyme is to alkylate, acylate, or phosphory- 
late the phospho group of R-0-PO3H2, then a new futile cycle can 
be established (Section IV,B,2,a), because the product may be sponta- 
neously hydrolyzed to release the original R-CH2-As03H2. Applica- 
tions are obvious if this property can give selective toxicity to  the 
compounds concerned. Even an enzyme-catalyzed reaction of the R 
group of R-CH2-As03Hz can have different consequences from such 
a reaction of R-0-PO3H2, as described in Section IV,B,2,c, where 
the highly toxic arsenite ion is released. Of course, an arsonomethyl 
compound may bind to an enzyme that naturally binds a phosphate or 
even a carboxylate, and, if not a substrate, or only a poor one, it will 
inhibit the enzyme. Before discussion of these properties of arsonic acids 
as substrate analogues, some background is given on the biochemical 
actions of arsenate (Section 11) and arsenite (Section 111). 

II. The Biochemistry of Arsenate 

A. COMPARISON OF ARSENATE WITH PHOSPHATE 

Arsenic and phosphorus are adjacent members of the same group of 
the periodic table, Group 15 in the IUPAC numbering that avoids the 
earlier confusion of contradictory systems that gave it both designations 
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VA and VB (8). It is therefore not surprising that arsenate and phos- 
phate are very similar, and that enzymes consequently hardly distin- 
guish between them. The first obvious difference is that the arsenic 
atom is larger; As-0 bonds are typically about 10% longer than P-0 
bonds. In the dianion of arsonomethylphosphonic acid, H203As- 
CH,-P0 ,H2 ,  for example, the As-0 bond lengths range from 0.168 
to 0.171 nm, and the P-0 lengths from 0.153 to 0.154 nm by X-ray 
crystallography (9). It is probably this that is responsible for the main 
difference in behavior between phosphates and arsenates. Whereas 
monoesters and diesters of phosphoric acid are very stable (without 
this, DNA could not be the genetic material, since its phosphate groups 
link adjoining nucleosides as diesters), the monoesters, i.e., R-O- 
A s 0 3 H 2 ,  of arsenic acid, H3As0, , are labile in water. This is presumably 
because water can more readily enter the coordination shell of a four- 
coordinate arsenic atom, and one of the original four ligands can leave. 
Typically, monoesters of arsenate have half-lives in water at neutral pH 
of about 30 min (10-12); if the arsenate is acylated or phosphorylated 
instead of being alkylated, i.e., if the arsenic atom bears a better leaving 
group, the half-life falls to seconds or less (13-15). This explains the 
long-known biochemical actions of arsenate: enzymes accept it in place 
of phosphate to incorporate into other compounds such as ATP, but the 
analogues formed hydrolyze immediately. Thus, arsenate uncouples 
oxidative metabolism from ATP biosynthesis. 

B. ARSENATE AS A SUBSTRATE OF ENZYMES THAT U S E  PHOSPHATE 

The idea that enzymes whose normal substrate is orthophosphate 
can use arsenate in its place, and that the esters of arsenate formed 
are rapidly hydrolyzed, was given by Braunstein (16) in 1931, to explain 
the effects of arsenate on glycolysis. This idea was formulated more 
precisely for glyceraldehyde-phosphate dehydrogenase in 1939. This 
enzyme, E-SH, normally oxidizes its aldehyde substrate with phos- 
phate uptake to give an  acyl phosphate, as follows: 

E-SH + R-CH=O - E-S-CHOH-R hemithioacetal formation 

oxidation 

acylation 

E-S-CHOH-R- E-S-CO-R + 2H (to NAD') 

E-S-CO-R + -O-PO,H, - E-SH + R-CO-O-PO,H- 

but forms the carboxylic acid if arsenate is present. Warburg and Chris- 
tian (17) realized that this was because arsenate replaces phosphate 
so that an acyl arsenate is produced, which rapidly decomposes to 
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regenerate arsenate and form the carboxylic acid. The acyl arsenate 
formed has a detectable half-life in water ( I N ,  although probably less 
than 2.5 s (19). Arsenate is often used in the assay of this enzyme, 
since the overall reaction in its presence has a favorable equilibrium 
for aldehyde oxidation, not achieved when an acyl phosphate is the 
product. It is interesting that whereas thiols with small molecules 
rapidly react with arsenate (20-22) to reduce it according to the 
equation 

H~AsO, + 5 R-SH - Ad-S-R)3 + R-S-S-R + 4 H20 

the enzyme does not react with arsenate in this way, although it  is 
very sensitive to most reagents for mercapto groups. This is presumably 
because this reaction of -SH groups requires that more than one of 
them should reach the same arsenate ion. 

Arsenate similarly replaces phosphate in ATP synthesis, and the 
ATP analogue formed, a phosphorylated arsenate, has a similarly short 
lifetime, possibly up to a few seconds (13-15). R-COO- might be 
expected to be a better leaving group than R-P0,2 , since it is a 
weaker base. The arsenic compound analogue is capable of being 
trapped by hexokinase, since the glucose 6-arsenate formed is much 
more stable (12). 

Arsenate similarly replaces phosphate in various phosphorolysis re- 
actions, so that  sucrose phosphorylase catalyzes the hydrolysis of su- 
crose in its presence (231, potato phosphorylase can hydrolyze amylose 
and amylopectin (241, nucleoside phosphorylase can hydrolyze inosine 
(251, and an acetyltransferase can hydrolyze acetyl phosphate (26). 
Fitting and Doudoroff (27) made use of this to confirm the difference 
between the mechanisms of sucrose phosphorylase and maltose phos- 
phorylase. The former transfers the glucosyl group via a group on the 
enzyme, so that both sucrose and glucose l-phosphate are hydrolyzed 
by it in the presence of arsenate, whereas maltose phosphorylase, which 
transfers the glucosyl group directly from glucose onto phosphate, will 
hydrolyze maltose in the presence of arsenate, but does not hydrolyze 
glucose l-phosphate (unless glucose is also present to receive the gluco- 
syl group.) 

C. SPONTANEOUS FORMATION OF ESTERS OF ARSENATE 

The lability of esters of arsenate is of course mirrored in their ease 
of formation. Hence, merely mixing a n  alcohol with arsenate leads to 
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their condensation. Appreciable concentrations of esters can be made 
in this way, although the equilibrium is unfavorable in water, since 
the dissociation constant is about 500 M, as Lagunas et al. (11 1 showed 
for adenosine 5’-arsenate. 

More interesting is the fact that enzymes that act on phosphorylated 
substrates, R-0-PO3H2, often bind both R-OH and either phos- 
phate or arsenate. When R-OH and arsenate are bound in proximity, 
the ester R-O-As0,H2 forms and acts as a substrate for the 
enzyme, as shown for many enzymes by Lagunas and co-workers 
(10, 28, 29). Hence, enzymes that act on R-O-PO,H, also act on 
R-OH if arsenate is present. So these studies, like that of Long 
and Ray (12) with its elegant method of measuring glucose 6-arse- 
nate concentrations, include determining the substrate properties of 
R-0-AsO,H, as an analogue of R-0-PO,H,; it usually proves 
to be a good substrate. This phenomenon can be used in chemical 
synthesis when it is desired to convert R-OH into R’-OH and an 
enzyme is available that converts R-0-PO,H, into R‘-0-PO,H, ; 
the enzyme will perform the desired step in the presence of arsenate, 
since this temporarily esterifies the hydroxy group (30). The rates 
of reactions that involve formation of this analogue from R-OH 
and arsenate at the active site of the enzyme are low, presumably 
because this esterification is slow. The same effect can therefore be 
seen better when R-O-P0,H2 is a coenzyme rather than a sub- 
strate, because then one esterification can lead to many turnovers 
of the enzyme. Indeed, a stable and active aspartate aminotransferase, 
presumably containing pyridoxal arsenate, forms from the apoen- 
zyme, i.e., the protein freed from pyridoxal phosphate, when free 
pyridoxal and arsenate are added (Ali and Dixon, 31).  

111. The Biochemistry of Arsenite 

A. INTERACTION WITH THIOLS 

Arsenic(II1) oxide is the main arsenic-based poison. The As,06 mole- 
cule easily interconverts with arsenious acid, As(OH), , and its salts, 
the arsenites. Other compounds of the general structure R-AsX, , 
where X is a displaceable ligand, are also highly toxic. Many, often 
with aromatic R groups, are used chemotherapeutically, and there is 
a large literature on this (e.g., 7); some have been used in chemical 
warfare. Their toxicity is due to their high affinity with the dihydro- 
lipoyl groups of pyruvate dehydrogenase, 2-oxoglutarate dehydroge- 
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nase, and 3-methyl-2-oxobutyrate dehydrogenase. Some of the early 
evidence for this was the effectiveness of dithiols, especially 2,3-dimer- 
captopropanol, in reversing the toxic effects of these 3-valent arsenic 
compounds (32). Both 1,2- and 1,3-dithiols have high affinity for the 
arsenic atom in such compounds, forming five- and six-membered 
rings. 

The relative affinities of various hydroxylic dithiols for arsenite were 
measured by Zahler and Cleland (331, but proved hard to understand 
(since seven-membered rings seemed to  give the most stable complexes) 
until Cruse and James (34) showed that an oxygen atom of such a 
compound acted as a third ligand for arsenic, so that bicyclic complexes 
were formed. 

Some compounds of this type may have a high affinity for proteins 
that is not due to their binding to two thiol groups (35). In particular, 
arsenite also reacts with the molybdenum-pterin cofactor of many en- 
zymes (35~-d). This usually inhibits the enzyme, but in particular 
cases (35e) the arsenite may be oxidized; indeed the enzyme arsenite 
oxidase contains such a center (35f). 

B. THE PLACE OF ARSENITE IN THE DETOXIFICATION OF ARSENATE 

As stated in Section I, arsenate and phosphate are very similar. 
Hence, organisms have difficulty in assimilating phosphate without 
taking up arsenate, and this will uncouple their metabolism (Section 
11). They make use of an important difference between arsenate and 
phosphate to avoid this, i.e., the vastly greater ease of reduction of 
arsenate to arsenite than of phosphate to  phosphite. By itself such a 
reduction would be no help, since arsenite is intensely toxic, but further 
processes can follow, such as alkylation to produce organoarsenic com- 
pounds (61, or extrusion of arsenite from the organism (e.g., 36, 37), 
driven by hydrolysis of ATP (38). Extruded arsenite may then be ren- 
dered less toxic by oxidation to arsenate by the arsenite oxidase men- 
tioned in section III,A. 

An analogous mechanism is seen in the utilization of arsonoacetate 
by a bacterium as its sole source of energy and carbon (39). Arsenate 
is the product, and since the bacteria can oxidize arsenite, the original 
degradation of the arsonoacetate may be reductive and form arsenite, 
which is then oxidized to the less toxic arsenate. 

Hence, for some organisms it is advantageous to oxidize arsenite 
to arsenate, whereas the reverse process may be beneficial to  others, 
particularly if the arsenite is further metabolized. 
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IV. Arsonates as Analogues of Natural Phosphates or Phosphonates 

A. PHOSPHONATES AS ANALOGUES OF NATURAL PHOSPHATES 

There is a large literature on the use of phosphonates in place of 
natural phosphates as enzyme substrates. If the natural substrate is 
R-0-P03H,, then R-CH,-P03H, is frequently a good substrate; 
occasionally, R-P03H, is, too. The subject has been well reviewed by 
Engel (40); other phosphonates that are good substrates for enzymes 
include the phosphonomethyl analogue of fructose 6-phosphate (41 1 
and amino acyl AMP (42). The pK values of R-0-PO3H, are close 
to the lower two of phosphoric acid, about 2 and 7 (or a little below), 
and R-CH,-PO,H, has slightly raised values, so that the higher is 
about 7.5. 

Enzymes frequently bind their phospho substrates in the doubly 
ionized form. Evidence of this can be obtained by comparison between 
R-0-PO,H, and R-CH,-PO,H, as substrates. Since the latter has 
a higher pK, it becomes a better substrate relative to the former as 
the pH is raised, at  least up to a value where the R-CH,-P032- form 
predominates (43 ) .  Although the substrate is in the dianionic form, its 
binding to a positively charged site in the enzyme molecule may make 
it resemble the -P03H2 form in its effects on the rest of the substrate; 
thus, in inositol biosynthesis, the grouping -CO-CH,-O-P032- of 
the enzyme-bound, 5-dehydrogenated glucose 6-phosphate contains an 
active methylene, capable of loss of H', and hence able to  react with 
the aldehydic atom C-1 to form a cyclohexane ring (44, 45) .  

Blackburn and colleagues (46,47) have emphasized the advantage 
of using R-CHF-P03H, or R-CF,-PO,H, rather than R-CH,- 
P03H, as a substrate for an enzyme that normally acts on R-O- 
PO,H,. They are often better substrates. Part of this effect can be due 
to their lower pK, so that there will be more of the form -PO3'- com- 
pared with -PO,H-. But this can only be a small effect: the upper pK 
of R-CH,-PO,H, is about 7.5, so the concentration of the -PO:- 
will form about one quarter of the total at  pH 7, and therefore cannot 
be raised by more than about fourfold when the group becomes a 
stronger acid. The hydrogen-bonding ability and other electronic prop- 
erties therefore seem responsible for the better substrate properties of 
the fluorinated compounds. 

If the action of the enzyme is to transfer the phospho group, e.g., 
to water in a hydrolysis, or intramolecularly, e.g., in converting 3- 
phosphoglycerate into 2-phosphoglycerate (48), it  cannot transform the 
phosphonomethyl analogue. This is because R-CH,- is a n  incompara- 
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bly worse leaving group than R-0-. The enzyme may still bind the 
analogue strongly, and hence be inhibited by i t  (48). When, however, 
its action is entirely within the R group, the phosphonomethyl analogue 
is usually a good substrate, showing a limiting velocity of 1/20 or more 
that of the natural substrate, and a Michaelis constant only slightly 
raised. There are certainly exceptions; the action of triose-phosphate 
isomerase on the phosphonomethyl analogue of glyceraldehyde 3-phos- 
phate is low (49) and is not even detectable in the reverse reaction 
(50).  Further, fructose-bisphosphatase did not hydrolyze the l-phos- 
phate from the 6-phosphonomethyl analogue of fructose 1,6-bisphos- 
phate (although there was some binding), so this was done chemically 
(41 ), and later with alkaline phosphatase (unpublished). 

One of the uses of phosphonate analogues may be appreciated from 
Fig. 1. If a phosphate is naturally converted into a diester, as in linking 
the residues of a nucleic acid, this may diagrammatically be represented 
by Equation 1 in the figure. In fact, of course, the biosynthetic reaction 
is not a direct alkylation and goes through several steps, with diphos- 
phate as the leaving group X-, but the principles are shown in the 
equation. If the phosphonate is a substrate for this conversion, Equation 
2 results. We note that the ester produced, an  analogue of a diester, 
will be incapable of hydrolysis by any enzyme that hydrolyzes the 
actual diester of Equation 1 into R-OH and R'-0-PO,H,. Such 

R-OH ii + H' H20 

FIG. 1. A conceivable pathway for converting a monoester of phosphoric acid into a 
diester. It is shown with (1) the original ester, (2) its phosphonomethyl analogue, and 
(3) its arsonomethyl analogue. 
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unhydrolyzable analogues may be useful in X-ray crystallographic 
study of the binding of the substrate, as shown by Richards et al. (51 ), 
who used such an analogue of a dinucleotide in studying ribonuclease 
A. Webster et al. (41 1 showed that enzymes could be used to convert 
synthetic H,O,P-CH,-CH,-CHOH-COOH, the analogue of 3- 
phosphoglycerate, into the corresponding phosphonomethyl analogue 
of fructose 6-phosphate (Fig. 21, which they isolated. They obtained 
evidence for the enzymic conversion of this into the analogue of glucose 
6-phosphate [these two analogues were later separated (5211, and on 
into the analogues of 6-phosphogluconate (see 53) and ribulose 5-phos- 
phate. It is therefore possible that enzymes would produce such ana- 
logues of nucleotides, which could be used to insert unhydrolyzable 
bonds into nucleic acids, at least bonds not hydrolyzed by those 
nucleases that form 3'-phosphates. 

H 2 0 3 P - W  -CH2 -CHOH -COOH 
Phosphwnolpyruvole 

3-Phosphoglycerale kixAIp x Pyruvate kinose 

Pyruvale 

H203P-cHz-CH2-CHOH -CO-O-POsH2 

HO-CH2-CHOH-CH2-O-PO3H2 

Glyceraldehyde-3-phosphale GlycemI.3-phosphate 

dehydrogenaoe dehydragsnaae 

HO-CH2-CO-CH2-O-PO3H2 H203P-CHz-CH2 - CHOH -CH=O 

+ p, 

FIG. 2. Enzymic synthesis of an analogue of fructose 6-phosphate. The specificity of 
synthesis of the chiral centers, including selection of the correct enantiomer of the starting 
compound, was achieved with thr enzymes shown. The product could be hydrolyzed to 
give the phosphonomethyl analogue of fructose &phosphate (41 ). 
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B. COMPARISON OF ARSONATES WITH PHOSPHONATES 
1 .  Acid Strength 

Although arsenic and phosphoric acids, (HO),X=O, have almost 
identical pK values of about 2, 7, and 12, the effect of replacing their 
hydroxy groups by other substituents is very different. R-0-P03H2, 
as noted earlier, typically still has values of about 2 and 7 (or a little 
below), and R-CH2-P03H2 slightly higher. When this substitution 
of an alkyl group for a hydroxy group is made in arsenic acid, to  give 
an arsonic acid R-CH2-As03H,, the pK values are raised much more, 
to about 4 and 9; indeed, repetition of this substitution raises the value 
by a further two units, so that cacodylic acid, Me,As(O)-OH, has a 
pK of 6. 
2. Interactions of Arsonates with Enzymes 

a. Enzymes That Can Catalyze Reactions of the Arsono Group: New 
Futile Cycles. Figure 1, Equation 3, shows what is possible if an en- 
zyme that normally makes a diester acts on an arsonate rather than 
the natural phosphate. A new futile cycle can be made, since the ease 
of access of water to $he arsenic atom allows hydrolysis of the ester of 
an arsonic acid that can be formed. 

To check that this approach was feasible, my colleagues and I first 
made the arsonomethyl analogue of ADP (54).  It proved disappointing, 
in that it was either not a substrate, or a very poor substrate, for the 
ADP-using enzymes that were checked. This is not very surprising, 
since the phosphonomethyl analogue of ADP is also a poor substrate 
for many such enzymes (55, Table 111). Conceivably the replacement 
of H20,P-0- by H203P-CH,- or H203As-CH,- matters more in 
a diphosphate, H203P-O-P(0)(OH)-R, than in an alkyl phosphate, 
since the enzymic site for binding the compound is likely to bind several 
of the oxygen atoms of the diphosphate group; there may be no room 
for slight readjustment of the molecule between the different parts that 
are bound since these are so close to each other. Of course, the bridging 
oxygen atom may itself be bound. 

It seemed desirable to check whether arsonomethyl analogues of 
natural phosphates would act as substrates for the enzymes that acted 
on the corresponding phosphates even when these enzymes did not act 
on the phospho group. Adams et al. (56) therefore checked whether 
H203As-CH2-CH2-CHOH-COOH would be acted on as the 
analogue of 3-phosphoglycerate, H,O,P-0-CH2-CHOH-COOH. 
It proved to be a substrate for phosphoglycerate kinase, although not 
a good one. Its Michaelis constant was only slightly higher than that 
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for the natural substrate, but its catalytic constant was 1300 times less. 
The corresponding phosphonomethyl analogue, H203P-CH2-CH2- 
CHOH-COOH, however, has a catalytic constant diminished less than 
twofold from that of the natural substrate (43). It remains to be seen 
if the arsonomethyl analogue is a good enough substrate to allow its 
enzymic conversion into the arsonomethyl analogue of fructose 6-phos- 
phate, by the pathway used for the phosphonomethyl analogue (Fig. 2). 

Adams et al. then (57) synthesized the arsonomethyl analogue of 
AMP. The method used appears to  be a fairly general one for converting 
an alcohol, R-OH, into the arsonomethyl analogue of its phosphate, 
R-CH,-CH,-AsO,H, (see Section VII,A,l). It gave a futile cycle of 
the type hoped for (Fig. 3). Transfer of the phospho group of ATP by 
adenylate kinase, which accepted the analogue as AMP, evidently gave 
an ADP analogue, which was hydrolyzed to give the observed product, 
orthophosphate. In effect, the presence of this analogue endowed ade- 
nylate kinase with ATPase activity. Again, however, the arsonomethyl 
analogue was not a good substrate; the enzyme’s limiting velocity with 
it was only 1/17 that with AMP, and the Michaelis constant was raised 
70-fold to about 10 mM; hence, the specificity constant was lowered 
about 1200-fold. 

Although, as noted earlier, enzymes that act on diphosphates are 
usually specific for diphosphate in comparison with methylene- 
bis(phosphoric acid), H20,P-CH,-P03H2 , an exception is RNA poly- 
merase, which accepts many analogues of diphosphate in the reverse 
reaction. This reaction occurs with the formation of nucleoside triphos- 
phates when the newly formed RNA, still attached to the template 
DNA and the polymerase, is deprived of nucleoside triphosphates and 
supplied with inorganic diphosphate. Some of these analogues of diphos- 
phate, including phosphonoacetic acid, H20,P-CH2-COOH, gave an- 
alogues of nucleoside triphosphates that hydrolyze spontaneously un- 

0 

0 0  
II II 

0- 0 

HO - P-o -AS- cn2- 

HO OH 

FIG. 3. The action of adenylate kinase on the arsonomethyl analogue of AMP (57). 
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der the conditions of the reaction (58). It is not surprising that 
arsonomethylphosphonic acid, H,03As-CH,-P03H,, and methylene- 
bidarsonic acid), H,0,As-CH,As03H,, are two of these (59), as shown 
in Fig. 4. The relative rates with the different analogues have not been 
measured, but the molecular dimensions of the arsonomethylphos- 
phonic acid have been found by X-ray crystallography (9). 

A somewhat different kind of futile cycle was obtained by Visedo- 
Gonzalez and Dixon (60). This arose from the fact that the incorporation 
of ethanolamine (i.e., 2-aminoethanol) into phospholipids starts with 
the reaction of its phosphate with CTP (Fig. 5) .  This forms the compound 

0 H OH 

RNA polymerase I 1  

FIG. 4. The use of arsonomethyl phosphonate as an analogue of diphosphate by RNA 
polymerase. The enzyme accepts the analogue in the reverse of polymerase action. Since 
the product hydrolyzes, the overall effect is that of an exonuclease, producing,nucleoside 
5'-phosphates (59). 



BIOCHEMICAL ACTION OF ARSONIC ACIDS 203 

known as CDP-ethanolamine, by transfer of the cytidylyl group (i.e., 
cytidylic acid, CMP, lacking a n  -OH) from diphosphate onto phospho- 
ethanolamine. In this way the phosphonoethanolamine is provided 
with a good leaving group, to form a donor of the H3N+-CHz- 
CH,-O--PO,-- group. Some protozoa and coelenterates synthesize 
the C-P bond and replace the ester phosphoethanolamine (2-amino- 
ethyl phosphate, H3N+-CH2-CH,-O-P03H-) in their phospholip- 
ids with 2-aminoethyl phosphonate, H3N+-CH2-CH2-P03H-. Not 
only do they use the same type of mechanism for incorporating this 
into phospholipids that other animals, including mammals, use with 
the ester, but the mammalian enzyme transfers the cytidylyl group 
onto the phosphonate as well as onto the phosphate (62). 

This use by an enzyme of R-P03H, in place of R-0-PO3H, is 
fairly unusual; it is normally only R-CH2-P03H2 (see Section IV,A) 
that will be transformed. It was therefore not surprising that R- 
As03H2 proved to be a substrate (60). At least, we presume that it was, 
but the expected product (Fig. 5, Reaction 2) would be a phosphorylated 

CTP 

p-.o..p..o " ) (Transferase 

2 

p..o..p..o' 

(diphosphate) Cyd--O--P02'--O--Aa02'--CH2.-CH2--NH3' 

FIG. 5. The reaction of ethanolamine-phosphate cytidylytransferase with substrates 
and analogues. Reaction 1 shows the normal reaction of the enzyme with ethanolamine 
phosphate (2-aminoethyl phosphate), which is part of the route of phospholipid synthesis. 
The alternative reaction with 2-aminoethylphosphonate, in parentheses, is used by some 
marine organisms to insert a C-P bond into their phospholipids. Reaction 2 shows the 
futile cycle obtained with 2-aminoethylarsonate (59). The symbol -P signifies -P03H2 
and its ionized forms, and -P- signifies -P(O)(OH)- and its ionized form (61). 
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arsonic acid,and so would be expected (Section II,A) to be instantly 
hydrolyzed. Certainly the observed products were CMP and diphos- 
phate. It is likely that the same result would be obtained with 3- 
aminopropylarsonic acid, NH2-[CH2],-As0,H2, since it is a closer 
analogue of phosphoethanolamine than the 2-aminoethylarsonic acid, 
NH2-[CHz 12-As0,Hz, but although this proved in 1992 to be readily 
made (63) by modifying a method of 1928, we had not done so by the 
time of our studies (60) in 1989. 

Each futile cycle provides a new way of damaging living organisms, 
by using the donor of the group transferred. This may prove useful for 
achieving selective toxicity, but no studies have been made on the 
entry into cells of the arsonates used. Conceivably some arsonates may 
penetrate more easily than phosphates, because with a lower pK of 4, 
about one-thousandth of each will be in the un-ionized form at neutral 
pH, and this form may be capable of penetrating a membrane. Never- 
theless, the arson0 group is highly polar even in its hydronated form, 
and the arsonates used possess other polar groups, so entry into cells 
by mere diffusion is likely to be very slow. This may, however, be 
helpful in achieving a toxicity that could be selective, since i t  is only 
cells that  possess a transport system for the compound concerned that 
will be affected. 

A remarkable reaction of the phospho group is its transfer onto carbon 
in the biosynthesis of the C-P bond (Fig. 6). Incidentally, this leads 
to a difficulty with nomenclature, because the group -P0,H2, which 
is known to chemists as “phosphono,” is called “phospho” only when 
on a heteroatom (641, so the transfer changes its name! Despite much 
ealier guessing from labeling patterns that phosphoenolpyruvate was 
the source of the C-P bond, it was only in 1988 (65, 66) that the 
enzyme responsible was isolated. The difficulty proved to be that the 
equilibrium favors phosphoenolpyruvate by about 2000-fold (67), so 
that assays only detected the enzyme in the direction contrary to biosyn- 
thesis; evidently the biosynthesis takes place because subsequent reac- 

/ 
0 

, ru3M2 

-\c/cH2 I 1 o\c/cnz - I 

2 I 
coon 

I 
COOH 

FIG. 6. Interconversion of phosphoenolpyruvate and 3-phosphonopyruvate. 1. Biosyn- 
thetic direction, in which the C-P bond is made. 2. Direction greatly favored at equi- 
librium. 
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tions, such as decarboxylation, efficiently remove the phosphonopyru- 
vate. We decided to try arsonopyruvate as a substrate for the enzyme, 
after we had made this compound (see Section VII,D,2) in four steps 
from glycine (68); the enzyme proved to transform it, with a Michaelis 
constant of 20 p M ,  similar to that for phosphonopyruvate, and similar 
to its Ki as an inhibitor of the reaction of phosphonopyruvate, but with 
a catalytic constant 6000 times lower. The products were pyruvate 
and arsenate; any H203As-O-C(=CH2 1-COOH formed would be 
expected to hydrolyze rapidly. 

The enzyme that hydrolyzes phosphonoacetaldehyde (Fig. 7) is bacte- 
rial and provides a pathway for breaking the C-P bond. It has a 
mechanism like that of aldolase (69-71) in that an imine forms between 
the carbonyl group of substrate and an amino group of the enzyme; 
since this imine is hydronated at  neutral pH, the electron attraction 
is increased, and this facilitates the breakage of the C-P bond. When 
arsonoacetaldehyde was tried in this reaction (63), it proved not to  be 
a substrate, and it did not inhibit the enzyme appreciably. 

b. Enzymes That Can Catalyze Reactions of Arsonates Outside the 
Arsono Group. As mentioned in the previous section, 4-arsono-2-hy- 
droxybutyrate, H,03As-CH,-CH2-CHOH-COOH, is a substrate 
for 3-phosphoglycerate kinase. A few other cases are known where this 
substitution is tolerated. 

Enolase also proved (72) to use as a substrate the arsonomethyl 
analogue of its substrate 2-phosphoglyceric acid, i.e., 3-arsono-24hy- 
droxymethy1)propionic acid, H203As-CH2-CH(-CH2-OH)- 

E - NHj' 0 =CH - W 2 -  PO3H2 

E-NH-CH=CH2 + HO-POaH:! + H* 

10 P, 
H20 + H' 

E -NH3+ O=CH-CHB 

FIG. 7.  The mechanism of action of phosphonoacetaldehyde hydrolase. 
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COOH. The Michaelis constant was 6.5 mM, about 80 times that for 
the phosphate (or 40 times if one of the enantiomers was inert), and 
the catalytic constant was 230 times lower than for the phosphate. 
Similarly, phospholipase A, cleaves the acyl group from 0 - 2  of 2,3- 
dihydroxypropylarsonic acid that is acylated on 0-2 and 0-3  (M. K. 
Jain, personal communication, 1995). 

Arsonates can also be substrates fm enzymes that naturally act on 
phosphonates as well as for those that act on phosphates. 2-Aminoethyl 
phosphonate (ciliatine) occurs widely in protozoa and marine organisms 
and is broken down by bacteria (as shown in Fig. 8) (73, 74). The 
transaminase that catalyzes the first reaction has an interesting speci- 
ficity, since it causes transamination between NH2-CH2- 
CH2-P03H2 and O=CH-CH2-P0,H, , but not their corresponding 
carboxylic acids, and between alanine and pyruvate, but not their corre- 
sponding phosphonic acids. Lacoste et al. (63) showed that it accepted 
aminoethylarsonic acid in place of aminoethylphosphonic acid, as a 
good substrate with a Michaelis constant close to that of the phospho- 
nate. As already mentioned, the arsonoacetaldehyde formed is not a 
substrate for the second enzyme of Fig. 8. 

Mutenda et al. (75) found that racemic 3,4-dihydroxybutylarsonic 
acid, HO-CH2-CHOH-CH2-CH,-As03H2, the arsonomethyl 
analogue of sn-glycerol3-phosphate, was a good substrate for glycerol- 
3-phosphate dehydrogenase. The K, obtained was 0.55 mh4 and 
under the same conditions; sn-glycerol 3-phosphate gave a K ,  of 
0.29 mM. Hence, they were identical if one enantiomer was inert. 
The limiting velocity with the analogue was about 75% that with 
the natural substrate. 2,3-Dihydroxypropylarsonic acid, a nonisosteric 
analogue, HO-CH2-CHOH-CH2-AsO3H2, did not show sub- 
strate activity. 

c. Consequences of One Enzymic Reaction Outside the Arsono 
Group. The reaction just described gained added interest when its 
consequences were appreciated. As we found (75), after frustrating 
attempts first to isolate and then to synthesize the expected product, 

H~N'-CH~-CH~-POJH~ O=CH -CH2-P03H- O=CH -CH3 

W W 
n n 

PI H20 Pyruvate Alanine 

W W 
n n 

Pyruvate Alanine H i 0  PI 

FIG. 8. The pathway of breakdown of 2-aminoethyl phosphonate in bacteria. 
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4-hydroxy-3-oxobutylarsonic acid (Fig. 9, Reaction 11, this compound 
is unstable and eliminates arsenite. The presumed mechanism is via 
enolization, as shown in the further reactions of Fig. 9. 

This mechanism is supported by the fact that every 3-oxoalkylarsonic 
acid studied also eliminated arsenite. First, 3-hyroxypropylarsonic acid 
proved to be a substrate for alcohol dehydrogenase from yeast, and 
similarly eliminated arsenite. Further, the oxidation by periodate of 
the HO-CH2-CHOH-CH2-CH2-As03H2, expected to produce 
O=CH-CH,-CH,-As03H, (another 3-oxoalkylarsonic acid), also 
yielded arsenite, and conditions that normally transaminate amino 
acids, when applied to the glutamate analogue HOOC-CH(-NH, 1- 
CH,-CH,-AsO,H, , and so expected to form HOOC-CO-CH2- 
CH,-AsO,H, , did so, too. 

In the two enzyme-catalyzed oxidations, there was a considerable 
lag in arsenite release behind NADH production, and indeed this re- 

//" 
HO -CHp -CHOH -CH2-CH2-As -OH 

0 
\ 

Glycerol-3-phosphate 
dehydrogenase 

Enolization ? H' 

* 11 

0 
II 

HO-CHp-C-CH=CHp + As-OH 

0 
\ 

3,4-Dihydroxybutylarsonic acid 
(Analogue of glycerol 3-phosphate) 

4-Hydroxy-3-oxoburylarsonic acid 
(Analogue of Qlycerone phosphate) 

FIG. 9. The action of glycerol-3-phosphate dehydrogenase on 3,4-dihydroxybutylar- 
sonic acid. 
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lease was not quantitative. It seems likely that the intermediate 3- 
oxoalkylarsonic acid undergoes competing reactions, since arsenite 
elimination is slow; indeed, this was shown for the periodate oxidation 
(75). The complete elimination in the attempted transamination may 
be explained by the fact that this reaction should go through an inter- 
mediate of the type HOOC-C(=NH+-R)-CHz-CHz-As03Hz (ac- 
tually a metal ion replacing the hydrogen on nitrogen), so that the 
electron withdrawal that facilitates enolization may be much higher 
in it than in an aldehyde or ketone. 

A consequence of this arsenite release is that a compound such 
as 3,4-dihydroxybutylarsonic acid may be selectively toxic to  cells 
that can take it up. The compound itself is fairly harmless. Delivery 
of such compounds into cells and their subsequent oxidation inside 
the cell will result in release of arsenite. The arsenite may then 
kill the cell by inactivating enzymes that contain dihydrolipoyl 
groups (Section 111,A). The other product formed when arsenite is 
released, a vinyl ketone, is a strong electrophile, and hence may 
also be toxic. 

3. Other Arsenic Analogues of Natural Phosphates 

As part of an impressive series of papers on arsenic chemistry, Ioan- 
nou and colleagues have developed methods for making arsenic ana- 
logues of natural phospholipids. They first made racemic 2,3-dihydroxy- 
propylarsonic acid, the nonisosteric analogue of glycerol 3-phosphate 
(76), and acylated it to obtain analogues of phosphatidic acids (77). 
They then made the two enantiomers separately and also acylated these 
(78). They developed (79) a better acylation of these by temporarily 
converting the arson0 group into -As(-S-Ph), . Interactions with 
enzymes have been studied, e.g., with phospholipase A, (Section 
IV,B,B,b); further, the (S)-enantiomers Ke., those differing from natu- 
ral phosphatidate) of 2,3-diacyloxypropylarsonic acid inhibit carbonic 
anhydrase (79a). They and we have jointly made (80) the isosteric 
analogue 3,4-dihydroxybutylarsonic acid, reported (75) in Sections 
IV,A,B,b and c. 

Although the isosteric analogue R-CHz-P03Hz is usually accepted 
by enzymes as an analogue of R-O-PO3H2 much better than the 
nonisosteric analogue R-PO3H2, this last may bind well enough at 
least to inhibit an enzyme. The same applies to arsonates. Thus, Vas 
(81 ) has found marked competitive inhibition of phosphoglycerate ki- 
nase by both H,03P-CHz-CHOH-COOH and Hz03As-CH2- 
CHOH-COOH. 
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V. Arsonates as Analogues of Nonphosphate Metabolites 

Phosphonates have been widely used as analogues of carboxylic acids. 
They have been particularly effective as analogues of tetrahedral tran- 
sition states that occur in the course of enzyme-catalyzed reactions 
such as hydrolysis of the amide (peptide) bond. As such, they may be 
used as inhibitors of enzymes (e.g., 82,83) or as haptens for producing 
antibodies that are catalytic (e.g., 84). A notable example is H203P- 
CH2-CH,-CH(-NH2)-COOH, which has effects that are likely to 
be due to its interference with glutamate as a neurotransmitter (85). 

The malate, oxaloacetate, and fumarate analogues 3-arsonolactate 
(86),3-arsonopyruvate (681, and (E)-3-arsonoacrylate (87,88) have been 
made; Ali and Dixon (88) found that the fumarate and malate analogues 
were not substrates for fumarate hydratase, but competitive inhibitors, 
arsonoacrylate, H,O,As-CH=CH-COOH, with fumarate (Ki/Km 
1.8) and arsonolactate, H,03As-CH,-CHOH-COOH, with malate 
(Ki/K, 1.6). Incidentally, although phosphonopyruvate is a poor sub- 
strate for malate dehydrogenase (89,90),3-(hydroxyphosphinoyl)pyru- 
vate, HO-P(H)(O)-CH,-CO-COOH, is much better (89). It proved 
impossible to show the reverse reaction with arsonolactate (89, 91). 

The racemic arsenic compound and glutamate analogue Hz03As- 
CH,-CH,-CH(-NH2)-COOH was made as an intermediate in the 
synthesis of the phosphoglycerate analogue H203As-CH2- 
CH,-CHOH-COOH (56). It proved not to be a substrate for cattle 
glutamate dehydrogenase, but a competitive inhibitor with a Ki of 7.3 
mM, which may be compared with the K ,  for L-glutamate of 1.7 mM 
(92). Treatment with pyridoxal phosphate and borohydride converted 
it into the N-phosphopyridoxyl derivative, which bound to the active 
site of the apoenzyme of aspartate aminotransferase and was used in 
X-ray crystallographic studies (93). 

The racemic aspartate analogue, H,03As-CH2-CH(-NH2)- 
COOH, has also been made. It inhibited aspartate-ammonia lyase, 
competitively with L-aspartate (Ki/Km 0.23) (881, almost the same val- 
ueas found with the phosphonate analogue (94). In attempted nonenzy- 
mic transamination, as mentioned in Section IV,B,2,c, the glutamate 
analogue loses arsenite, presumably because of the instability of 3- 
oxoalkylarsonic acids (75). The aspartate analogue 3-arsonoalanine 
also eliminates arsenite (881, but 3-phosphoalanine can break down 
differently (Fig. 10). The arsonate eliminates arsenite at an early stage 
in the reaction pathway that would otherwise lead to transamination, 
presumably because of the greater stability of the reduced form for 
arsenite/arsenate than for phosphite/phosphate, and because of the 
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1 As03H' 
I 

l 

2 P 0 3 H  
I 

1 PO3H 

(Arrows refer 
to reaction b) 

,CH2-@COO 

R 

FIG. 10. Attempted nonenzymic transaminations of arsonoalanine and phosphono- 
alanine. Pathway 1 shows the arsenite elimination by arsonoalanine. Pathway 2 shows 
(a) the successful transamination to phosphonopyruvate under some conditions, and (b) 
the production of phosphate under others (88). 

weakness of the C-As bond. In contrast, the phosphonate loses mono- 
meric metaphosphate (although it is not clear that this is free, i.e., 
whether 0-P bond formation lags behind C-P bond scission) a t  a 
later stage; under slightly different conditions phosphonoalanine is 
successfully transaminated to phosphonopyruvate. 

Arsonoalanine was not a substrate or inhibitor of aspartate amino- 
transferase under the conditions tested (881, but it inactivated it pro- 
gressively. Many alanine derivatives in which there is a good leaving 
group on C-3 do this (95-971, both to this enzyme and other pyridoxal 
enzymes (961, with some interesting results, e.g., the difference in reac- 
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tion outcome when glutamate decarboxylase reacts with two enantio- 
mers of serine 3-O-sulfate (981, which is a glutamate analogue. 

Sukhareva and colleagues (99) studied the action of both the gluta- 
mate and aspartate analogues on glutamate decarboxylase, which is 
responsible for the biosynthesis of the neurotransmitter 4-aminobuty- 
rate (GABA). This decarboxylation is accompanied by a side reaction 
in which the enzyme is inactivated by transamination of its pyridoxal 
phosphate to form pyridoxamine phosphate. The glutamate analogue 
was a very poor substrate, and the aspartate analogue even worse, but 
with both, small amounts of decarboxylation could be shown. Both 
inactivated the enzyme; with the glutamate analogue, this inactivation 
was reversed with pyridoxal phosphate, and so probably due to a higher 
transamination : decarboxylation ratio, but with the aspartate ana- 
logue, this reaction was only partial, so some other inactivation oc- 
curred, as might be expected from a compound with a good leaving 
group on C-3. 

It is obvious that phosphates and arsonates may bind badly to  sites 
in enzymes and other receptors that fit the carboxylate group, because 
they are tetrahedral, whereas carboxylate is planar. Kluger and col- 
leagues (100) noted a more subtle cause for poor fitting, when an enzyme 
would not accept the phosphono group -P03H, in place of a carboxy, 
-COOH, but would accept a different tetrahedral group, namely sulfo, 
-SO,H. Thus, they found that acetonesulfonic acid, CH3-CO-CHz- 
SO,H, was a substrate for 3-hydroxybutyrate dehydrogenase, whereas 
2-oxopropylphosphonic acid, CH3-CO-CH,-P03H2, was not. They 
attributed this to  the fact that the anion-binding site holds a mono- 
anion, so binding may force the phosphono group to adopt its -PO,H- 
form. This form, unlike -CO,- and -SO,-, does not have its charge 
symmetrically distributed with respect to the bond that joins the acidic 
group to the rest of the molecule, so that the electrostatic vector is 
along this bond for -COz- and -SO,-, but at an angle to it for -P03H-. 
Hence, binding to a positive charge in the site may misorient the 
phosphonate molecule with respect to the catalytic site. Such an argu- 
ment would equally apply to arsonates. But the next section shows 
that dipole direction does not easily explain al! such observations. 

VI. Other Biological Actions of Arsonates 

A. TRANSPORT OF ARSONATES 

Few studies have been made of arsonate transport. Lacoste et al. 
(63), after finding that Pseudomonas aeruginosa would take up both 
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2-aminoethyl- and 3-aminopropyl arsonic acids, analogues of amino- 
ethylphosphonate and of phosphoethanolamine, respectively, also 
showed that they inhibited the uptake of labeled aminoethylphospho- 
nate competitively with a Ki of 18 p M  for each; the K, for the amino- 
ethylphosphonate was 6 p M .  

Nicklin et al. (101) studied uptake of aspartate and glutamate by 
human intestinal cells, a system with K ,  values of 56 and 65 p M  for 
these amino acids. The Ki values for (racemic) 3-arsonoalanine and 3- 
phosphonoalanine were 1.1 and 3.3 mM, so they bound much less tightly 
(and the corresponding glutamate analogues hardly inhibited). What 
is surprising is that cysteate, in which -As03H2 and -P03H2 are re- 
placed by -S03H, binds strongly (Ki 65 p M ,  as does the compound in 
which they are replaced by -P02H2. As these are binding studies, the 
system is different from that of Kluger’s group (loo),  and distortion by 
dipole direction will not explain the difference. The difference between 
the values for the phosphonate and arsonate is small enough that the 
difference in their fractions in the monoanionic form (see their pK 
values, Section IV,B,l) could explain it. 

B. ARSONOACETATE AS A NUTRIENT 

Quinn and McMullan (102) have found a bacterium with the ability 
to live on arsonoacetate as its sole source of carbon and energy. It 
excreted the arsenic as arsenate, which did not harm it up to a concen- 
tration of 30 mM. Since it was also able to oxidize arsenite to arsenate, 
the breakage of the C-As bond may be reductive (Fig. 11). This organ- 
ism was also able to convert racemic arsonochloroacetate, H203As- 
CHC1-COOH, quantitatively into arsenate (so it must convert both 
enantiomers), although it could not use it as its energy source. It could 
not use chloroacetate as its energy source, either, and this is the most 
likely product of the C-As bond cleavage. 

VII. Aspects of the Chemistry of Arsonates 

A. C-AS BOND FORMATION IN THE SYNTHESIS OF AR~ONIC ACIDS 
1 .  The Meyer Reaction: Nucleophilic Attack on Carbon 

The best-known route for making aliphatic arsonic acids is the Meyer 
(103) reaction, in which an alkyl halide reacts with alkaline arsenite 
by simple nucleophilic displacement: 
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o\ 
HO - AS 
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c. 
H' a=/ 
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A a- 
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//" a- 
FIG. 11. A conceivable reductive cleavage of arsonoacetate. 

Even in the strong alkali that  favors this reaction, very little of the 
arsenite will be as the trianion; nevertheless, there is evidence that it 
is this form that is responsible for the reaction (104). The insolubility 
of many alkyl halides in the necessarily aqueous solution of strong 
alkali is a limitation on this, so ways around must be found. Further, 
the R group of R-X should not carry a nucleophilic atom on C-4 or 
C-5, or else it will attack C-1 with expulsion of halide and cyclization. 
This includes a hydroxy group, since i t  will be in the nucleophilic -0- 
form in the alkaline conditions. 

The Meyer reaction is intrinsically reversible. As the pH rises and 
arsenite becomes progressively dehydronated, it becomes an increas- 
ingly good nucleophile, whereas it becomes a n  increasingly good leav- 
ing group as the pH falls and the C-As bond can break (see 75, p. 987). 

In our synthesis (57) of the arsonomethyl analogue of AMP, we devel- 
oped a method (Fig. 12) for converting an  alcohol, R-CH,-OH, into 
the arsonomethyl analogue, R-CH2-CH,-As03H,, of its phosphate, 
R-CH,-O-P03H,. In this pathway the Meyer reaction is used on 
a 2-halocarboxylic acid, so that the reactant will be soluble in aqueous 
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3. PhsP-CEr-CO-0-CMeo 1 

1 
R'-CH= CEr - CO-O-CMe3 

4. EH4- 

R' -CH2 -CHEr -CO -0-CMe3 

5. CF3-COOH 1 
R -CH2 -CHEr -COOH 

I 6. AsO~~. .  then Hi 

7. Heat in propanol. add water 1 
R -CH2-CH2 -AS03H2 

FIG. 12. A method for converting an alcohol, R-CH,OH, into the arsonomethyl 
analogue of its phosphate. This was used to make the arsonomethyl analogue of AMP. 
R-CH20H represents adenosine, and R'-CH20H its 2',3'-isopropylidene derivative. 

alkali, and the halide activated for displacement. This can be done 
because we had found a simple way of decarboxylating arsonoacetic 
acids (step 7). To convert an arsonic acid into its diester, one has merely 
to dissolve it in an alcohol. To be sure of complete esterification, one 
must remove the water formed in the reaction 

R-As03Hz + 2 R'-OH = R-As(OK-OR')Z + 2 HzO 
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0-R' 0-R' 0-R' I ,0-R' 
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\ R-CH R-CHn 

FIG. 13. Conceivable mechanism for the decarboxylation of arsonoacetic acids. When 
an arsonoacetic acid is boiled in propan-1-01, and the propanol-water azeotrope is distilled 
off, the acid will be esterified completely on the arson0 group but not on the carboxy 
group. Decarboxylation is observed. 

This is easily done if R' is propyl, because the azeotrope of water and 
propan-1-01 boils at a temperature well below the boiling point of the 
propanol, so one can distill off this azeotrope up a fractionating column 
until the temperature of the vapor reaches the boiling point of propanol. 
When this is done with an  arsonoacetic acid, decarboxylation results. 
It may be that that hydron is involved, as shown in Fig. 13, since 
the reaction does not proceed if one starts with a monoanion of the 
arsonoacetic acid. 

So step 1 is protection of other hydroxy groups, step 2 is a normal 
Moffatt-Pfitzner oxidation, and step 3 is a Wittig reaction. The tertiary 
butyl ester is used to provide steric hindrance in step 4 to any approach 
of borohydride to the carbonyl group; when an ethyl ester was used, 
some reduction of the ester grouping was found. 

This method does not seem to be applicable if R is aromatic, as 
would be necessary to make the arsonomethyl analogue of pyridoxal 
phosphate. Despite protection of groups capable of interference, the 
reaction proved impossible, and evidence of elimination of HBr with 
formation of R-CH=CH-COOH from R-CH,-CHBr-COOH in 
attempting step 6 was obtained (105). 

A related synthesis of the C-As bond was used (106) in the synthesis 
of the natural compound (see 6) trimethylarsonioacetate, Me3As+- 
CH,-COO-, by treating ethyl bromoacetate with trimethylarsine. Al- 
though this reaction has not been used to make arsonic acids, i t  could 
conceivably be adapted for this by replacing the methyl groups with 
more labile alkyl groups. 
2.  Nucleophilic Attack on Arsenic 

Another synthesis of the carbon-arsenic bond is also most useful 
in making arsonomethyl compounds. The problems mentioned earlier 
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with the Meyer reaction are faced in the synthesis of 3,4-dihydroxybu- 
tylarsonic acid, the arsonomethyl analogue of glycerol phosphate con- 
sidered in Sections IV,B,B,b and c. If a Meyer reaction is attempted 
with 4-bromobutane-l,2-diol or an ester, yields are low because of cycli- 
zation in the alkaline arsenite solution as -0- expels bromide (80, 
route C). If the Meyer reaction is attempted with 4-bromobut-l-ene, 
the insolubility of this in alkaline arsenite lowers the yield (80, route 
A). For this reason, the method of McBrearty et al. (107) was also used 
(80, route B). This consists of allowing a carbanion to displace chloride 
from Cl-As(-NEt, I,, but since this is rather unreactive, a reagent 
as powerful as a Grignard compound, R-MgC1, must be used. The 
product R-As(-NEt, Iz does not need to be isolated, and oxidative 
workup gives R-As03H, . In an earlier method from the same labora- 
tory (1081, two molecules of Grignard reagent reacted with C12As-NEt, 
to give R,As(O)-OH on oxidative workup. Even with this valuable 
alternative method (107) for making arsonic acids, our overall yield 
for this route, i.e., making CH,=CH-CH2-CH2-AsO3H2 and later 
hydroxylating it (80, route B), was not very good. 

In view of the ease with which water attacks an  ester of arsenate in 
water, we wondered if carbon nucleophiles would similarly attack a 
trialkyl arsenate to form a C-As bond. We (Sparkes and Dixon, unpub- 
lished work) therefore treated the sodium salt of diethyl malonate with 
tripropyl arsenate, and hydrolyzed during workup. Some arsonoacetic 
acid was formed, but we have not found conditions that give a useful 
yield. 

The earliest synthesis of a carbon-arsenic bond was published in 
1760 by Cadet (109). Modern versions of this reaction are the methods of 
making methylenebis(ars0nic acid), H203As-CH2-As03H2, by Popp 
(1101, in which As,O, is treated with acetyl chloride, and by Titov and 
Levin (111), in which it is treated with acetic anhydride. The first 
of these leads to a somewhat easier isolation by distilling the C1,As- 
CH,-AsCl, formed. Evidently, the carbanion formed attacks As, and 
decarboxylation follows. The H203As-CH2-As03H2 formed by oxidiz- 
ing the first product is an  analogue of diphosphate and is accepted by 
RNA polymerase (Section IV,B,2,a). 

B. “NONEXISTENT” ARSONIC ACIDS 

No reports have appeared of compounds of the formula R- 
CH(-NH2)-As03H2, and they might have considerable interest 
in view of the large literature on 1-aminoalkylphosphonic acids, R- 
CH(-NH, )-P03H2, as well as reports (e.g., 112-1 14) of l-aminoal- 
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kylphosphinic acids, R-CH(-NH,)-PO,H, . These last contain the 
hydroxyphosphinoyl group, with a phosphorus-bound hydrogen, H- 
P(=O)(-OH)--. Although this group is tetrahedral, the small size of 
the hydrogen on the phosphorus atom makes it fit better into sites 
for carboxylate. 

The postulated 1-aminoalkylarsonic acids have something in com- 
mon with 1-hydroxyalkanesulfonic acids, R-CHOH--S03- . These are 
not usually known as such, but as bisulfite addition compounds of 
aldehydes. They are not usually isolable, because of the ease of the 
reaction shown in Fig. 14. In just the same way we might expect R- 
CH(-NH,')-AsO,H- to lose arsenite as H,AsO,- and H', i.e., 
H,AsO; overall, leaving the imine R-CH=NH,', which would equil- 
ibrate with R-CH=O and NH,'. So this would explain why l-amino- 
alkylarsonic acids may not exist as stable compounds. 

That, however, does not mean that they cannot exist in solution. 
They may be formed, possibly only in small concentrations, in solutions 
of aldehydes and ammonium arsenite, so that a binding site for an 
amino acid might pull the equilibrium over to give bound R- 
CH(-NH,')-AsO,H , in much the same way that the apoenzyme of 
aspartate aminotransferase binds pyridoxal arsenate, even though the 
concentration of free pyridoxal arsenate in the solution of pyridoxal 
and arsenate is minute (30; see also Section 11,C). Much the same 
applies to R-CHOH-AsO,H, as to  R-CH(-NH2)-As03H2, al- 
though it might form more easily because it requires only the two 
reactants of the aldehyde and arsenite. 

Since acylphosphonic acids have interesting properties, e.g., acetyl- 
phosphonic acid is a poor substrate for lactate dehydrogenase (1151, 
and acylphosphinic acids can be powerful inhibitors of enzymes that 
act on 2-0x0 acids, e.g., acetylphosphinic acid on pyruvate dehydroge- 
nase (116,117,114), the possibility of the existence of acylarsonic acids 
(i.e., 1-oxoalkylarsonic acids) arises. Such existence seems improbable, 
however, because arsenite is a good leaving group, and carboxylates are 
poor electrophiles. Raising the pH to make arsenite a better nucleophile 
makes a carboxylic acid a worse electrophile. 

FIG. 14. The breakdown of 1-hydroxyalkanesulfonic acids. 
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c. BEHAVIOR OF OXOALKYLARSONIC ACIDS 

3-Oxoalkylarsonic acids lose arsenite by elimination, presumably 
after enolization, as described earlier (Section IV,B,2,c, and Fig. 9). In 
contrast, 3-oxoalkylphosphonic acids are stable; e.g., the phosphono- 
methyl analogue of glycerone phosphate is a substrate for aldolase 
(118). The elimination of arsenite from 3-oxoalkylarsonic acids, but 
not of phosphite from 3-oxoalkylphosphonic acids, may reflect the fact 
that arsenite is relatively stable compared with arsenate, whereas 
phosphite is unstable compared with phosphate. 

2-Oxoalkylarsonic acids, exemplified by arsonoacetaldehyde and 3- 
arsonopyruvate, are only moderately stable; they release arsenate by 
hydrolysis, rather than arsenite by elimination. They are presumably 
hydrolyzed by the mechanism of Fig. 7, but they do not need the added 
electron attraction of forming the imine E-NH+=CR-CHz- 
AsO,H, ; O=CR-CHZ-AsO3H2 is fairly easily attacked by water. 
2-Oxoalkylphosphonic acids can be hydrolyzed in this way (1191, as in 
the enzyme-catalyzed hydrolysis of phosphonoacetaldehyde (73, 69- 
711, but with much more difficulty. The lability of 2-oxoalkylarsonic 
acids presumably reflects the ease with which water can more easily 
enter the coordination shell of arsenic than that of phosphorus, because 
of the larger size of the atom, i.e., the same feature expressed in the 
lability of esters and anhydrides of arsenate. 

D. HANDLING OF ARSONIC ACIDS DURING SYNTHESES 
1. Reduction 

It is often necessary to handle arsenic compounds during syntheses 
in the reduced form, e.g., in converting 2-hydroxyethylarsonic acid, 
HO-CH2-CHz-As03Hz, into 2-chloroethylarsonic acid, Cl-CH2- 
CH2-As0,H,. This is because the reagents used for the conversion of 
the hydroxymethyl group would be oxidized by the arson0 group in 
such an acid medium. The classical method (120-122) is to saturate a 
solution of the acid in aqueous HC1 with SO2. Catalytic quantities of 
iodide or iodine are added, so the real reducing agent is HI. We found 
(56) that the isolation of the product, HO-CH2-CH,-AsCl, , needed 
changing, but that the reduction worked well. We have since found 
(Sparkes and Dixon, unpublished work) a more convenient and possibly 
milder method, which is to  boil the arsonic acid, still with catalytic 
amounts of iodine, in 50% aqueous formic acid. This avoids the need 
to get rid of the sulfuric acid produced from the SO2, since the formic 
acid is merely oxidized to carbon dioxide. 
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Just as arsenate itself reacts with thiols (Section II,B), arsonic acids 
are also reduced by them, with formation of dialkyl alkyldithioarsonites 
(123, 1241, as follows: 

R-AsO~H~ + 4R'-SH - R'-S-S-R' + R--As(--S-R')z 

2 .  Formation of 2-Oxoalkylarsonic Acids 

As described in Section VII,C, these are easily hydrolyzed to arsenate 
and the corresponding aldehyde or ketone. Our first attempts to make 
arsonoacetaldehyde failed, because it is so easily broken down, and 
indeed we were not convinced that it was stable enough to exist until 
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HOCH2-C-COOH 

NHp 

2 NaN02. HBr 1 
CH20H 

I 
I 

HOCH2 -C-COOH 

Br 

3 AsO3". thenH+ 1 
CH20H 

I 
I 

Hp03AS-CH2-C-COOH 

OH 

4. 104' 1 
H ~ O ~ A S - C H ~  - CO -COOH 

FIG. 15. The synthesis of 3-arsonopyruvic acid. Step 3 is explained by the temporary 
cyclization to an epoxide in the alkali of the reagent. 
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our colleaces in Bordeaux showed (63) that the transaminase that 
acted on 2-aminoethylphosphonate also acted on 2-aminoethylarsonate 
(as shown by conversion of pyruvate into alanine) without producing 
acetaldehyde. We then succeeded in making it, by the periodate oxida- 
tion of 2,3-dihydroxypropylarsonic acid, HO-CH2-CHOH-CH2- 
As0,H2, and this time were careful to add only the required amount 
of periodate (63). In this way the labile structure was only formed a t  
the last step. Even so, the product has not been isolated from solution, as 
it breaks down when this is attempted; its solution is used in preparing 
arsonoalanine by the Strecker synthesis (881, though milder hydrolysis 
than we reported gives a better yield; this is presumably because of the 
reversal of the Meyer reaction under acid conditions (Section VII,A,l). 

When we required 3-arsonopyruvate, it was similarly necessary to 
make the labile -CO-CH2-As0,H, structure only at the last stage, 
and again we used periodate for this (68), as shown in Fig. 15. The 
pathway makes use of the recently emphasized (76) fact that when the 
Meyer reaction (Section VII,A,l) is performed with a 2-haloalcohol, the 
halide is not directly displaced by arsenite, but the alkali first causes 
formation of an epoxide, which is then opened by arsenite at its less 
hindered carbon. As with the arsonoacetaldehyde, the compound was 
not isolated from solution. 

3. Formation of Aminoalkylarsonic Acids 

As described in Section VII,B, 1-aminoalkylarsonic acids are proba- 
bly too unstable to exist, except as minor components of an equilibrium. 
We needed 2-aminoethylarsonic acid as an analogue (60) of the natural 
2-aminoethylphosphonic acid (see Section IV,B,2,a). Gough and King 
(120) specifically mention failing to make it. We therefore used the 
mild synthesis of primary amines shown in Fig. 16. Ammonia is an 
unreactive nucleophile, and its volatility prevents easy compensation 
for this by raising the temperature. Hence, we used aminoethanol 
(ethanolamine) and released the amino compound from hydroxyeth- 
ylamino compound with periodate (125). We find that a 50% (v/v) aque- 
ous solution of aminoethanol is the most generally useful reagent. Even 
compounds labile to periodate can be made in this way, if the correct 
quantity of periodate is used, in view of the fact that periodate cleaves 
2-aminoalcohols about a thousand times faster than 1,2-diols (and also 
much faster than 1,2-diamines) (126, 127); thus, we obtained the 2- 
aminoethylarsonic acid. In fact, the same approach proved useful (63) 
in making 3-aminopropylarsonic acid, even though this can be made 
with ammonia (120). 
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HO AA NH AsO~H' 

FIG. 16. The synthesis of 2-aminoethylarsonic acid using a mild synthesis of pri- 
mary amines. 

4.  The Inertness of 1 -Haloalkylarsonic Acids 

When Schwarzenbach et al. used chloromethylphospl-wnic acid to  
phosphonomethylate amines, they noted (128, p. 1185) how slowly it 
reacts. The slowness is presumably due to the staggered conformation 
of the chloromethyl and phosphono groups, so that one of the oxygen 
atoms must be in the C1-C-C plane and must hinder the approach 
of any nucleophile that could displace the chloride. They overcame this 
with long reaction times and high temperatures. In view of the lability 
of C-As bonds, this approach is not available with l-haloalkylarsonic 
acids. Indeed, arsonochloroacetic, chloromethylarsonic, and dibromo- 
methylarsonic acids (129) proved inert to substitution. 

5. Miscellaneous Techniques for Handling Arsonic Acids 

The toxic forms of arsenic are mainly (Section II1,A) compounds of 
the type R-AsX, , where X is a ligand that is easily displaced by thiols. 
Many such compounds are volatile, and this increases their hazard. 
As mentioned in Section VII,A,2, one such compound, C1,As- 
CH,-AsCl,, is a convenient intermediate in the synthesis of the di- 
phosphate analogue H,O,As-CH,-AsO,H, . Obviously, its distilla- 
tion and that of any similar compound should be performed in a fume 
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cupboard with good ventilation. Soaking all the glassware after such 
a distillation in alkaline peroxide will convert the -AsC1, groups into 
arsono groups, and so render the compounds involatile and much 
less toxic. 

Arsonic acids are easily detected on paper electrophoresis and chro- 
matography by the fact that they bind Fe3+ tightly. Hence, they show 
up in the test of Wade and Morgan (130) for phosphates, in which the 
paper is sprayed with a solution of FeC1, (1%) and sulfosalicylic acid 
(1%). Phosphonates and arsonates show up like phosphates as white 
spots on a purple background, because they remove the Fe3+ from its 
purple complex with the acid. For following column effluent, a test 
with a similar principle may be used. The sample is mixed with a 
buffered, acidic solution of Fe3+ and azide, and the absorbance at 450 
nm is diminished by phosphates and phosphonates (52); we have since 
used this method successfully with arsonates. 

If there is doubt whether a spot on paper after electrophoresis is an 
arsonic acid, e.g., because it contains other groups that bind iron, addi- 
tion of mercaptoethanol before the run to  one of two spots of the sub- 
stance will show the change of mobility as -As03H, is reduced to 
-As(-S-CH,-OH), (compare 123,124). 

Many arsonic acids can be isolated by adsorption onto the acetate of 
a strongly basic ion-exchange resin, and elution with steps of increasing 
strength of acetic and formic acids. Of course, this is not good chroma- 
tography, since much sharper separations could be obtained by chroma- 
tography on these resins in a buffer of constant composition and high 
concentration of competing ion, but it is rapid, and often all that is 
needed. 

VIII. Summary 

Biochemical effects of arsenate and arsenite are considered in this 
review. Enzymes that normally act on substrates of structure R-0- 
P03H2 (i.e., of oxidation state V) often act on the analogues R-CH2- 
P03H2 and R-0-AsO3H2. The further arsonic acid analogue R-CH, 
-AsO,H, , which may have unusual effects, is considered. 

If the action of the enzyme is to produce R-CH,-As(O)(OH)-OR' 
(Section IV,B,2,a), the product will spontaneously hydrolyze, because 
water can approach the arsenic atom as a fifth ligand in a way it 
cannot do with the corresponding phosphorus compound. If R'OH is a 
carboxylic or phosphoric acid rather than an alcohol, the hydrolysis is 
rapid, with a half-life of seconds or less, rather than of about half an 
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hour. This hydrolysis generates a new futile cycle, with regeneration 
of the original R-CHz-AsO,Hz, using up the donor of the R’ group, 
so that new ways of poisoning organisms arise. 

Even if the action of the enzyme is on the R group, unusual conse- 
quences may follow, such as the release of highly toxic arsenite by an  
elimination reaction (Section IV,B,2,c). 

Some relevant chemistry of arsonic acids is given. 
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I. Introduction 

Zinc(I1) ion is a biologically essential element. Knowledge of its im- 
portance is increasing, as more and more enzymes are shown to contain 
zinc(I1) ion at  the active center. Carbonic anhydrase, carboxypeptidase 
A, thermolysin, angiotensin coverting enzyme, aminopeptidase, super- 
oxide dismutase, yeast aldolase, p-lactamase 11, alcohol dehydrogenase, 
nucleic acid polymerase, alkaline phosphatase, phospholipase C, and 
P1 nuclease may be classified as classic zinc enzymes ( I  1. More recently 
added are phosphotriesterase (or “organophosphorus hydrolase,” which 
has a binuclear active center and hydrolyzes pesticides and nerve gases) 
(2); the hedgehog family of secreted signaling proteins (3); collagenase 
(a member of the matrix metalloproteinase family) (4); and so on. 
There are now more than 300 known zinc enzymes (Id). The X-ray 
crystallographic structures of a considerable number of zinc enzymes 
have now been established. Many of the zinc(I1) ions in those enzyme 
active sites are coordinated by three amino acid residues (His, Glu, 
Cys) and sometimes H,O (see Fig. 1) (5) .  The Zn”-bound H,O may 
be activated by deprotonation (or polarization) for nucleophilic attack 
toward the substrates, or poised for displacement with another strong 
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Deprotonation Polarization 

FIG. 1. Activation of zinc(I1)-bound water and inhibitor binding to zinc(I1) in zinc 
enzyme. 

ligand, inhibitors: e.g., sulfonamide, alcohol, thiol, phosphate, or 
phenol. 

Earlier, we have reviewed the most fundamental properties about 
zinc(I1)'s nucleophilicity and the basicity of L-Zn"-OH- (L = model 
ligands such as macrocyclic polyamines or tris(pyrazoly1)borate) (6). 
More recent model studies by us and other groups have been trying to 
answer further questions: (i) Why (or how) is serine needed in alkaline 
phosphatase? More indirectly, what are the points of the serine OH 
group intervening as acyl- or phosphoryl-transfer agents? (ii) Why is 
a bimetallic system favorable for phosphate hydrolysis? (iii) Why does 
nature adopt zinc(I1) as  a Lewis acid in zinc enzymes or imidazole as 
a Lewis base (in the serine-imidazole-carboxylate triad) in serine 
enzymes? (iv) Why are four zinc(I1)-bound cysteines used for demethyl- 
ation (repair) of methyl-DNA phosphotriester, damaged DNA? In this 
review, we want to present the latest results related to these puzzles. 

II. Why Zinc(ll) and Serine in Alkaline Phosphatase? 

Alkaline phosphatase (AP) is a (Zn"),-containing phosphomonoester- 
ase that hydrolyzes phosphomonoesters (RO-POi-) a t  alkaline pH (7). 
Ser,,, under the influence of one of the zinc(I1) ions at  the active center 
1 (Fig. 2) is directly involved in phosphate hydrolysis (8). On the basis 
of X-ray structure and NMR studies (91, the mechanism now accepted 
is that the phosphate substrate, initially recognized by cooperative 
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-ROH - 

Phosphoseryl 
Intermediate 1 

- H o p o j  +ROP032' b+ pKa-7.5 

\ 
-Zn"--OH 

3 
FIG. 2. Phosphornonoester hydrolysis at active center of alkaline phosphatase. 

action of the two zinc(I1) ions, is attacked by the Zn"-activated Ser,,, to 
yield a transient phosphoseryl intermediate 2, which intramolecularly 
reacts with the adjacent Zn"-activated water (see 3) to complete the 
hydrolysis and regenerate the free form of Ser,,,, thus completing the 
catalytic cycle. Several interesting chemical questions would be raised 
concerning this mechanism: (i) Why are two zinc(I1) essential? (ii) How 
does the Ser,,, hydroxyl group become a nucleophile upon association 
with the zinc(I1) ion? (iii) What is the special chemical advantage of 
forming the phosphoseryl intermediate 2 by such an  indirect hydroly- 
sis? In most of the past metalloenzyme models, e.g., for carbonic anhy- 
drase (10-131, p-lactamase I1 (141, and carboxypeptidase A (15), the 
nucleophiles were metal hydroxide species (M-OH-). 

As early as 1972, Sigman and Jorgensen used a ternary zinc(I1) 
complex of N42-hydroxyethy1)ethylenediamine 4 and 4-nitrophenyl pi- 
colinate 5 as a model for Zn"-alkoxide-promoted transesterification (see 
Scheme 1) (16). Although the Zn"-bound alkoxide (its pK, kinetically 
determined to be 8.4) was shown to be a possible reactive species to 
give 6, the subsequent hydrolysis for completion of the ester hydrolysis 
as well as the catalytic cycle failed. 

In 1994, we built a 12-membered macrocyclic triamine ([12laneN,) 
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* nofrrrther 
reactiori 

h o  transester~icution 

uo 
pK, = 8.4 

4 5 6 4 
SCHEME 1. 

appended with a hydroxyethyl group 7 and its zinc(I1) complex 8 as  a 
serine-containing zinc enzyme model (1 7). Earlier, a zinc(I1) complex 
with [12]aneN, 9 was shown to yield a Zn"-OH- nucleophile as shown 
in hydrolytic zinc enzymes such as carbonic anhydrase ( 1 2 ~ )  and phos- 
phatase (18). The Zn"-bound OH- species 9b is generated at  physiologi- 
cal pH with a pKa value of 7.3 and acts as a good nucleophile toward 
the electrophilic center of the substrates (e.g., carboxy esters; see 
Scheme 2). Likewise, 7 yielded a 1 : 1 zinc(I1) complex 8, where the 
alcoholic OH deprotonated with a pKa value of 7.4 (for 8a @ 8b + H + ). 

The Zn"-bound alkoxide complex 8b was isolated as a dimeric form, 
which dissociates into monomeric species in aqueous solution to make 
a very reactive nucleophile and catalyzes hydrolysis of 4-nitrophenyl 
acetate (NA) (see Scheme 3). Through a kinetic study of NA hydrolysis 
with 8b in 10% (v/v) CH3CN at 25°C and pH 9.3 (20 mM CHES buffer) 
with Z = 0.10 (NaNO,), a second-order rate constant of 0.14 M-lsec-l, 
which is four times greater than the corresponding value of 3.6 x 

by the Zn"-[12]aneN3 complex 9b under the same conditions, 
was established. 

7 8a: X = O H  9a: x = H ~ O  

A comparison of NA hydrolysis by 8 and 9 shows for the first time 
that Zn"-bound alkoxides may lead to better nucleophiles than Zn"- 
bound hydroxides in an aqueous environment. Unless the alkoxide 
anion is bound to zinc(I1) ion, it may rather work as a general base 
to yield hydroxide, which then yields the active nucleophile. Hence, 
zinc(I1) ion may be viewed as an alkoxide-protecting agent. It is of 

b: x = O -  b: X = HO- 
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9b 
good nucleophile 

SCHEME 2. 

interest to point out that the basicity of the alkoxide in 8b (pK, = 7.4) 
is almost the same as that of the hydroxide in 9b (pK, = 7.3 for 9a & 
9b + H+). Zinc(I1) ion thus plays a dual role. Moreover, with 8b, the 
initial reaction was an acetyl-transfer from the substrate, 4-nitrophenyl 
acetate (NA), to the pendent alkoxide, yielding a transient 0-acetylated 
intermediate 10, which was unambiguously identified by independent 
synthesis of 10 from 8b and acetic anhydride. 10 was then very rapidly 
hydrolyzed in aqueous solution. It is of biological interest to refer to a 
recent kinetic study of the NA hydrolysis by SerIo2-mutated alkaline 
phosphatase (8). The displacement of Ser,,, by leucine or alanine opens 
up a ligand site for water. Thus, a Zn"-activated water (i.e., ZnII-0H-I 
may well be positioned for a direct attack at the electrophilic P 
atom. These mutant enzymes still catalyze the hydrolysis of 
phosphate monoester with similar Michaelis-Menten and inhibition 
constants, although the catalytic efficiency is 111000-11500 that of 
the wild-type enzymes. This fact implies weaker nucleophilicity of 
Zn"-OH- with respect to Zn"-serine. 

For reaction between 8b and NA, the activation energy E, was 51 

rate-determining 
8b step 

better nucleophile acyl-intermediate 

SCHEME 3. 

CH3COO- 

A 8b 
hydrolysis 
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kJ  mol-' and the frequency factor (A) 1.2 x lo8 M-lsec-', whereas for 
the 9b reaction, E ,  was estimated to  be 49 kJ mol-' and A to be 
1.4 x lo7 M-lsec-' (17). In both reactions, almost no isotope effect was 
observed in D,O solution, which implies that the Zn"-bound alkoxide 
(8b) and hydroxide (9b) both directly and efficiently attack NA. Besides, 
if the alkoxide in 8b indirectly (via H,O) attacks at the substrate, the 
product should not be 10, but acetate anion, which was not the case. 
Since 0- anion nucleophilic attack is the rate-determining step, the 
faster rate with 8b may be accounted for by the Zn"--OR site being 
more naked (i.e., less solvated because of steric hindrance from 
the lipophilic ethylene group attached to the 0- anion), whereas the 
Zn'I-OH- in 9b is more efficiently solvated and better shielded. This 
interpretation also agrees with the larger frequency factor (i.e., colli- 
sion frequency) for 8b over 9b. In support of this rationalization, an 
X-ray study showed that 9b readily precipitates from aqueous solution 
as a trimer 11 with three intermolecular hydrogen bonds ( 1 2 ~ ) .  

11 

The labile character of the Zn"--OR species 8b (although isolable 
as crystals, 8b is stable only a t  a limited alkaline pH region in aqueous 
solution) and the vulnerability of the acyl intermediate 10 in aqueous 
solution prevented more extensive, quantitative studies about the na- 
ture of Zn"-bound alkoxide. 

It had been discovered that the Zn"-cyclen complex 12 also provided 
a Zn"-OH- species 12b, with pK, value of 7.9 (25°C and I = 0.11, 
which is also a good nucleophile to  catalyze NA hydrolysis (18). An 
advantage of cyclen for 12 over [12]aneN, for 9 as a ligand is that 
zinc(I1) ion is more firmly held in the macrocyclic cavity of 12, i.e., a 
1 : 1 ZnL complex is much more stable with cyclen (K(ZnL) = [ZnL1/ 
[Zn"l[LI = 10'5.3) than in that of [12]aneN3(K(ZnL) = As a conse- 
quence, we could study the reactivity of ZnL in a wider range of pH 
without observing any degradation of the zinc(I1) complex. Accordingly, 
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an alcohol-pendent cyclen zinc(I1) complex 13 was synthesized as a 
more stable model (19). 

12a: x = H,O 13 
b: X = HO- 

14 

The potentiometric pH titration disclosed monodeprotonation with 
a pKa value of 7.6 at 25°C. On the basis of NMR spectroscopic and anion- 
binding studies of 13, the monodeprotonated species was assigned to 
the OH--bound ZnL complex 14, rather than the pendent alkoxide 
complex as seen with [121aneN3 8b. Nevertheless, among all past 
zinc(I1) complexes, 14 seems to  be the most active catalyst for NA 
hydrolysis. From kinetic studies in 10% (v/v) CH,CN a t  25°C and pH 
6.4-9.5 with Z = 0.1, where the zinc(I1) complex remains stable either 
as 13 or 14, the rate-pH profile gave a sigmoidal relationship with a n  
inflection point (i.e., kinetic pKa) at  pH 7.7, which almost corresponds 
to the pKa value for the 13 s 14 equilibrium (see Fig. 3). The second- 
order (first-order each in [141 and “A]) rate constant of 0.46 M-lsec-’ 
is ca. 10 times greater than the corresponding value of 4.7 x M - ’  
sec- for a reference N-methylcyclen-Zn”-OH- 15b (pKa for 15a e 
15b is 7.6 at 25°C with Z = 0.1) (19). Furthermore, NA is hydrolyzed 

0.5, 

PH 

FIG. 3. Rate-pH profile for the second-order rate constants (kobs) of 4-nitrophenyl 
acetate hydrolysis with alcohol-pendent cyclen zinc(I1) complex at 25°C and 1131 + 
[141 = 1 mM in 10% (v/v) CH,CN. 



236 KIMURA AND KOIKE 

through a double displacement of the acetyl group (see Fig. 41, as found 
with the triamine case 8b (Scheme 1). In the initial rate-determining 
reaction, the pendent alcoholic OH "activated" by the adjacent base 
(i.e., ZnII-OH-) attacks NA to yield an "acyl intermediate" 16. This 
intermediate 16a was independently synthesized by the reaction of 13 
with acetic anhydride in CH,CN. In the subsequent reaction, 16 is 
subject to extremely fast hydrolysis (t1,2 = 6 sec at 25°C and pH 9.3). 
A plot of the observed first-order rate constant against pH ( =  6.1-9.3) 
for the second reaction gave a sigmoidal relationship with its inflection 
point a t  pH 7.7, which is similar to  the pK, of the ZnII-cyclen complex 
13. Accordingly, it was concluded that the very fast nucleophilic attack 
of the Zn"-OH- 16b occurred at the intramolecular acetyl group. 
Thus, the overall NA hydrolysis by 14 is catalytic. This study demon- 
strated that the Zn"-bound OH- plays a dual role: ( i )  as a general base 
in the first acyl-transfer reaction to activate the remote alcoholic OH, 
and (ii) as a nucleophile to  attack the proximate electrophilic carbonyl 
group in the second hydrolysis step. This, along with an earlier result 
with the [12laneN, complex 8, led to  the conclusion that alcoholic OH 
can be a better nucleophile than water when it is activated either 
directly (8b) or indirectly (14) by zinc(I1) ion. The alcoholic OH group 

14 
"acy l-intermediate" 

16a 

13 16b 
FIG. 4. An overall reaction mechanism for 4-nitrophenyl acetate hydrolysis catalyzed 

by alcohol-pendent cyclen zinc(I1) complex 14. 
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(serine, threonine) in zinc enzymes, which lies in the outer zinc(I1) 
coordination sphere, may thus be activated by the Zn"--OH- gen- 
eral base. 

15a: X = HZO 

b: X = H O  

The reaction of 14 may remind one of the well-established reaction 
mechanism for chymotrypsin (Fig. 5 )  (20). By comparing the acyl-trans- 
fer reaction of complex 14 with that of chymotrypsin 17, we find that 
the alcoholic nucleophiles in 14 and 17 are activated by Zn"-OH- and 
imidazole (in a triad), respectively. Several common features should 
be pointed out: (i) Both reactions proceed via "two-step reaction" (i.e., 
double displacement). (ii) The basicity of Zn"-OH- (pKa = 7.7) is 
somewhat similar to that of imidazole (pKa = ca. 7). (iii) The initial 
acyl-transfer reactions to alcoholic OH groups are rate determining. 
(iv) In NA hydrolysis with chymotrypsin, the pH dependence of both 
the acylation (17 + 18) and the deacylation (19 + 17) steps point to 
the involvement of a general base or nucleophile with a kinetically 
revealed pK, value of ca. 7. A major difference here is that while the 

I 

17 
ASP102 ASP102 

18 
chy motrypsin acyl-chymotrypsin 

19 
FIG. 5. Reaction mechanism for carboxyl ester hydrolysis by chymotrypsin. 
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active center of chymotrypsin involves three components, a catalytic 
triad Asp-His-Ser, the zinc(I1) macrocyclic complex models are made 
of two components, zinc(I1)-alcohol. Remembering an earlier report 
that 4-hydroxymethyl imidazole 20 is ca. four times less reactive than 
imidazole itself toward NA (21), we were brought to  a basic question: 
What is the difference between imidazole and ZnII-OH-? Table I sum- 
marizes the second-order rate constants for cleavage of various ester 
bonds with imidazole and Zn"-OH- species. Inspection reveals that 
imidazole is a better catalyst than Z n " 4 H -  species for NA hydrolysis. 
In the reaction of imidazole, a major pathway may be the direct nucleo- 
philic attack of imidazole at the carbonyl in the rate-determining step, 
followed by fast hydrolysis of the acyl intermediate 21 (see Fig. 6) 
(22). As expected for such a mechanism, the catalytic rate constant for 
imidazole is the same in D20 as in H20. On the other hand, for hydroly- 
sis of methyl acetate and bis(4-nitropheny1)phosphate (BNP-1, the 
Zn"-OH- species are better nucleophiles than imidazole (see Table 
I). It may thus be concluded that imidazole is a superior nucleophile 
to neutral carboxyesters with good leaving alcohols (i.e., less basic 
alkoxides), whereas the Zn"-OH- species are better nucleophiles to- 
ward neutral carboxyesters with poor leaving alcohols (i.e., more basic 
alkoxides) and toward anionic substrates such as phosphodiester 
anions. An advantage of Z n ' q H -  as a nucleophile attacking methyl 
acetate is that its real active species is OH-, and accordingly it reacts 
iike a strong base OH-. This means that the strong base methoxide 
anion can be displaced and be permitted to leave from methyl acetate 
upon hydrolysis. Another advantage of the Zn"-OH- nucleophile in 
anionic phosphodiester hydrolysis is that zinc(I1) as a cation facilitates 
the access of OH- to the anionic substrate and stabilizes the reaction's 
anionic intermediate. 

(minor) 

FIG. 6. Reaction mechanism for 4-nitrophenyl acetate hydrolysis by imidazole. 
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20 

A zinc(I1) complex 22a with an alcohol-pendent polyamine has been 
synthesized (23). The alcoholic OH deprotonates with pKa of 8.6 (deter- 
mined by pH-metric titration), yielding 22b. Reaction of 22 (2 mM) 
with a phosphotriester diethyl(4-nitrophenyl) phosphate (0.1 mM) in 
10 mM TAPS buffer (pH 8.6) at 25°C seemed to promote phosphoryl- 
transfer reactions to 23, just like acyltransferred intermediates 10 and 
16a in the reactions between Zn"-macrocyclic complexes with an alco- 
hol pendent and NA (see Scheme 4). The pH dependence of the first- 
order rate constants gave a sigmoidal curve with an inflection point 
around the pKa value of 8.6. The hydrolysis of the substrate phospho- 
triester to the phosphodiester product diethyl phosphate thus seemed to 

TABLE I 

COMPARISON OF SECOND-ORDER RATE CONSTANTS (M-lsec-') IN HYDROLYSIS (OR 
ACETYL AND PHOSPHORYL TRANSFER) OF 4-NITROPHENYL ACETATE, METHYL 

ACETATE AND BIS(4-NITROPHENYL) PHOSPHATE 

Substrates 

4-Nitrophenyl Methyl Bis(4-nitrophenyl) 
acetate" acetateb phosphate 

Nucleophile MNA) k(MA) k(BNP-) 

ZnU-[121aneN,-OH- 9b 0.04 3.6 x 10-4 8.5 x 1 0 - 5 c  
Zn"-cyclen-OH- 12b 0.10 3.6 x 10-4 2.1 x 10-5c 
OH,-, 8.1 2.4 x 10-5c 
Imidazole 0.38 4 0 - 5  No reactiond 
14b 0.46' 5.0 x 10-4d.f 
15b 0.05 5.2 x 
24b 0.31' 6.5 x 

(1.1 x 1 0 v  ( l . l ) h  

' In 10% (v/v) CH,CN at  25°C with I = 0.10 (NaNO,). 
In aqueous solution at 25°C with I = 0.10 (NaNO,). 
In aqueous solution at  35°C with'l = 0.20 (NaCIO,). 
In aqueous solution at  35°C with I = 0.10 (NaNO,). 
Acetyl transfer rate, which is equivalent to hydrolysis rate constant. 

f Phosphoryl transfer rate constant. 
8 In DMF at  35°C. Acetyl transfer rate constant. 
* In DMF at  35°C. Phosphoryl transfer rate constant. 
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OEt 
I 22 + *p-OEt 

50 "C O- '0 

23 

SCHEME 4. 

occur via a phosphoryl-transfer step. The mechanism of the subsequent 
hydrolysis step (23 + 22) was not clarified. However, those presented 
for 10 and 16 hydrolysis would be applicable. 

Unequivocal evidence for intermediation of phosphoryl transfer and 
a more detailed picture for the hydrolysis of phosphate esters by the 
Zn"-activated alcohols was recently provided by another model reaction 
between 24 and bis(4-nitrophenyllphosphate (BNP-) (see Fig. 7) (24) .  
The pK, value of the pendent alcohol (24a e 24b) was determined by 
potentiometric pH titration to be 7.30 at 35°C. Both the acidic (24a) 
and basic forms (24b) were isolated as crystals. The X-ray crystal 
structure of 24b shows the alkoxide being closely coordinated (Zn-0- 
bond length of 1.91 A) at the fifth coordination site. Again, the Zn"- 
bound alkoxide anion in 24b was proven to be a more reactive nucleophile 
than a reference (N-methylcyclen)Zn"-OH- species 15b. In the kinetic 
study with 24 in aqueous solution (pH 6.0-10.3) a t  35°C with I = 0.10, 
the rate-pH profile for the phosphoryl-transfer reaction from BNP- 
(to 25) gave a sigmoidal curve with an inflection point a t  pH 7.4, 
corresponding to the pK, value for 24a F? 24b. The second-order rate 
constant k(BNP-) of 6.5 x l W 4  M-'sec-' is 125 times greater than the 
corresponding value of  5.2 x 1 W 6  M-lsec-' for the BNP- hydrolysis (to 
4-nitrophenyl phosphate) by 15b. The rate constants of the BNP- ester 
bond cleavage with various nucleophiles are compared in Table I. The 
Zn"-alkoxide complex 24b is the strongest nucleophile. The product 
of the nucleophilic attack by 24b is the alcohol-phosphorylated species 
25, which was unequivocally determined by independent isolation of 
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25c 

FIG. 7. Reaction mechanism for P-0 ester bond cleavage of bis(4-nitrophenyl) phos- 
phate by alkoxide-pendent cyclen zinc(I1) complex. 

crystalline 25a. C10, by reacting 24b with BNP- in dimethylform- 
amide (DMF). 

etics of th Ki 

Q Q 

24a 24b 

reaction between BNP- and 24b C10, in dry DMF 
at 35°C was studied (24). The second-order rate constant MBNP-) of 1.1 
M-'sec-' with respect to [BNP-I and [24bl was obtained. Comparison of 
the rate constants MBNP-) in DMF and aqueous solution showed that 
the Zn"-bound alkoxide nucleophile acts 1700 times more effectively 
in this aprotic solvent than in water, which is accounted for by a 
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lower solvation in DMF than in H20. The observation with this model 
suggests that the phosphoryl-transfer reactions a t  the enzyme active 
center might occur quite effectively in hydrophobic environments. It 
should also be pointed out that a second-order rate constant of 1.1 x 
lo2 M-lsec-' for the reaction of NA with 24b in DMF (yielding acetyl- 
transferred intermediate 25) is also 350 times greater than that of 
0.31 M-lsec-' in aqueous solution at 25°C (yielding the hydrolyzed 
product). 

The potentiometric pH titration of 25a at 35°C with I = 0.10 using 
0.10 M aqueous NaOH (done quickly before the subsequent hydrolysis 
could occur to any extent) showed the monodeprotonation with a pKa 
value of 9.1, which was assigned to the 25a 25b equilibrium. The 
pK, value was higher than that of 7.3 for 24a under the same conditions, 
which is ascribable to the proximate phosphate anion interaction with 
zinc(I1) (like 25c). The pendent phosphodiester in 25b underwent spon- 
taneous hydrolysis in alkaline buffer to  yield a phosphomonoester- 
pendent zinc(I1) complex 26. Plots of the first-order rate constants vs 
pH (= 7.5-10.5) gave a sigmoidal curve with an inflection point at pH 
9.0, which is almost the same as the pKa value for 25a. Hence, it is 
concluded that the pendent phosphodiester underwent an intramolecu- 
lar nucleophilic attack by the Zn"-bound OH- in 25b. The first-order 
rate constant MPDE) for 25b + 26 is 3.5 x sec-' a t  35°C with 
I = 0.10. As a reference to this intramolecular hydrolysis, ethyl (4- 
nitrophenyl) phosphate (NEP-) was intermolecularly hydrolyzed by 
15b. In this case, the second-order rate constant MNEP-) was 7.9 x lo-' 
M-lsec-' at  35°C with I = 0.10. Thus, the intramolecular hydrolysis is 
45,000 times faster than the intermolecular NEP- hydrolysis with 1 
mM 15b. That is to say, the effective molarity is 45 M (=k(PDE)I 
MNEP-)) in favor of the intramolecular phosphate of 25b. The final 
phosphomonoester product 26 was completely inert and was not hydro- 
lyzed even at high pH (up to ca. 12). Therefore, one could not use the 
Zn"-alkoxide in 24 as a catalyst for phosphate hydrolysis, as was the 
case for carboxyester hydrolysis. The Zn"-cyclen complex 12 was shown 
to strongly bind to dianionic phosphomonoesters (e.g., K = 103.3 M- 
for 1 : 1 NPP2--Zn"-cyclen). It is highly probable that the pendent 
phosphomonoester in 26 itself is too strong a competitive inhibitor, by 
occupying the Zn" catalytic site, to generate Zn"-OH- species. 

The two-step mechanism of phosphate ester hydrolysis by the (Zn"),- 
containing alkaline phosphatase (AP) (7) is thus somewhat mimicked 
by 24. The phosphoryl intermediate 25 is generated by nucleophilic 
attack of the alkoxide moiety in 24b at BNP- and is hydrolyzed by the 
intramolecular Zn"-OH- species in 25b. Thus, the attack a t  the BNP- 
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substrate and subsequent hydrolysis of the intermediate both require 
zinc(I1). In AP, these two functions of zinc(II) are performed separately 
by two proximate zinc(I1) ions. One is involved in the activation of 
SerIo2 to yield a phosphoryl-serine intermediate 2, while the other is 
involved in the activation of water to attack the intermediate (see Fig. 
2). The intramolecular arrangement of these two zinc(I1) ions in AP is 
more advantageous than the single-zinc(I1) system to exercise the dual 
zinc(I1) role. In the single zinc(I1) system, the PK, value of 9.1 for the 
25a $25b equilibrium is higher than the reported PK, value of 7.5 
(2 e 3) for the phosphoryl-serine intermediate. The dinuclear zinc(II) 
system is also essential in the initial interaction with phosphomonoes- 
ter; see Section IV. 

The principle found for zinc(I1) was applied to copper(I1) complex 
models by Young et al. (25). The hydroxyl function of copper complex 
27a deprotonates with a pK, value of 8.8 to yield 27b, which cleaves 
phosphodiester bis(2,4-dinitrophenyl) phosphate (BDP-) by transester- 
ification to produce 28 (MBDP-) = 7.2 x lo-' M-lsec-' at 25°C; see 
Scheme 5). The analogous complex with a hydroxyethyl pendent cleaves 
the diester predominantly by hydrolysis, which suggests that the reac- 
tive species is not Cu"-alkoxide, but CuU--OH-. The rate K(BDP-) of 
9.5 x loe3 M-lsec-' is about two orders of magnitude smaller than 
the phosphoryl-transfer reaction. This copper model study shows that 
metal-alkoxide species may be more effective nucleophiles, as has been 
seen with zinc(I1)-model complex 24. Thus, future models may be de- 
signed that are composed of a metal-alkoxide function and a proximate 
metal-hydroxide function. 

Another phosphomonoesterase family, the purple acid phosphatases, 
have been attracting interest, since they contain a mixed-valence binu- 
clear iron(IUII1) center (26). Although the exact roles of iron(I1) and 
iron(II1) have not been clarified yet, it  has recently been reported that 
the direct nucleophilic attack of FelI1-OH- at the phosphate P atom 
is the most likely mechanism (27). 

27b 28 
SCHEME 6. 
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SCHEME 6. 

The iron(I1)-iron(II1) form of purple acid phosphatase (from porcine 
uteri) was kinetically studied by Aquino et al. (28). From the hydroly- 
sis of a-naphthyl phosphate (with the maximum rate at pH 4.9) and 
phosphate binding studies, a mechanism was proposed as shown in 
Scheme 6. At lower pH (ca. 3), iron(II1)-bound water is displaced for 
bridging phosphate dianion, but little or no hydrolysis occurs. At 
higher pH, the iron(II1)-bound OH- substitutes into the phosphorus 
coordination sphere with displacement of naphthoxide anion (i.e., 
phosphate hydrolysis). The competing affinity of a phosphomonoester 
anion and hydroxide to iron(II1) in purple acid phosphatase reminds 
us of a similar competing anion affinity to zinc(I1) ion in carbonic 
anhydrase (12~2, 12b). 

In a model study using [Fe20(TPA)2(H20)(C10,)33+ 29 (TPA = tris(2- 
pyridiylmethyl)amine), Wilkinson et al. showed that the Fe"'-OH- in- 
deed can act as a nucleophile, promoting hydration of acetonitrile to 
acetamide, yielding 30 (see Scheme 7) (29). 

The first crystal structure (with a resolution of 2.9 A) of purple 
acid phosphatase (kidney bean, composed of 432 amino acid residues) 
containing a dinuclear Fe"'-Zn" active site 31 has been reported (30). 

29 30 
SCHEME 7. 
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The two metal ions are 3.1 A apart and bridged monodentately by 
Asp,,,. A postulated reaction mechanism is that the phosphate group 
of the substrate interacts with the zinc(I1) ion, thereby displacing H 2 0  
ligand, followed by an SN2-type nucleophilic attack at the phosphate 
P atom from the back side by an  Fe"'-OH-. The active site of the 
Fe"'-Zn'' phosphatase seems to be similar to that of a mammalian 
Fe"'-Fe" purple acid phosphatase. For instance, exchange of Zn" for 
Fel' resulted in nearly identical spectroscopic and kinetic behaviors. 
Although the hydrolysis by alkaline phosphatase proceeds differently, 
via a phosphoseryl intermediate with retention of the overall configu- 
ration at  the P atom, the functional role of both metals appears similar 
to that of the metals in purple acid phosphatase. The weaker Lewis 
acidity of zinc(I1) compared to iron(II1) may be responsible for the shift 
of the alkaline phosphatase reaction to the more alkaline side. 

111. Reactivity of Zinc(l1)-Bound Thiolate 

Escherichia coli employs the Ada protein both to repair DNA alkyl- 
ation products and to regulate the transcription of genes (31). The 
primary lesions repaired by Ada are 0 6-methylguanosine, 0 4-methyl- 
thymine, and the S, diastereomer of methylphosphotriesters. Ada re- 
moves the offending methyl groups by direct, stoichiometric, and irre- 
versible transfer to specific cysteine residues in the protein. Cys,,, is 
responsible for repair of the base adducts, and Cys69 repairs the methyl 
phosphotriesters. cys6, is one of four cysteines tightly bound to zinc(I1) 
and essential for protein activity. 

Wilker and Lippard (32) mimicked the [Zn"(-S-cysteine),12- site 
with [Zn1'(-SC,&)4I2- 32, which, in DMso-d6, was reacted with 
(CH,O),PO (see Scheme 81, a model of the DNA methylphosphotriester 
lesion, and the reaction was followed by 'H NMR spectroscopy. The 
1 : 1 reaction yielded quantitatively (CH,O),PO; and CH,SC6H5. This 
reaction is a model for the DNA methyl phosphotriester repair by Ada. 
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in DMSO - 
k =  1 . 6 ~  1e2M 

32 25 'C 

- I  s-I 

+ 

SCHEME 8. 

It is of interest that the Zn"-bound thiophenolate attacks at a methyl 
carbon atom as electrophilic site, while the Zn"-bound alkoxides, as 
described in Section 11, attack at the P atom. In 32, zinc(I1) assembles 
and protects (from oxidation) the four strong nucleophiles C6H,S-. 
While alcohols and water (PK, both ca. 15) need zinc(I1) to be activated 
at physiological pH, thiophenol (PK, ca. 7) may not require zinc(I1) 
for activation. 

[Zn"(-SC6H,),(MeIm)1- 33 and [Zn11(-SC6H5)2(MeIm)2]0 34 were syn- 
thesized to compare the reactivity of ZnTr--SC6H5 in different ligand- 
field environments (32). Both reacted with (CH,O),PO to yield (CH,0)2 
PO, and CH3SCsH5, although the rate constants (1.1 x and s ~ O - ~  
M-lsec-' with 33 and 34, respectively) are much smaller than that of 
32. Certainly, labilization of C6H5S- (from zinc(I1) complex) is highest 
with 32. The extremely slow demethylation reaction with 34 suggests 
that the [Zn1x(-S-cysteine)2(N-histidine)210 site in the prototypical 
zinc finger motif is a poor general nucleophile. The reactivity of [Zn" 
(-SC&,),I2- 32 is almost comparable to that of (CH3),N+(-SC6H5) 
(k = 2 x lo-' M-sec-'1 in DMSO, which yields the same product. 
However, C6H5SH does not react with (CH,O),PO at all. These results 
.imply that the coordination of Cys69 to zinc(I1) ion in Ada may be 
required for the deprotonation of the cysteine SH group (PK, = 8) and 
,for sustaining nucleophilicity of Cyse9 under anhydrous conditions. It 
might be interesting to check whether or not Zn"(-SR), complexes are 
formed with thioalcohols and then react with (CH,O),PO similarly at 
physiological pH in aqueous solution. Earlier, it was reported that 
captopril (a Zn"-containing angiotensin-converting enzyme inhibitor, 
an antihypertensive drug) very strongly binds as a thiolate anion to 
Zn"-cyclen (36, K = 107.0 M-' at 25°C) in neutral pH aqueous solution 
(14). Apparently, this Zn"-bound thiolate anion is kinetically inert and 
shows no activity at all in NA hydrolysis. 
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IV. Dinuclear Metal Systems for Group Transferases and Their Models 

Recently, investigation of multinuclear metal complex systems in 
metalloenzymes has begun to attract attention (5,33). A few examples 
are shown in Table 11. The metal-ion centers in these proteins have 
carboxylate anions that provide effective binding sites for a variety of 
cationic metals, but would lower the effective charge on the complexes, 
making formation of metal-hydroxide nucleophiles at physiological pH 
less feasible by metals alone. Meanwhile, the carboxylate anions play 
the most important role in linking two metals. In contrast, carbonic 
anhydrase consists of one zinc(I1) surrounded by three neutral histidine 
donors, which facilitates generation of a nucleophilic Zn**-OH- by 

TABLE I1 

PEFTIDASE AND PHOSPHATASE ENZYMES WITH MULTINUCLEAR METAL COMPLEX 
ACTIVE SITES 

Metal active site Enzyme and function 
~~ 

Zinc 
2 Zn 
2 Zn, 1 Mg (or 3 Zn) 
3 Zn 
3 Zn 

Iron 
2 Fe (or Fe, Zn) 

Cobalt 
2 c o  

Manganese 
2 Mn 
2 Mn (Mg) 
2 Mn, 2 M" 
3 Mn 

Nickel 
2 Ni 

Other 
2 Mg, 2 Mn, or 2 Zn 

Leucine aminopeptidase 
Alkaline phosphatase 
P1 nuclease 
Phospholipase C 

Purple acid phosphatase 

E. coli methionine aminopeptidase 

Arginase (arginine + ornithine + urea) 
Enolase 
Ribonuclease H domain of HIV-1 (phosphodiesterase) 
Saccharomyces cerevisiae inorganic pyrophosphatase 

Urease (urea + carbonic acid + ammonia) 

E. coli DNA polymerase I 
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zinc(I1) alone (34). The catalytic power in these multinuclear metalloen- 
zymes may be provided by the presence of proximate substrate and 
metal-bound water, with a cooperative activation through hydrogen- 
bonding interactions by protein (basic) residues. 

The “two-metal” mechanisms have been known for most phospho- 
transferases: e.g., alkaline phosphatase (71, inositol monophosphatase 
(35), serinehhreonine phosphatase-1 (361, and purple acid phosphatase 
(30). The catalytic function of the metals in these multinuclear metallo- 
enzymes may be rather electrostatic and seems insensitive to  the nature 
of the metal ions. 

Hydrolyses of single-stranded ribo- and deoxyribonucleotides and of 
phospholipids are catalyzed by P1 nuclease from Penicillium citronurn 
(37) and phospholipase C from Bacillus cereus (381, respectively. Both 
proteins contain three zinc(I1) atoms close to  each other in their active 
sites, two of which (the most essential) are bridged by an aspartate 
residue and water with a distance of 3.2-3.3 A. The crystal structure 
of the phospholipase C active site showed the tri-zinc(I1) system 36. 
Prominent features include His and Asp or Glu ligation, pentacoordi- 
nate zinc(II), and a bridging carboxylate and H,O (or hydroxide) for 
the dinuclear pair, Zn(1) and Zn(3). The latter are 3.3 A apart, while 
the third zinc(I1) ion, Zn(2), is close enough that the inorganic phosphate 
PO!- can simultaneously bridge all zinc(I1) ions. This active-site struc- 
ture is similar to that found in alkaline phosphatase (9) and P1 
nuclease (37). 

36 Phospholipase C Active Site 

The X-ray crystal structure of the inorganic phosphate (an inhibitor) 
complex of alkaline phosphatase from E .  coli (9) showed that the active 
center consists of a Zn,Mg(or Zn) assembly, where the two zinc(I1) 
atoms are 3.94 A apart and bridged by the bidentate phosphate (which 
suggests a phosphomonoester substrate potentially interacting with 
two zinc(IJ), as depicted in Fig. 2), and the Mg (or the third Zn) is 
linked to one atom of the zinc pair by an aspartate residue at  a distance 
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of 4.18 A. DNA polymerase I from E .  coli contains a dizinc active 
site bridged by an aspartate residue, which can house a monodentate 
bridging dinucleotide with a Zn-Zn separation of 3.9 A (39). It has 
been proposed that during phosphate ester hydrolysis, the dinuclear 
metal center binds, orients, and activates the substrate, while stabiliz- 
ing a pentacoordinate phosphorous transition state. 

Phosphotriesterase from Pseudomoms dimenuta is a dizinc metallo- 
enzyme (40) that catalyses the hydrolysis of a broad spectrum of organo- 
phosphotriesters, including the pesticides paraoxon and related acetyl- 
cholinesterase inhibitors. Site-directed mutagenesis experiments have 
indicated that six of the seven histidine residues in the native phospho- 
triesterase are at or near the active site (41). The X-ray crystal structure 
of the phosphotriesterase has recently been determined, disclosing exis- 
tence of two bridging ligands to the two metals, Lys169 and a water 
molecule (42,43). The other ligands are His55, His5,, HisZOl, and Asp,,, . 
C02 is required for the activation, which reacts with the e-amino resi- 
due of Lys16g to form a carbamate 37, being a bridging ligand between 
two zinc(I1) ions (43). The same metal-binding mode has recently been 
disclosed for urease containing two nickel(I1) (44), as described later. 
The metal ions stabilize the carbarnate, which in turn binds to and 
holds the metals in the active site. When the bridging Lys16g is mutated 
to either methionine or alanine, the catalytic activity is drastically 
reduced. However, a significant fraction of the wild-type activity can 
be restored upon addition of carboxylic anions such as CH,COO- and 
propionate, which substitute the carbamate bridge (see 38). 

37 38 

Although the detailed catalytic mechanisms of these phosphatases 
have not been elucidated, an accepted general mechanism is that the 
two metal ions are cooperatively working by interacting directly with 
the scissible phosphate and stabilizing the pentacovalent intermediate 
(33,45). Moreover, one zinc(I1) ion generates the attacking OH- ion. 

X-ray structures of a ternary complex of rat DNA polymerase /3 (pol 
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p )  (containing two Mg"), a DNA template-primer, and dideoxycytidine 
triphosphate (ddCTP) were recently determined (46). The pol /3 active 
site is shown in Fig. 8. Again, a two-metal-ion mechanism was described 
for the nucleotidyl transfer reaction, as for other polymerases such as 
E .  coli DNA polymerase I, HIV-1 reverse transcriptase, and bacterio- 
phage T7 RNA polymerase. ddCTP is a nucleotide analogue that targets 
the reverse transcriptase of HIV and is at present used to treat AIDS. 
The nucleotidyl transfer reaction is generally depicted as follows: Tem- 
plate-primer,, + ddCTP + template-primer-ddCMP,,, + ppi . The crys- 
tal is a pseudo-Michaelis-Menten ternary complex in which both "sub- 
strates" are present, namely, a nonreactive template-primer and a 
nucleoside triphosphate. At the phosphoryl transfer, a Mg" ion, acting 
as a Lewis acid, activates the 3'-OH of the primer terminus, while one 
of its ligands, Aspzs6, acts as the proton acceptor. The pentacoordinated 
transition state is stabilized by another Mg". This evidence leads to 
a proposal that hydrolysis involving self-splicing ribozymes proceeds 
through a similar two-metal ion mechanism. 

The crystal structure of urease form Klebsiellu aerogenes has recently 
been determined (47). The two nickel(I1) ions in the active site are 
3.5 apart. One nickel(I1) ion, Ni(l), is coordinated by three ligands, 

3' 

5' 

-0 

FIG. 8. Transition state of the pentacoordinate a phosphate of ddCTP in pol p ac- 
tive site. 
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FIG. 9. A possible mechanism for urea hydrolysis a t  the catalytic site of urease. 

and the second, Ni(2), by five ligands. A carbamylated lysine provides 
an oxygen ligand to each nickel(I1) ion, explaining why C02 is required 
for the activation of urease apoenzyme. The structure is compatible 
with a catalytic mechanism whereby urea ligates to Ni(1) to complete 
its tetrahedral coordination and a hydroxide ligand of Ni(2) attacks 
the carbonyl C atom (see Fig. 9). 

The structure of the urease active center is similar to that of adeno- 
sine deaminase, an enzyme containing one zinc(I1) per active site 
(though see 48). This enzyme catalyzes the deamination of adenosine 
to inosine and NH3 (see Scheme 9), a reaction mechanistically related 

Adenosine 
Deaminase 13) +NH3 

I I 
sugar sugar 

Adenosine Inosine 

SCHEME 9. 
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to that of urease. Both mechanisms involve the attack of metal-OH- 
on the electrophilic amido carbon. 

While there have been a considerable number of structural models 
for these multinuclear zinc enzymes (491, there have only been a few 
functional models until now. Czarnik et al. have reported phosphate 
hydrolysis with bis(CorIr-cyclen) complexes 39 (50) and 40 (51). The 
flexible binuclear cobalt(II1) complex 39 (1 mM) hydrolyzed bis(4-nitro- 
pheny1)phosphate (BNP-) (0.05 mM) at pH 7 and 25°C with a rate 3.2 
times faster than the parent Co"'-cyclen (2 mM). The more rigid com- 
plex 40 was designed to accommodate inorganic phosphate in the in- 
ternuclear pocket and to prevent formation of an intramolecular pox0 
dinuclear complex. The dinuclear cobalt(II1) complex 40 (1 mM) indeed 
hydrolyzed 4-nitrophenyl phosphate (NP2-) (0.025 mM) 10 times faster 
than Co"'-cyclen (2 mM) at pH 7 and 25°C (see Scheme 10). The final 
product was postulated to be 41 on the basis of 31P NMR analysis. In 
40, one cobalt(II1) ion probably provides a nucleophilic water molecule, 
while the second cobalt(II1) binds the phosphoryl group in the form of 
a four-membered ring (see 42). The reaction of the phosphomonoester 
NP2- can therefore profit from the special placement of the two metal 
ions. As expected from the weaker interaction of BNP- with cobalt(III), 
40 did not show enhanced reactivity toward BNP-. However, in the 
absence of more quantitative data, a detailed reaction mechanism can- 
not be drawn. 

Wall et al. built a binuclear copper(I1) complex 43 in order to see 
acceleration of phosphodiester cleavage (52). With the substrate (50 
pM) shown, the reaction might be considered as a model for the first 
step of the hydrolysis of RNA, in which the alcohol function of the 
side chain intramolecularly attacks the Cu"-activated phosphate as 
a nucleophile for a ring closure reaction. Compared to an analogous 
mononuclear complex 44 (at 1 mM), a rate constant ca. 50 times larger 
for 43 (at 1 mM) was observed at 25°C and pH 7, implying that the 
two metal ions probably cooperate. An analogous zinc(11) complex 46 
was reported only as a structural model for the active site of phospholi- 
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41 42 
SCHEME 10. 

pase C (53). The Zn-Zn bond distance is 3.44 A, which is comparable 
to that of 3.3 A for the carboxylate-bridged Zn-Zn in phospholipase C. 

44 

45 

Tsubouchi and Bruice demonstrated remarkable rate enhancement 
(ca. 1013) in phosphonate ester hydrolysis catalyzed by two La"' ions 
using a phosphonate attached with two 8-hydroxyquinoline moieties 
(54). The complex with two Lan* 46 showed double metal ion cooperativ- 
ity: (i) facile formation of metal ligated hydroxide (PK, = 7.2 at 30°C) 
as an intramolecular nucleophile, (ii) stabilization of the transition 
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state of the hydrolysis by neutralization of the phosphonate negative 
charge, and (iii) interaction with the incipient oxyanion of the leaving 
alcohol. The first-order rate constant for the hydrolysis of 46 was deter- 
mined as 1.36 x lop3 sec-' at  30"C, which is much larger than the 
pseudo-first-order rate constant (5 X lo-'' sec-' at 30°C and pH 8) for 
hydrolysis of the ligand phosphonate itself. However, a 1 : 1 complex 47 
is hydrolytically inert, but subject to catalysis by external nucleophiles 
such as aqueous L a " ' 4 H -  ion. 

46 47 

Chapman and Breslow synthesized zinc(I1) complexes of monomer 
and dimers derived from 1,4,7-triazacyclododecane with phenyl48 and 
4,4'-biphenyl linkers 49 (55). They were examined as catalysts for the 
hydrolysis of 4-nitrophenyl phosphate (NP2-) and bis(4-nitrophenyl) 
phosphate (BNP-) in 20% (v/v) DMSO at 55°C. On the basis of the 
comparison of the pseudo-first-order rate constants, the dinuclear 
zinc(I1) complexes 48 with 1,3-phenyl and 1,Cphenyl linkers are ca. 5 
times more efficient than monomer or 49 in the hydrolysis of NP2-, 
leading to the conclusion that the two zinc(I1) ions are simultaneously 
involved in the hydrolysis, as in the enzyme alkaline phosphatase. For 
the hydrolysis of BNP-, a longer dimer 49 is ca. six times more effective 
than 1,3-phenyl-linked dimer 48 and monomers. 

s w s  
S/L<S m 

",,-Zn (3 I r";n ,a\'\/e3 H N - ~ "  NNH 

LEJJHpJ H L i p  LAJ 
48 49 

A bell-shaped pH vs rate profile with a maximum rate at pH 
7.8 was seen in NP2-hydrolysis by 1,3-phenyl-linked dimer 48. The 
phosphomonoester NP2- prefers the two zinc(I1) ions to be close, and 
hence two alternative mechanisms as shown in Scheme 11 (a or b) are 
proposed for the hydrolysis. The loss of catalytic activity at pH > 12 
may be accounted for by the formation of a double OH--bridged zinc(I1) 
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a b 

50 51 
SCHEME 11. 

species 50. For BNP- hydrolysis, a greater Zn-Zn separation is pre- 
ferred. A bell-shaped pH vs rate profile was found, with the ascending 
leg corresponding to a pK, value of 8 and the descending leg to  a pK, 
value of 12. As a result, a similar mechanism 51 to that for 41 and 46 
was proposed. However, conclusions in this paper might be inaccurate 
for lack of quantitative titration data or possibly too high concentra- 
tions of catalyst (e.g., 227 mM). 

Yun et al. have reported a carboxylate- and a phosphodiester-bridged 
dinuclear magnesium(I1) complex with dicarboxylate ligand 52 (56). 
The reaction of 52 with 2 equivalents of Mg(NO& in MeOH gave a 
carboxylate-bridged complex 53 (see Scheme 12). The Mg-Mg distance 

52 

SCHEME 12. 

53 
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is 4.78 A, and the retained octahedral coordination spheres of the two 
Mg" ions are filled by labile solvent and nitrate ligands. The dicarboxy- 
late ligand thus offers the first assembly for a discrete dimagnesium 
(11) center. 

Further reaction of 53 with diphenyl phosphate afforded a phospho- 
diester-bridged dinuclear magnesium(I1) complex 54. The Mg-Mg dis- 
tance of 4.11 is comparable to similar distances in the Klenow frag- 
ment of E .  coli DNA polymerase I (3.9 A) (391, rat DNA polymerase p 
(4 A) (46), and inositol monophosphatase (3.8 A) (35). The flexibility 
of the bridging carboxylates in 52 is manifested by the ca. 0.75-A range 
of Mg-Mg distances in these complexes, which can readily adjust the 
metal coordination environment. 

OPh 

54 

A variable-temperature 31P NMR study of 54 in d,-MeOH disclosed 
a free energy of 60 kJmol-' for the activation of the bridging phospho- 
diester exchange with free diphenyl phosphate. This value is compara- 
ble to that obtained by a similar method for an analogous dinuclear 
zinc(I1) complex with 52,45 kJ mol-' (57). The phosphodiester exchange 
rate of the dimagnesium(I1) complex (1.9 x lo2 sec-l at 25°C) is ca. 400 
times slower than that of the dizinc(I1) analogue, which is similar to 
the difference in H20 exchange rates of hydrated Mg" (lo5 sec-') and 
Zn" (3 X lo7 sec-'1. The observed differences in phosphate exchange 
rates may be useful information to explain the metal ion preferences 
of phosphatases that employ a carboxylate-bridged dimetallic center. 

The crystal structure of serinekhreonine phosphatase-l(36) revealed 
that it contains two metal ions M(1) and M(2) (unidentified as yet) 
close to each other (see Fig. 10). Each of the metal ions is coordinated 
by five ligands. The distance between the two metal ions is 3.3 A, which 
is facilitated by Asp,, and a water molecule (or OH- ion); each bridges 
the two ions. Both metal ions and two arginine residues together create 
the active site. The metal ions, by stabilizing negative charges, can 
make a phosphomonoester more susceptible to  nucleophilic attack, 
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FIG. 10. A possible mechanism for phosphornonoester hydrolysis a t  the catalytic site 
of serinehhreonine phosphatase-1 active site. 

probably by the metal-bound H20.  The requirement for a general acid 
catalysis for the leaving group serine (or threonine) of the substrate 
may be met by Alternatively, the reaction might proceed via a 
covalent phosphoryl-histidine intermediate with Hislz5. So far, how- 
ever, there is direct evidence for the reaction mechanism. 

More recently, a new cryptand 55 has been synthesized, which at  
pH > 4 formed a dizinc(I1) complex of an alkoxide-bridged octaazacryp- 
tand 56. The novel cryptate 56 disclosed more detailed intrinsic proper- 
ties of dinuclear zinc(I1) system useful for catalytic activities (58). The 
X-ray crystal structure of 56 showed the two zinc(I1) ions being equiva- 
lent in a distorted trigonal-bipyramidal environment involving two 
NH groups (with an average Zn-N distance of 2.07 A) and an alkoxide 
0- anion (Zn-0- distance 1.93 A) as equatorial donors, while the 
tertiary amine and an NH (with an average Zn-N distance of 2.23 A) 
are in apical positions. Although these two zinc(I1) in the cryptate 
appeared to be coordinatively saturated and hence were assumed unre- 
active, they were shown to work cooperatively, selectively recognized 
a phosphomonoester, 4-nitrophenyl phosphate dianion (NP2-), and pro- 
mote the cleavage of its P-0 ester bond by the nucleophilic attack of 
one of the apically coordinated NHs at pH 4.9-9.5 in aqueous solution 
(see 57 in Scheme 13). The Zn-Zn bond distance of 3.42 A in 56 is 
appropriate to allow interaction with the phosphomonoester substrate. 
The reaction product was isolated from aqueous solution as a novel 
phosphoramide derivative 58 and identified by X-ray crystal structure 
analysis. The structure of 58 featured the two phosphoryl oxygens 
bound to each zinc(I1) ion (an average Zn-OP distance 2.02 A) in place 
of the original two apical NHs. The Zn-Zn distance is a little widened, 
to 3.65 A. A mechanism for the phosphate P-0 bond cleavage is that 
as a substrate NP2- approaches to bridge both zinc(II), the apical NHs 
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55 56 

57 58 

2EDTA 2EDTA-Zn” 

55 + HOP0s2- 
pH-I.  50’C 

SCHEME 13. 

dissociate, and one of them becomes an intramolecular nucleophile to 
attack at the incoming phosphorus atom to perform a phosphoryl trans- 
fer reaction. The phosphoryl transfer by 56 stops at the 58 stage, which 
is extremely stable in presence of two zinc(I1) ions, and hence 56 by itself 
does not catalyze for phosphomonoester hydrolysis. However, when 
the zinc(I1) ions were removed with ethylenediaminetetraacetic acid 
(EDTA) at pH 7 in aqueous solution at ca. 60°C, the P-N bond was 
hydrolyzed to yield the starting cryptand 55 and inorganic phosphate. 
The phosphoamide group in 58 is stabilized by the two zinc(II), just 
as the carbamates in 37 (43) and urease (47) are stabilized by two 
metal ions. 

V. Concluding Remarks 

An increasing number of crystal structures of metalloenzymes have 
been reported, with more molecular structures of the metal active cen- 
ters. We believe, however, that this is only the beginning of a new 
bioinorganic chemistry. The structural data provide more questions 
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than answers, especially in terms of chemical reaction mechanisms. 
Design of useful models is therefore a great help in elucidating the role 
of metals, functions of amino acid residues, and principles of multimetal 
functions. Now that the principle of the mononuclear system seems to 
be well investigated, the major concern seems to be shifting to more 
practical applications such as development of artificial nuclease and 
phosphatase. However, investigation of multinuclear or multifunc- 
tional systems composed of metals and amino acid residues has just 
begun. We are convinced that bioinorganic chemists are capable of 
designing more and more sophisticated models for those goals. 
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1. introduction 

The activation of dioxygen by transition metal complexes may appear 
at first to be both oxymoronic and redundant: Common sense describes 
dioxygen as a powerful oxidant and a reactive species. Thermodynami- 
cally this is certainly true, but kinetically dioxygen is fairly inert. 
Dioxygen is a paramagnetic molecule in a triplet (3Z;) ground state 
with two unpaired electrons in degenerate antibonding orbitals; its 
reactivity must follow rules governing the conservation of spin in a 
reaction. Therefore, dioxygen must either react with another radical 
or form products with a triplet ground state ( la) .  Such processes are 
rare, leading to the kinetic inertness of dioxygen. 

Dioxygen could overcome the kinetic barrier of its unpaired electrons 
and triplet ground state by excitation to its first excited state (IAg), in 
which all electrons are paired. Unfortunately, this species, referred to 
as singlet oxygen, is generally too reactive and too short-lived for most 
situations (1 b, I c ) .  However, dioxygen complexation to a transition 
metal can also result in activation and create stable complexes that 
can be studied, modified, and used in further reactions in a controlled 
manner (2). This latter type of activation is the subject of this chapter. 

The activation of dioxygen by transition metals is already a topic 
far too broad to be covered in a review of this kind. We have therefore 
chosen to focus only on the cobalt subgroup metals (cobalt, rhodium, 
and iridium), and even within this limited range, attention will be 
confined to novel aspects and only the most recent developments. Chro- 
mium, molybdenum, and tungsten peroxo and superoxo complexes have 
recently been reviewed (3d, as have similar complexes of vanadium 
(3b), manganese (3~1, and copper (3d).  Theoretical calculations of 
metal-dioxygen complexes have also been the subject of a recent review 
(3e) .  Our focus forces us to  ignore many of the biochemical aspects of 
dioxygen activation (involving iron and copper), but some of these topics 
have also been the subject of recent reviews (4 ) .  In addition to primary 
literature sources, we also refer to  relevant reviews. 
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B. BONDING MODES OF DIOXYGEN AS A LIGAND 

In Fig. 1 some of the most common metal-dioxygen binding modes 
found for mononuclear and dinuclear transition metal complexes are 
diagrammed. Note that the terms “superoxo” and “peroxo” ultimately 

mononuclear dioxygen complexes 

/” 
M-0 

‘ 0  

q’-superoxo q2-superoxo 

or or 

q’-peroxo q2-peroxo 

dinuclear dioxygen complexes 
(with or without a metal-metal bond) 

M 
,O-O, 

P 
dO‘M M /‘\M M 

‘0 

symmetrical or unsymmetrical 

p2-q’:q2-peroxo p2-q2:q2-peroxo 

FIG. 1. The common binding modes of dioxygen as a ligand in mononuclear and 
dinuclear metal complexes. 
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refer back to the classical inorganic species “superoxide” [Oil and “per- 
oxide” [Oi-], but these designations are often quite relative and depend 
strongly on the formal oxidation state assigned to the central metal 
(5a), most often based on spectroscopic observations (5b) .  Some of these 
binding modes are more rare than others, and not all complexes fit 
neatly into the classification given. However, a knowledge of these 
generic structures will aid in an understanding of the discussions 
that follow. 

As research in the area of dioxygen transition-metal complexes pro- 
gresses, the relative novelty of each structure may change. The struc- 
tures that seem common now may be overtaken by newer structures. 
Thus, Fig. 1 should be used as an outline rather than as the definitive 
word on possible structures for metal-dioxygen complexes. 

II. Nitrogen Donor Ligands 

Although a wide variety of nitrogen donor ligands exist in transition- 
metal complexes, relatively few general types have been employed in 
those complexes that have been found to activate dioxygen. Generally, 
the ligands are at least bidentate, and often are multidentate. 

A. AMINES 

Both acyclic and cyclic amines, as well as ammonia, can act as li- 
gands, primarily in cobalt(I1) and cobalt(II1) complexes, so as to produce 
systems that react with and/or activate dioxygen. With some inevitable 
overlap, we have separated these topics into distinct sections to  aid in 
the clarity of presentation. 
1 .  Ammonia (Ammine) Complexes 

Both p-peroxo and p-superoxo complexes of cobalt-containing am- 
mine ligands are well known. A fair number of examples of p-peroxo- 
dicobalt complexes with the general formula [L5Co( p-O2)CoL,I4+ can 
be cited (6-9). Among these complexes are those with L, = (NH,), (6), 
L, = (NH,),(deta), (NH,)(pda),, (NH,)(dap), , or (NH,)(bda), (71, L5 = 
(NH,)(eda), (8a, 8b), and L, = (NH,)(teta) (9). In addition, the di-bridged 
p-hydroxo-p-peroxo complex [(NH,),Co( p-O,)( p-OH)Co(NH3),I3+ ( 8 c )  
is well known. [The ligand abbreviations we have used refer to the 
following: deta, diethylenetriamine, (H2NCH2CH2)2NH; pda, propyl- 
enediamine, H,N(CH.J,NH, ; dap, 1,2-diaminopropane, H,NCH,CH- 
(NHJCH, ; bda, butylenediamine, H,N(CHJ,NH, ; eda, ethylenedia- 
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mine, H,N(CH,),NH, ; and taea, tris(aminoethyl)amine, (H2NCH,- 
CH,),N.] These complexes, and their superoxo relatives, can be charac- 
terized by their Raman spectra (10). 

A rare (11 ) example of an alkylcobalt(II1) compound containing solely 
saturated ligands, [CH3Co(NH3),12+, has been synthesized and spectro- 
scopically characterized (12). The synthesis of this complex utilized 
dioxygen as the oxidizing agent (13) for cobalt(I1) nitrate hexahydrate 
in water, followed by reaction with methylhydrazine. Although at first 
glance such a reaction does not appear to  fit the definition of dioxygen 
activation, it has been shown (14) that this general class of reactions 
involves intermediate cobalt(II1)-containing superoxy radical species, 
as shown in Eq. (l), in which salen is an abbreviation for the ligand 
N,N’-ethylenebisbalicylideneaminato): 

These radical species may (slowly) combine to  form the p-peroxodico- 
balt species or, as in the preparation of [CH,Co(NH3),12+, react (more 
rapidly) with the alkyl hydrazine to form the alkylated cobalt(II1) spe- 
cies and dinitrogen. Schiff base complexes such as these are discussed 
in more detail later in this article. 

Marcus theory (15) has been applied to the study of the reductions 
of the p,-superoxo complexes [CoZ(NH3)& pz-Oz)( pz-NHZ)l4+ and 
[Co,(NH,),,( p2-O2)I5+ with the well-characterized outer-sphere re- 
agents [Co(bipy),l’’, [C~(phen)~ l~+ ,  and [Co(terpy),12+, where bipy = 
2,2’-bipyridine, phen = 1,lO-phenanthroline, and terpy = 2,2’: 6’,2’’- 
terpyridine ( 1 6 ~ ) .  The kinetics of these reactions could be adequately 
described using a simple outer-sphere pathway, as predicted by Marcus 
theory. However, the differences in reactivity between the mono- 
bridged and di-bridged systems do not appear to  be explicable in purely 
structural terms. Rather, the reactivity differences appear to be caused 
by charge-dependent effects during the formation of the precursor com- 
plex. Some of the values for reduction potentials reported earlier for 
these species ( 1 6 ~ )  have been revised and corrected by later work (16b). 

2.  Acyclic Amines 

The length of the “arms” of tripodal donor ligands can have signifi- 
cant effects on the properties of the complexes in which they are a 
part. The symmetrical tetradentate ligands taea (vide supra) and tapa 
[tris(aminopropyl)amine, (H,NCH2CH,CH,),N1, as well as the novel 
(1 7) asymmetric ligand abap [aminoethylbis(aminopropyl)amine, 
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H2NCH,CH,N(CH2CH2CH2NHz),1, have been used to prepare com- 
plexes of cobalt(II1) via the air oxidation of the analogous cobalt(I1) 
complexes. With the last ligand, abap, the peroxo-bridged dimer [(abap)- 
(N0,)Co(p-02)Co(N02)(abap)]~+ could be isolated and characterized. 
When the ligand taea was used (181, however, a stronger oxidant, PbO,, 
was necessary to effect to oxidation. 

The novel pentadentate ligand (H,NCH2CH,NHCH2)2C(NH2)CH,, 
tamdn (1,5,9-triamino-5-methyl-3,7-diazanonane), could be shown to 
coordinate to cobalt(III), and the brown dicobalt peroxo- and green 
dicobalt superoxo-bridged dimers [(tamdn)C~(p-O~)Co(tarndn)]*+'~+ 
could be prepared (19). An X-ray crystal structure of the superoxo 
species (redrawn in Fig. 2) showed the expected structure. In addition, 
spectroscopic studies supported an analogous structure for the per- 
0x0 species. 

Earlier studies of acyclic polyamine complexes have focused on the 
electronic structures of the complexes (20) and on detailed electrochemi- 
cal investigations of the systems ( 2 1 ~ ) .  The cobalt(I1) complexes of 
polyamine ligands cover a fairly wide range of oxygen affinities, and 
small changes in the ligand can impart significant changes to the 
spectral and redox properties of the systems. In a report of electrochemi- 
cal investigations (21~1, a linear relationship was found between the 
peak potentials for the cobalt(I1) complexes and the log(K,,) for the 
formation of the (p-O,)Co" species. This report parallels earlier studies 
(21b) that  demonstrated a linear free energy relationship between the 
log(KStab) and the sum of the pK,s of the coordinated ligands. A related 
study of the reduction of the peroxo-bridge in dicobalt complexes con- 
taining multidentate amine donors, in contrast to the earlier ( 2 1 ~ )  

192.2 pm <T125,8pm 
HN.-)-$ NH2 

t&TNH2 
'H3 

FIG: 2. The structure of the green p2-superoxo-dicobalt(III) cationic complex of 
tamdn, redrawn with selected bond distances included. 



ACTIVATION OF DIOXYGEN BY COBALT GROUP METAL COMPLEXES 269 

work, demonstrated that the complexes were less reactive than the 
reaction of hydrogen peroxide with ferrous ion as the reductant (22). 

3. Cyclic Amines 

The macrocyclic polyamine ligands discussed here are saturated, 
generally neutral, amine donors (unlike the Schiff bases, which are 
generally unsaturated and may carry a charge, or the porphyrins and 
their analogues, which carry a dinegative charge; vide infru). The com- 
mon nomenclature of these systems is somewhat ambiguous and histor- 
ically full of nonstandard abbreviations. For example, 1,4,8,1 l-tetra- 
azacyclotetradecane is referred to both as “cyclam” and as [ 14]aneN4, 
neither of which is as descriptive or unambiguous as the “longer” sys- 
tematic terminology. When appropriate, and as dictated by the original 
authors, we shall use either the “ane” nomenclature (23) or common 
shortened names, but shall attempt to define the ligands unambigu- 
ously and/or give our chosen abbreviations as well to  limit confusion. 

Electrochemical (24) and chemical (25, 26) techniques have been 
utilized to investigate the kinetics and the mechanisms of the addition 
of dioxygen to a metal center, and to follow its subsequent reduction 
to hydrogen peroxide when catalyzed by cobalt(II1) complexes of macro- 
cyclic amine ligands. Such complexes have also been involved in the 
general investigation of dioxygen addition to cobalt complexes (27,281. 

The well-characterized (29) cobalt(I1) complex of [ 14]aneN4, which 
is highly reactive toward dioxygen (26c, 301, was used as a catalyst in 
the two-electron reduction of dioxygen to hydrogen peroxide at a rotat- 
ing ring-disk electrode (24b). Two different mechanisms were identified, 
depending on whether the cobalt(II1) complex and its cobalt(I1) deriva- 
tive (the actual catalyst in the reaction, see Scheme l), or dioxygen 
(Scheme 21, was present in excess. 

Whether in the presence of excess cobalt(II1) complex [Co([l4lane- 
Nq)(OHJ2I3+ (1) or in the presence of excess dioxygen, the first step in 
either mechanism is the electrochemical reduction event of the co- 
balt(II1) complex to the cobalt(I1) complex [C0([14]aneN,)(OH~)~l~+ (21, 
followed by the rapid addition of dioxygen to form the dioxygen adduct 
[Co([ 141aneN4)(OH,),0,]2+ (3). At this point, the two mechanisms di- 
verge. When excess complex (and, thus, catalyst) is present, 3 dimerizes 
with 2 to form [{Co([141aneN4)(OH,),},0214+ (41, which, after the addi- 
tion of two protons and two electrons, eliminates hydrogen peroxide to 
reform 2. Some of the intermediates in this mechanism have been 
identified independently and have been found to be stable at  room 
temperature (28). 

In the presence of excess dioxygen, rather than undergo dimerization, 
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3+ 

O H I  

(4) 

SCHEME 1. The proposed mechanism for the reduction of dioxygen to hydrogen perox- 
ide in the presence of excess [C0([14]aneN~)(OH~)~]~’  (1). 

3 adds a proton and an electron, forming the hydroperoxo intermediate 
5, which then adds another proton and another electron, eliminates 
hydrogen peroxide, and reforms 2. The hydroperoxo species has been 
tentatively formulated as an “end-on” bonded species (24b). 

The cobalt(II1) complex of Me,[141aneN4 (hmc or C-rneso- 
5,7,7,12,14,14-hexamethyl-l,4,8,1l-tetraazacyclotetradecane) has also 
been used to investigate the reduction of dioxygen to (in this case) 
hydroperoxide (24a). The hmc ligand has been shown (25e) to prevent 
the formation of a pz-peroxo dinuclear complex because of the signifi- 
cant steric crowding of the six methyl groups, thus simplifying the 
interpretation of the electrochemical data. The electrochemical behav- 
ior of the ( h m ~ ) C o ~ + / ~ +  system closely resembled the previously de- 
scribed (24b) ([14laneN,)C0~+/~+ system. However, the predicted inabil- 
ity of the hmc complex t o  dimerize was experimentally realized, and 
the ( h m c ) C ~ ~ + / ~ +  system was found to  be only a modestly active catalyst 
for the reduction of dioxygen to hydrogen peroxide. 
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SCHEME 2. The proposed mechanism for the reduction of dioxygen to hydrogen perox- 
ide in the presence of excess dioxygen. 

The formation of dioxygen adducts of [C~(hrnc)(OH~),]~+ (6) has been 
intensively studied (25). The rate constants for dioxygen binding to 
and its subsequent release from [Co(hm~)(OH,),(0~)]~+ have been ex- 
perimentally determined to be 5.0 x lo6 M - k '  and 1.66 x lo4 s-l, 
respectively (25e). The effect of such coordinating anions (254 as C1- 
and SCN- has also been investigated. [Generally, the counter anion 
for the cobalt complex is CF,SO, (25e).] While the rate of binding of 
dioxygen is little affected by these anions, the rate of autoxidation is 
enhanced, especially for those cases in which the thiocyanate anion 
is present. 

The effect of pH on the formation of dioxygen adducts of 6 (25c), as 
well as the establishment of volume profiles for the reaction (25b) have 
been reported. In aqueous solution, dioxygen adducts of 6 form at 
pH > 7, with the kinetics of the reaction remaining approximately 
constant with those measured at  pH < 7. However, at high pH values, 
the rate drops off by a factor of about five, corresponding to the point 
at which complex 6 is deprotonated (pK, = 11.68). When the rate 
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constants for dioxygen adduct formation were investigated with respect 
to pressure (25b), the results indicated that an interchange mechanism 
for the substitution at the cobalt(I1) center was occurring. 

The synthesis of an exceptionally large decadentate macrocycle, 
1,4,7,10,13,16,19,22,25,28-decaazacyclotriacontane (7), [SOIaneN,, , 
and its ability to bind to cobalt(I1) under anaerobic conditions to form 
both mononuclear and dinuclear species have been reported (31 ). In the 
presence of dioxygen (27 ), both mononuclear and dinuclear bridging 
peroxo systems can be prepared, depending on the ratios of the concen- 
trations of the ligand 7 to  the cobalt(I1) complexes. Unlike the dimeric 
cobalt systems described earlier, these systems are internal dimers: 
one molecule of [30]aneN,, can form a complex with either one or two 
metal centers, and, with two metals, the bound dioxygen bridges the 
centers intramolecularly. 

4 .  Pyridines and Related Ligands 

It has long been known that, when bound to cobalt(II), the pyridine- 
based chelate ligands 2,2'-bipyridine (bipy), 1,lO-phenanthroline 
(phen), and 2,2' : 6',2"-terpyridine (terpy) form complexes that react 
with dioxygen in aqueous solution (32-34 ), The mixed-ligand com- 
plexes [Co(terpy)(bipy)12+ and [Co(terpy)(phen)12+ can act as oxygen 
carriers in aqueous solutions at pH values as low as 3.0 (34b),  and the 
superoxo species thus formed are apparently dinuclear. In addition, the 
dinuclear bipyridine complex [(bipy),Co"'(r-Lz-OH)(~u,-02 )Co"'(bipy), l3 + 

has been shown to catalyze the oxidation of 2,6-di-tert-butylphenol to 
the tert-butyl-substituted diphenoquinone and quinone ( 35 1. 

The [C~"(bipy),]~+ species has also been reported to activate hydrogen 
peroxide and tert-butyl hydroperoxide for the selective ketonization of 
methylenic carbons, the oxidation of alcohols and aldehydes, and the 
dioxygenation of aryl olefins and acetylenes (36 ) .  Later reports (371, 
however, while confirming that the cobalt complexes did indeed cata- 
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lyze these reactions, indicated that other metal centers such as cop- 
per(I1) were better catalysts. 

The reaction of a 1,lO-phenanthroline complex of iridium, [Ir(cod)- 
(phen)]+, with dioxygen in methanol solution has been studied (38). 
When the anion for this cationic complex is chloride, no anion-cation 
interaction occurs, and the iridium system remains four-coordinate. 
However, when either iodide or thiocyanate is present due to the addi- 
tion of their sodium salts (or in the presence of added triphenylphos- 
phine when the anion is chloride), the iridium system becomes five- 
coordinate because of the interaction between I-, SCN-, or PPh3 and 
the iridium center. These five-coordinate systems react more rapidly 
with dioxygen than did the four-coordinate system at both normal and 
elevated pressures. An “end-on” oxidative addition of the dioxygen 
moiety, with displacement of the I-, SCN-, or PPh, ligands, was postu- 
lated. 
5. Interactions with Zeolites 

The attachment and encapsulation of metals and metal complexes 
in the cavities of zeolites is an active area of research and provides a 
versatile method for the modification of these “molecular sieves” (39 ). 
Because of the enforced dispersion of the metal complexes in the zeolite, 
systems not readily observable in solution can be investigated in zeo- 
lites. For example, the mononuclear superoxo adduct of the cobalt(II1)- 
ammine system, [CO(NH,),(OO.)]~+, which would be expected to dimer- 
ize in solution, could be observed entrapped in zeolite Y (40) .  

The interactions of acyclic and cyclic polyamine ligands with NaY 
zeolites exchanged with transition metal ions have been reported (41 1. 
In addition to zeolites containing nickel(II), manganese(II), or chromi- 
um(III), an NaY zeolitic system containing cobalt(I1) was prepared 
through the cation exchange of the sodium ions with cobalt(I1) acetate, 
followed by drying. The dry zeolite was then allowed to react with the 
dry solid polyamine ligand under nitrogen at 100°C. 

The [Nay : Co”(cyclam)] and [Nay : Co”(tepa)l systems (41 ) both re- 
act with dioxygen to form mononuclear superoxo adducts. The former 
system is much more easily reversible than the latter, which may be 
due to the ability of the tepa ligand to increase the electron density 
at the metal center to a much greater degree than can the cyclam 
ligand (42 ). 

B. PYRAZOLES 

The pyrazole structural entity is a nitrogen-donor ligand that (at 
least within the limitations of this review) can be formally negatively 
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charged as a pyrazolate or can be viewed as the neutral donor portion 
of an overall negatively charged hydridotris(pyrazoly1)borate. Thus, 
we consider pyrazoles to be significantly different from other nitrogen 
donors, and to merit a separate section for discussion. 

I .  Hydridotris(pyruzoly1) borutes 

The hydridotris(pyrazoly1)borate (Tp) ligand has become well known 
and well established as a formal analogue of the cyclopentadienyl (Cp) 
ligand (43 1. Unlike Cp, however, when appropriately substituted, Tp 
can become what has been described (44,45 as a tetrahedral enforcer 
ligand, producing complexes that are constrained to be tetrahedral 
even when other factors might allow octahedral coordination. 

In addition to the enforcement of tetrahedral structures, Tp deriva- 
tives also confer unusual and novel reactivities upon their complexes. 
For example (46 ), Tp' [hydridotris(3-tert-butyl-5-methylpyrazolyl)bor- 
ate] reacts with COX, to produce Tp'CoX complexes that can be reduced 
in the presence of N, , yielding the dinitrogen complex Tp'Co(N, 1. Ex- 
cess dioxygen converts this dinitrogen complex into an unusual side-on 
bound superoxo complex (8). Further, 8 reacts, via hydrogen abstraction 
(with the hydrogen apparently arising from the tert-butyl portion of the 
pyrazolyl substituent), to form the hydroxo complex (9). (The residual 
radical presumed to be formed on the tert-butyl group is then thought t o  
abstract hydrogen from the solvent to regenerate the tert-butyl group.) 

Although variations in the substituent groups on Tp are expected to 
result in differing reactivities, synthetic problems arise when attempts 
to vary the substituents are made. With less sterically demanding 
ligands than tert-butyl, the pyrazolyl group can bind to the boron center 
in two different fashions, yielding a difficult-to-separate mixture of 
isomers. For example (45 ), the reaction of 3- iso-propyl-5-methylpyra- 
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zole with KBH, yields a mixture of three' almost inseparable regio- 
isomers. One regioisomer, Tp", however, was separated from the other 
regioisomers by an unusual method (47) termed inverse recrystal- 
Zization. This method involved allowing the regioisomeric mixture 
of hydridotris(pyrazoly1)borates to react with CoI, , forming a corre- 
sponding regioisomeric mixture of iodocobalt[hydridotris(3/5-iso- 
propyl-5/3-methylpyrazolyl)boratel complexes. This mixture of regio- 
isomeric cobalt complexes is insoluble in acetonitrile. However, an 
acetonitrile suspension of the mixture, when cooled to -3O"C, changes 
from a blue suspension to a greenish-yellow solution. Upon warming 
to room temperature, a blue solid crystallized, and this blue solid was 
found to be enriched in one regioisomer. Two repetitions of this proce- 
dure resulted in the isolation of pure 10. The cause of this unusual 
separation is reported to be an equilibrium that exists between 10 (and 
its regioisomers) and 11 (and its regioisomers). 

Apparently, inverse recrystallization is possible in this case because 
of the sterically based differences in the affinity of the regioisomers of 
10 for acetonitrile. Fortuitously, the most sterically demanding isomer, 
10, is least prone to add acetonitrile ligands and become an octahedral 
complex, and most prone to revert to the insoluble tetrahedral form. 
This allows the enrichment to occur upon warming. 

Following the preparation of pure 10, the dimeric dinitrogen complex 
(12) was prepared via magnesium reduction of 10 under a dinitrogen 
atmosphere. Following this reduction under dinitrogen, the reactions 
in Scheme 3 were directly investigated to develop an understanding 
of the activation of dioxygen by the system of Tp"Co complexes. 

' In this reaction, four isomers should have been produced. However, the hydridotris(3- 
methyl-5-iso-propylpyrazoly1)borate isomer either was not produced in the reaction, or 
was formed in amounts too small to be detected. This isomer would be expected to be 
the most sterically hindered, at boron, of the four possibilities. 
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intra- 
molecular 
hydrogen 
abstraction 

inter- 
molecular 
hydrogen 
abstraction 

T ~ " C ~ - ( ~ ~ - ~ ~ ~ : ? ~ C O ~ ) - C O T ~ "  Tp"Co(pz-OH)2-CoTp" 

(14) (17) 

SCHEME 3. Some of the reactions of Tp"Co complexes. 

The ( p - 0 , )  complex, 16, which is similar to Kitajima's dimeric 
(p-0, )hydridotris(3,5-di-iso-propylpyrazolyl)borate complex of copper 
(481, was determined to abstract a hydrogen atom from the iso-propyl 
group of the Tp" ligand, forming the (p-OH), complex (17). Evidence 
implicating hydrogen tunnelling in this hydrogen-atom abstraction step 
was found. This evidence included a large kinetic isotope effect, kH/ 
k,(281 K), of 22(11, a difference in the apparent activation enthalpies, 
A(AH?, of 2.8 kcal/mol, and a difference in the preexponential factors 
resulting from an Arrhenius analysis, AHIAD, of 0.13. No significant 
curvature in the Eyring plot was observed, however, because the experi- 
mentally accessible temperature range was not large enough to estab- 
lish nonlinearity. 

Based on the analysis of the reactions in Scheme 3 and on previous 
studies (46,47),  a mechanism for the reaction was proposed in which 
the p-peroxo complex, 16, may simultaneously abstract two hydrogen 
atoms from iso-propyl groups on the pyrazolyl ligands. Alternatively, 
because of the weak 0-0 bond, 16 may homolytically dissociate to 
form two Tp"Co(0.) 0x0-radical moieties, and these species would then 
abstract hydrogen from the iso-propyl groups. In either case, the result- 
ing carbon-centered radical can either react with solvent, as was ob- 
served for the Tp' complex (46 ), or with another carbon-centered radical 
so as to regenerate the Tp"Co(0H) complex and produce a derivative 
of the Tp" complex with an iso-propenyl substituent, 18. Ultimately, 
either route would produce the (p-0HI2 complex, 17. 
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Infrared spectroscopy can be used to classify metal-dioxygen com- 
plexes as either superoxo species (do-0) from 1200 to 1070 cm-') or 
as peroxo species (do-0) from 930 to 740 cm-') (49).  However, this 
system fails to  accurately define the type of dioxygen species present 
in 8 and 15, as these complexes exhibit 40-0) absorptions at 961 and 
941 cm-', respectively. Preparation of the complexes with 180-enriched 
dioxygen confirmed that the dioxygen was bound "side-on" ($) in these 
complexes: Complex 8 exhibited isotopically shifted vibrations indica- 
tive of a side-on bound dioxygen ( v ( ' ~ O - ~ ~ O )  absorption at 961 cm-', 
v ( '~O- '~O)  a t  937 cm-', and v ( ' ~ O - ' ~ O )  at 908 cm-'1, as did complex 
(15) ( v ( '~O- '~O)  absorption at 941 cm-' and ~ ( ' ~ 0 - ' ~ 0 )  at 890 cm-'). 

While the approximation might be advanced that the values are close 
enough to the peroxo range to allow such a classification, an X-ray 
crystallographic analysis of 8 was undertaken so as to confirm the 
matter (46). The structure (redrawn in Fig. 3) was confirmed as contain- 
ing a side-on bound dioxygen ligand, with d(0-0)  of 1.262(8) A 
d(Co-0) of 1.816(5) and 1.799(6) A, and an LO-Co-0 of40.9(3)". Thus, 

126.2 pm 

I 

FIG. 3. The central portion of the crystal structure of 8, redrawn to show selected 
bond distances. 
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since the 0-0 distance is reasonable for a superoxo ligand, the complex 
is best described as a cobalt(I1)-superoxo complex, and, by comparison, 
15 is also an example of such a side-on bound superoxo species. 

The Tp” complex of cobalt, [Tp”Co(CO)], continues to yield its secrets 
(50). As illustrated earlier (Scheme 3), when this complex, as the solid, 
is exposed to dioxygen, the [Tp”Co(O, )] complex is formed. In solution, 
however (CH2C12 or CH,CN), the complex forms a dimer that could be 
isolated and characterized crystallographically. The dimer [Tp”Co(p2- 
02)2CoTp”l is linked by two dioxygen bridges such that the resulting 
six-membered ring composed of the dioxygen bridges and the cobalt 
centers is arranged in a “chair” conformation. The dimer is less stable 
thermally than is the monomer, even in the solid state. However, the 
dimer holds promise in the continuing study of the activation of dioxy- 
gen, which, in this system, depends on the simultaneous binding of 
one dioxygen molecule to  two metals in the presence of excess dioxygen. 

2. Pyrazolates 

A dirhodium complex containing p,-pyrazolate ligands, 21, has been 
shown (51 ), after reaction with HBF,, to  activate dioxygen in the 
transformation of a p2-vinylidene group into an q’-acyl ligand (see 
Scheme 4). These final steps are part of an overall series of reactions, 
beginning with the dirhodium complex (19), in the degradation and 
oxidation of 1 ,l,l-trichloroethane. This process may find applications 
in the search for catalytic (52 ) or stoichiometric (53 ) reactions useful 
in the removal of organochloro pollutants from the environment. 

C. SCHIFF BASES AND RELATED LIGANDS 

A Schiff base is the common name for the (usually acyclic) imine 
product of the reaction of a primary aryl amine with an aldehyde or 
ketone. These imines are stable if there is at least one aryl group on the 
imino nitrogen or on the imino carbon (54). A cyclidene is generically a 
cyclic, multidentate imine. 
1 .  Schiff Bases 

A cobalt(I1) Schiff base complex has been reported to have been 
assembled in situ in zeolite Y (55). The zeolite was ion-exchanged with 
cobalt(II), followed by treatment with an excess of the Schiff base ligand 
salen (22). This synthetic methodology was employed because the pre- 
formed cobalt(I1)-salen complex was expected to be too large to  diffuse 
into the pores of zeolite Y. Since the acyclic salen ligand is flexible, 
the ligand was reported to be able to gain access to  the cobalt-exchanged 
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.-Bu-NCI F"p7$ VRhdCN-1-Bu 
Rh 

I-Bu-NC' ' p& 'CN-I-Bu 

I - CH,=CHCI 

f 
I-Bu-NC CN-I-BU 

Cl-RkN N.Rh-CI 

I-Bu-Cr! 'CN-I-Bu 

N N,, 

(20) 

\ 

SCHEME 4. The reaction of 19 with l,l,l-trichloroethane. Intermediates presumed to 
be present in these reactions, but not actually detected or isolated, are enclosed in 
square brackets. 

sites in the zeolite, but, once a complex was formed with the cobalt(I1) 
ion, the inflexible complex (23) could not be extracted from the zeo- 
lite matrix. 

~ ~ H O ~ ~ O  \,,I( 09 
-N ' 'N 

WN- W 
(22) (23) 

Exposure of the zeolite-bound 23 to  dioxygen at  low temperatures 
indicated (as evidenced by a very weak axial electron spin resonance, 
ESR, signal) that a weakly bound oxygen adduct formed that was 
similar to the solution-phase adducts observed in noncoordinating sol- 
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vents (56). However, after treatment with pyridine (and removal of 
excess base under vacuum), the oxygen binding behavior improved 
dramatically and also was observed at room temperature. Further, the 
ESR parameters reported resembled the ESR parameters of the same 
complex, in solution, containing an  axial pyridine ligand (57).  

Later reports (58) have questioned whether the earlier report (55) 
was correct in concluding that the planar cobalt(I1) complex of salen 
was formed in zeolite Y. The characteristics of the supposedly zeolite- 
entrapped [Co%alen)l are apparently not as similar to the same species 
in solution as previously reported. For example, planar [Co"(salen)l 
and its adducts with axially disposed bases are generally ESR-detect- 
able low-spin complexes (591, and cyclic voltammetry of the entrapped 
complex revealed a Co3+/Co2+ redox transition that is absent in solution 
(60). These data, and more recent work (581, indicate that, in the zeolite 
Y environment, [Co"(salen)] is probably not a planar system. Further, 
the role of pyridine in the observed reactivity with dioxygen is unclear, 
since, once the pyridine ligand is bound to the cobalt center, i t  is 
doubtful that the complex could actually even fit in the zeolite Y cage. 
The lack of planarity may account for the differences in properties 
between [Co"(salen)] entrapped in zeolite Y and its properties in so- 
lution. 

The cobalt(I1)-pentadentate Schiff base complex 24 has also been 
investigated in a communication ( 5 8 ~ )  to determine its properties when 
entrapped in a zeolitic structure. The additional nitrogen amine donor 
site on the ligand obviates the necessity of adding an external axial 
donor ligand. Because of the difficulty in fitting 24 into a zeolite Y cage 
(as estimated using molecular graphics and modeling simulations), the 
faujasite hexagonal polymorph EMT was used in place of zeolite Y. 
After preparation of the faujasite-entrapped 24, the complex did, in 
fact, appear (from ESR evidence) to bind dioxygen in a superoxo fashion. 

9\.,/p -"/:"- 

CEJ - 

CH, 

(24) 

A more complete article (58b) further details the properties of fauja- 
site EMT-entrapped cobalt(I1)-Schiff base complexes as compared to 
the same complexes entrapped in zeolite Y. The Schiff bases used to 
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FIG. 4. Schiff bases used, in addition to salen (22), to complex Co" in faujasites 

complex cobalt(I1) are detailed in Fig. 4. The formation of a dioxygen 
adduct was detected to a much greater extent when a pentadentate 
ligand, rather than a tetradentate ligand, was utilized. 

The copper-containing enzyme quercetinase, isolated from Aspergil- 
lus flauus, catalyzes the total insertion of oxygen into quercetin (25) 
and other related 3-hydroxyflavones. The products of the reaction 
are carbon monoxide and molecules resulting from cleavage of the het- 
erocyclic ring (61). This catalytic reaction has been modeled using 
[Co"(salen)l as the oxygenation catalyst (62~). The mechanism of this 
reaction, shown in Scheme 5 (62b1, indicates that with dimethyl- 
formamide (DMF) as solvent, the initially catalytically active species 
is not a dioxygen adduct of the [Co"(salen)l complex, but rather is 
an adduct containing both DMF and hydroxide, i.e., the complex [CO"- 
(salen)(OH)(DMF)I. This species reacts with the hydroxyflavone and 
complexes with it. Ultimately, dioxygen incorporation occurs in a non- 
radical bimolecular manner under the influence of the cobalt(II1) 
species. 

OH 

OH 

OH Hcje OH / 0 
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SCHEME 5. The proposed mechanism for the insertion of dioxygen into quercetin and 
other related 3-hydroxyflavones. 

The effect of substituting a chloro, methyl, or tert-butyl group for 
the para-hydrogens of the phenyl rings of Schiff base 26 has been 
studied with regard to their catalytic activities in the oxygenation of 
2,6-di-tert-butylphenol (63). In the presence of an appropriate axial 
ligand (i.e., pyridine, 4-(dimethylamino)pyridine, or dimethyl sulfox- 
ide), each of the cobalt(I1) complexes of these Schiff base ligands 
formed dioxygen complexes, and each was more active than [Co"- 
(salen)] in the oxidation of 2,6-di-tert-butylphenol and produced much 
smaller by-product-to-quinone ratios than [Co"(salen)l. Electron- 
donating substituents appeared to give higher concentrations of the 
dioxygen adducts. 

2. Cyclidenes 
As mentioned earlier, cyclidenes are cyclic multidentate imino-donor 

ligands. The Zacunar cyclidenes developed by Busch and co-workers 
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(64-66) comprise a family of these ligands in which the ends of the 
cyclidene system are tied together with an alkyl chain, as shown sche- 
matically here as their cobalt complexes (the view on the left is a 
normal two-dimensional rendering, while that on the right attempts 
to illustrate the three-dimensional shape of the complex). Such lacunar 
systems, as their cobalt complexes, exhibit favorable characteristics as 
dioxygen carriers, including (i) significant dioxygen affinities at ambi- 
ent temperatures, (ii) the ability to function in a variety of polar (water) 
and nonpolar (organic) solvents, and (iii) the ability to control and 
manipulate dioxygen affinity through the use of substituents and the 
sizes of the cyclidene and alkyl chain rings (67). 

- 
CH, 
I 

n+ 

x = 2, y = 3: [15]cyclidene 
x = y = 2: [14]cyclidene 

x = y = 3: [16]cyclidene 
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Although cyclidenes with 16-membered rings are most commonly 
used (681, cyclidenes with even smaller ring systems (down to 14- 
membered ring (67) cyclidenes) have been synthesized, and their affin- 
ity toward dioxygen examined. The three-dimensional structure of the 
ligand forms an intrinsic cavity within which the dioxygen molecule 
can bind, with a superstructure (the alkyl bridge) that pulls up the 
“sides” of the cyclidene to bridge the cavity (69). For otherwise similar 
cyclidenes, as the bridge length increases from -(CHJ4- to  -(CH2)8-, 
the dioxygen binding affinity of cobalt(I1) complexes systematically 
increases over four orders of magnitude and can be correlated with the 
width of the cyclidene cavity (65b, 70). 

When the bridging alkyl chain is longer than -(CHz)g-, the ability 
of the cobalt(I1) complexes to  reversibly bind dioxygen is reduced. By 
the time chain lengths of up to-(CH,),,- have been reached, the affinity 
for dioxygen has dropped to about one-fifth of the value for the -(CH219- 
system. The rates of autoxidation of the cyclidenes with longer chain 
bridges are also increased (68b). When the ring size of the donor portion 
of the molecule is reduced to a 14-membered ring, the dioxygen affinity 
of the cobalt(I1) complex is also reduced, and this reduction in affinity 
has been ascribed to the cavity shape (67). In addition to a reduced 
dioxygen affinity, the autoxidation of the system is also faster than 
that of the 16-membered ring. 

Polymer-bound cobalt(I1)-complexed cyclidenes have been reported 
(71 1, and these cyclidene systems apparently exhibit substantially 
longer dioxygen adduct lifetimes than the corresponding complexes in 
the solution phase. Other modifications (72) of the basic lacunar cycli- 
dene structure include changing the bridging alkyl chain so as to  in- 
clude an -NR group (R = H, CH, , para-vinylbenzoyl, and para-chloro- 
benzoyl) at the center of the chain, making the cyclidene system 
potentially pentadentate. (A previous report (66d indicated that even 
without this -NR group in the bridging alkyl chain, the exocyclic 
nitrogen atoms can reorient themselves to  a “lid-on”/“lid-off” conforma- 
tion, bringing the bridging alkyl chain directly over or to  the side of the 
cyclidene cavity, respectively.) The -NR group does, in fact, complex to 
the cobalt(I1) center, and this pentadentate complex binds dioxygen 
reversibly and exhibits reasonable autoxidation stability (72 1. 

D. PORPHYRINS AND RELATED LIGANDS 

Porphyrins are cyclic tetrapyrrole-containing systems; phthalocya- 
nines are related systems containing benzene rings fused to the exter- 
nal bond of the pyrrole units (see Fig. 5) .  
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FIG. 5. The porphyrin nucleus (left) and the phthalocyanine nucleus (right). 

1. Porphyrins 

The discussion of porphyrin complexes in the activation of dioxygen 
in solution can be readily subdivided into discussions of monomeric 
systems and dimeric systems. The dimeric systems (cofacial metallodi- 
porphyrins) have recently been reviewed by Collman, Wagenknecht, 
and Hutchison (73). That review highlights the significant amount of 
research stimulated by the initial discovery by Collman and co-workers 
(74) ,  confirmed later by Chang and co-workers (751, that dicobalt cofa- 
cia1 diporphyrins can promote the direct four-electron reduction of di- 
oxygen to water. 

Cofacial diporphyrins can be bridged by one, two, three, or four links. 
In each case, the relative arrangement of the two bound metal atoms 
(one per porphyrin) can be described by the interplanar distance (P-P), 
the metal-center-to-metal-center distance (Ct-Ct), and the lateral shift 
(LS) of the metal centers with respect to  each other (76), as shown in 
Fig. 6. Variations in these structural parameters should markedly 
affect the reactivity of the dimetallodiporphyrin. 

The electrochemical and structural properties of a variety of bridged 
diporphyrins containing a substituted nitrogen atom in the center of 

... 
7 

LS 

FIG. 6. The structural parameters describing the relative arrangement of the two 
bound metal atoms in a cofacial diporphyrin. The heavy horizontal lines indicate a view 
of the porphyrin “edge-on,’’ in the plane of the porphyrins. 
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the bridging chain have been studied (77). The Ct-Ct distances were 
shown to decrease with increasing steric demand of the substituent on 
the nitrogen atom of the bridging groups, but this change did not 
significantly alter the catalytic efficiency of the systems. However, if 
the substituent on the nitrogen center is positively charged, the catalyst 
activity increases with respect to the electrochemical reduction of di- 
oxygen. 

An electron-deficient derivative of the cofacial diporphyrin 27, 
formed from 27 under strictly anhydrous conditions through a two- 
electron oxidation to produce (27'9, has been shown to reversibly bind 
dioxygen (78). Neutral 27 does not bind dioxygen, but its one-electron 
oxidized analogue 27'+, did form a remarkably strong complex with 
dioxygen (79). The binding of dioxygen to such an electron-deficient 
system as 27'+ is unprecedented. 

Although the cofacial diporphyrins represent a vibrant and innova- 
tive direction in dioxygen activation, simple porphyrins and their deriv- 
atives also remain an important research area. The dichlorophenyl- 
substituted porphyrin tdcpp [5,10,15,20-tetrakis(2,6-dichlorophenyl)- 
porphyrinl forms a complex with cobalt(II), [Co(tdcpp)l, and catalyzes 
the oxidation of conjugated olefins to (after experimental workup) ke- 
tones in the presence of dioxygen and triethylsilane (80); a hydroperox- 
ide intermediate has been isolated from these reactions (81 1. 

A number of iridium-porphyrin systems, including mononuclear and 
cofacial diporphyrins, have been adsorbed on pyrolytic edge-plane 
graphite electrodes and tested for their ability to reduce dioxygen to 
water (82). The original system investigated, [Ir(oep)Hl, where oep = 
2,3,7,8,12,13,17,18-octaethylprophyrinato, was unique in that, while 
monomeric, the complex was still active in acidic solutions at  potentials 
of +0.72 V vs NHE at pH 1 (82a). The [Ir(oep)Hl did become inactive 
at potentials less than +0.2 V vs NHE, unlike the cofacial dicobalt 
diporphyrin systems. In the more recent report of these systems (82b), 
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a large number of porphyrin systems were examined; based on the 
electrochemical results for these systems, the active species in the 
four-electron reduction of dioxygen to water is proposed to be an 
iridium(I1) center. 

With respect to mononuclear porphyrins, two derivatives deserve at 
least a special brief mention here: the so-called “C-clamp” and “picnic- 
basket” porphyrins. The former, C-clamp variety contain a substituent 
group (such as naphthoic acid in 28, or 29 in which Kemp’s acid has 
been incorporated) on the planar porphyrin ring that, through hydrogen 
bonding, can act as a “clamp” to assist in the binding of dioxygen to 
the metal center. Systems such as 29 and its anthranoic acid analogue 
30 have been synthesized (83) and, as the cobalt(I1) complexes, success- 
fully bind dioxygen more strongly than the naphthoic acid-containing 
system 28. (In the drawings of 28,29, and 30, the “clamp-assist” hydro- 
gen bonding site has been indicated by a broken line.) 

A picnic-basket porphyrin is reminiscent of the lacunar cyclidenes 
mentioned earlier, in which an alkyl chain tied the ends of the cyclidene 
together and formed a pocket for the complexation of dioxygen. Cobalt 
complexes of the picnic-basket porphyrins 31 bind dioxygen reversibly 
at room temperature with high oxygen affinities (84). The oxygen affin- 
ity increases as the basket size decreases (as determined by the length 
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of the basket “handle”), indicating that dipole-dipole interactions be- 
tween the amide protons and the bound dioxygen may play a role in 
the stability of these complexes. 

x = 2,4, 6, or 8 

picnic-basket porphyrin nucleus (31) 

The coordination of up to four pentaammineruthenium(I1) moieties 
to a porphyrin nucleus has been accomplished through the substitution 
of pyridine groups a t  the 5,10,15,20-positions on the porphyrin (85). 
The mono- and diruthenated complexes catalyze the two-electron reduc- 
tion of dioxygen to hydrogen peroxide, while the tri- and tetraruthen- 
ated complexes catalyze the four-electron reduction of dioxygen to wa- 
ter, on electrode surfaces. However, the tetraruthenated species only 
catalyze a two-electron reduction in solution, and the rates of intramo- 
lecular electron transfer from the ruthenium moieties on the periphery 
of the molecule to the coordinated dioxygen molecule are quite slow. 

It has been known since 1930 (86) that iron(I1) porphyrins, when 
treated with dioxygen in the presence of a reducing agent, produce 
a deep green solution containing a diamagnetic iron complex called 
verdoherne (see Scheme 6) .  The presence of an  oxaporphyrin in verdo- 
heme is now well established (87). Cobalt(I1)-containing porphyrins 
analogous to the iron(I1) system in Scheme 6 also have been shown to 
react with dioxygen in the presence of ascorbic acid (the reducing agent) 
to produce the cobalt analogues of verdoheme, and the cobalt(I1)- 
oxaporphyrin complex thus formed has been crystallographically char- 
acterized (88). 

2. The Use of Porphyrins in the Physical Separation 
of Air Components 

The separation of dioxygen from air has been carried out using a 
cobalt porphyrin complex tethered to the surface of a Vycor glass mem- 
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+ 

SCHEME 6. The reaction of iron(I1) porphyrins with dioxygen in the presence of a 
reducing agent to produce uerdoheme (top right) and a biliverdin-type complex (bot- 
tom right). 

brane (89). In this process, in order to covalently bond a n  imidazolyl 
group to the Vycor surface, (3-chloropropyl)dimethoxymethylsilane 
was allowed to react with the surface of the Vycor, followed by reaction 
with imidazole. The known (90) oxygen carrier [a,a,a,a-tetrakis4ortho- 
pivalamidophenyl)porphyrinatolcobalt was then attached to the sur- 
face through the complexation of the cobalt center to the imidazolyl 
group tethered to the surface through the propyl arm of the silane. 

Dioxygen adduct formation with the bound cobalt-porphyrin complex 
was verified by infrared absorption studies (40-0) at 1150 cm-'), and 
the oxygen-binding equilibrium constant was measured (K = 1.8 torr-') 
on the basis of the Langmuir oxygen-binding isotherm. The bound 
cobalt-porphyrin complex acts as a chemically specific oxygen-binding 
site and is an  effective carrier for the passage of dioxygen. 

Incorporation of (meso-tetraphenylporphyrinato)cobalt(II), [Co(tpp)l, 
into plasma polymer thin films for the possible use as dioxygen-selective 
permeable membranes has also been reported (91). Comparisons to 
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thin film’s prepared by sublimation of the [Co(tpp)l onto NaCl windows 
were made. These thin films, after exposure to  1-methylimidazole, re- 
acted reversibly (reversed on exposure to a dinitrogen stream) with 
dioxygen, as indicated by infrared frequencies consistent with a dioxy- 
gen moiety bound to the cobalt center of the complex. When the 
[Co(tpp)] was incorporated into the trans-2-butene plasma polymer 
films, after exposure to  1-methylimidazole, the films again exhibited 
evidence for reversible (upon heating, but not after exposure to  a dini- 
trogen stream) reactivity with dioxygen. However, where the sublimed 
films exhibit multiple 40-0) absorptions, the plasma polymer film 
exhibits only a single 40-0) absorption. This suggests that the plasma 
polymer has only one type of environment in which the [Co(tpp)l resides, 
while the sublimed films have multiple, slightly different environ- 
ments, Further, the plasma polymer-incorporated [Co(tpp)l apparently 
has a higher affinity for dioxygen than does the sublimed film, since 
heat is required to reverse the binding. This is consistent with a report 
that [Co(tpp)l coordinated to polystyrene-bound 1-methylimidazole has 
a higher affinity for dioxygen than does the complex in solution (92). 

3. Phthalocyanines 
It has long been known (93) that cobalt(I1) complexes of phthalocya- 

nines interact with molecular oxygen. The water-soluble tetrasulfonato 
derivative of the parent phthalocyanine selectively and catalytically 
oxidizes 2,6-di-tert-butylphenol to  the benzoquinone and the dipheno- 
quinone in both homogeneous solution (94) and when polymer-sup- 
ported (95). The active intermediate in the catalytic cycle is proposed 
to be the (as expected) mononuclear dioxygen complex of the cobalt- 
tetrasulfonatophthalocyanine system (92 ). It has been proposed that 
the formation of a peroxo-bridged dinuclear complex is responsible for 
the deactivation of the cobalt(I1)-tetrasulfonatophthalocyanine system, 
since such a dinuclear system would be unable to  further bind and 
activate dioxygen (96). Such deactivation results, ultimately, in loss 
of the catalyst and low turnover ratios. 

Recently, the cobalt(I1)-tetrasulfonatophthalocyanine system was 
reinvestigated for its catalytic activity while intercalated into a 
Mg5Al,,-layered double hydroxide. The intercalate exhibited catalytic 
properties in the activation of atmospheric dioxygen for the oxidation 
of a thiolate to a disulfide (97a) and for the oxidation of 2,6-di-tert- 
butylbenzene to (nearly exclusively) the 2,6,2’,6’-tetra-tert-butyldiphe- 
noquinone (97b). In marked contrast to the results reported for the 
homogeneous catalyst, this intercalated catalyst remained active for 
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more than 3200 turnovers and could be recovered by filtration with- 
out deactivation. 

E. MISCELLANEOUS NITROGEN DONORS 

Ligands with nitrogen donor sites not otherwise readily classifiable 
are discussed in this section. Mixed nitrogen-oxygen-containing donors 
(other than the Schiff bases discussed earlier) are discussed in Sec- 
tion I1,F. 
1 .  Nitriles 

The catalysis of the selective oxidation of alkanes is a commercially 
important process that utilizes cobalt carboxylate catalysts at elevated 
(165"C, 10 atm air) temperatures and pressures (98). Recently, it has 
been demonstrated that [Co(NCCH,),][(PF6>,], prepared in situ from 
CoC1, and AgPF, in acetonitrile, was active in the selective oxidation 
of alkanes (adamantane and cyclohexane) under somewhat milder con- 
ditions (75"C, 3 atm air) (99). Further, under these milder conditions, 
the commercial catalyst system exhibited no measurable activity. Ex- 
periments were reported that indicated that the mechanism of the 
reaction involves a free radical chain mechanism in which the cobalt 
complex acts both as a chain initiator and as a hydroperoxide decompo- 
sition catalyst. 
2.  Hemerythrin and Hemocyanin 

While hemoglobin and related molecules are most often considered 
as the prime examples of biological oxygen-carrying proteins, non- 
porphyrin-based iron centers are also quite important (100). One such 
protein is hemerythrin, a dioxygen-carrying nonporphyrin-di-iron pro- 
tein found in some marine invertebrates (101 ). At the di-iron-contain- 
ing site of each of the protein subunits (hemerythrins are often octam- 
eric), one molecule of dioxygen can be reversibly bound (102). The 
structure here is unusual, with the peroxo HO, ligand bound end-on 
to only one of the iron atoms. 

In order to study the relationship between protein folding and the 
dimetal site assembly process, as well as the potential for the analogue 
to bind dioxygen, the dicobalt analogue of hemerythrin was prepared 
(1 03a) from the apo-hemerythrin [originally isolated from Phascolopsis 
gouldii, followed by removal (103b) of the iron centers to produce the 
apoproteinl. The cobalt-substituted hemerythrin so formed closely re- 
sembled the native iron-containing protein in structure. In the cobalt- 
containing hemerythrin, EXAFS studies confirmed that the dicobalt 
site contained cobalt atoms ligated by histidine residues, as is the case 
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for the di-iron site in the native protein. Unfortunately, the dicobalt 
analogue of hemerythrin was completely unaffected by variations in 
pH or by the presence of azide, dioxygen, or hydrogen peroxide, all of 
which cause changes in the spectrum of the native di-iron-contain- 
ing protein. 

Like hemerythrin, hemocyanin is an  oxygen transport non-heme- 
containing protein found in some arthropods and molluscs (104,105). 
In the 0,-bound form, hemocyanin contains an antiferromagnetically 
coupled binuclear copper(I1) system (1 06) ligated by histidine residues, 
with a sideways p 2 q 2  : q2 peroxo group bound to both Cu" centers (1041, 
which superseded the previous model (107). 

In order to provide additional insight into the active-site geometry 
and chemistry of hemocyanin, and to clarify earlier reports (48a, 108) 
with regard to details of preparation, chemistry, and spectroscopy, the 
preparation of the cobalt(I1)-substituted hemocyanin from the apopro- 
tein (originally isolated from Limulus polyphemus) has been reported 
(1 09). This cobalt(I1)-substituted protein exhibited spectroscopic prop- 
erties consistent with each cobalt center being bound to three imidazole 
residues, and the protein reversibly bound dioxygen. The hypothesis 
that the bridging ligand in the native hemocyanin is endogenous hy- 
droxide was also supported. 

F. MIXED NITROGEN-OXYGEN DONOR LIGANDS 

Studies of donor molecules with both nitrogen and oxygen donor sites 
allows the relative interactive effect of these donors to be investigated. 
In some cases the oxygen donor is merely a secondary perturbation in 
the ligand (as with OBISDIEN), while in other systems, the oxygen 
atom imparts an  important donor site along with the nitrogen sites. 
(Schiff bases, formally a part of this section, were discussed earlier, as 
we believe that these ligands are more closely related to the cyclidenes.) 

1. OBISDIEN and OBISTREN 

The potentially binucleating macrocyclic ligand OBISDIEN (321, 
1,13-dioxa-4,7,10,16,19,22-hexaazacyclotetracosane, is composed of two 
diethylenetriamine moieties separated by diethyl ether linkages (1 10). 
Under most experimental conditions, only three of the six nitrogen 
atoms in this macrocycle coordinate to a single metal ion; the coordina- 
tion of two metal ions, each by three of the nitrogen centers, is thus 
possible. The two oxygen atoms are normally not coordinated to either 
of the metal ions, but the presence of these two oxygen atoms alters 
the overall reactivity of the coordination sphere within the macrocycle, 
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making the discussion of the complexes of OBISDIEN appropriate for 
this section. 

nn 

The OBISDIEN macrocycle forms both mono- and dinuclear com- 
plexes with cobalt(II), and the dinuclear system reacts with dioxygen 
to form a complex containing a bridging peroxo moiety as well as a 
bridging hydroxide group (1 1 1 1. The dioxygen complex of the dinuclear 
OBISDIEN-dicobalt(I1) system has been employed to study the intra- 
molecular oxidation of a number of species, including oxalate (1121, 
ketomalonate (1131, phosphite (1141, catechol(115), and disodium 1,2- 
dihydroxybenzene-3,5-disulfonate (TIRON) (1  15). The peroxo complex 
is thought to be a good oxidant primarily because of the ligand-enforced 
proximity of the peroxo oxidant group to the substrate to be oxidized. 

A system related to OBISDIEN is the cryptate ligand OBISTREN 
(33), 7,19,30-trioxa-4,10,16,22,27,33-hexa-azabicyclo[11.11.1 llpenta- 
tricontane (1 10a, 116). This molecule also strongly binds two cobalt(I1) 
cations, and the complex has been shown to bind dioxygen as well. 
However, compared to the cobalt complexes of OBISDIEN, the binding 
of dioxygen in cobalt complexes of OBISTREN is significantly weaker 
(1 17). Spectrophotometric studies indicate that the dicobalt complex 
of the OBISTREN cryptate ligand has the potential to act as a reagent 
for the chemical separation of oxygen from gaseous mixtures (118). 
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2. Modified Amino Acids 

The two isomeric amino acid derivatives N,N-bis(2-aminoethyl)glyc- 
ine (34) and diethylenetriamine-N-acetic acid (35) were found to react 
with cobalt(I1) to form monomeric complexes (119). Upon exposure to 
dioxygen, these complexes reacted to form a dimeric oxygen adduct 
wherein the dioxygen bridges the two cobalt centers (along with a 
bridging hydroxide group). This reaction was easily reversed by either 
purging the system with nitrogen gas or adding acid. 

(34) 

‘0 

(35) 

Complexes of other amino acids or their derivatives with cobalt(I1) 
that have been investigated include dipeptides (120); these complexes 
have long been known to absorb dioxygen. For example, the mononu- 
clear cobalt(I1) complex of N,N,N”’,N”’-diglycylethylenediaminete- 
traacetic acid (121) absorbs one mole of dioxygen per two moles of 
complex. This system has been proposed as a simple, convenient model 
system for the study of dioxygen complexes of cobalt(I1) peptides in 
solution because of its relatively slow conversion to the irreversibly 
formed cobalt(II1) dioxygen complex. 

111. Phosphorus Donor Ligands 

Like carbon monoxide as a stabilizing ligand in organometallic chem- 
istry, phosphine ligands are common ligands for the stabilization of the 
complexes reviewed in this article. Accordingly, phosphorus-containing 
ligands can also be found in complexes formally assigned to other 
sections of this review. In this section, however, only those complexes 
in which the phosphorus donor plays a significant role (rather than 
simply being a member of the “supporting cast” of ligands) have been 
included. The discussion in this section begins with heterodonor (P,N) 
systems, and continues with mono- and polydentate phosphorus- 
donor systems. 
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A. MIXED PHOSPHORUS-NITROGEN DONOR LIGANDS 

The coordination of dioxygen to rhodium(1) centers so as to form 
either peroxo or superoxo adducts is well known: the ability of 
these complexes to transfer oxygen atoms to a variety of inorganic 
and organic substrates has been demonstrated (122). Recently, the 
synthesis, characterization, and reactivity of square-planar rhodium(1) 
complexes with the bidentate iminophosphine donor ligand ortho- 
Ph2PC6H,CH=NR, where R = ethyl, n-propyl, iso-propyl, or tert- 
butyl, have been reported (123). This ligand is a bidentate, P,N-donor 
that, because of the nature of the substituent on the nitrogen atom, can 
exhibit variable steric requirements when bound to the rhodium center. 

The complexes [Rh(ortho-Ph2PC6H4CH=NR)21[BPh,l, when R = 
ethyl, n-propyl, or iso-propyl (but not tert-butyl), react rapidly with 
pure dioxygen (or more slowly with atmospheric dioxygen) to  form the 
pseudo-octahedral peroxo complexes [Rh(ortho-Ph2PC,H4CH=NR),- 
(O,)][BPh,l; the crystal structure of the iso-propyl derivative confirmed 
the peroxo designation with an 0-0 distance of 1.436(9) A (124). Upon 
reaction with SO2, the iso-propyl derivative reacts to  form an isolatable 
bidentate sulfate complex, indicating that the bound dioxygen ligand 
is reactive. However, no similar reactivity ofthe bound dioxygen moiety 
with carbon dioxide or carbon monoxide was observed; the tert-butyl 
substituent was apparently too sterically demanding to allow the reac- 
tion with dioxygen to occur. 

More recently, the iridium analogues of the aforementioned rhodi- 
um(1) complexes have been reported (125). Again, the bis(iminophos- 
phine) complexes were square planar, and the steric hindrance of the 
alkyl substituent was the limiting factor in dioxygen uptake; all deriva- 
tives except the tert-butyl formed peroxo complexes. During the study 
of the electrochemistry of these iridium(1) bis(iminoph0sphine) com- 
plexes, it was found that the addition of an electron (reduction of an 
Ir' to  an IrO species) was always a reversible process for each derivative, 
but that the removal of an electron (oxidation of an Ir' to an 1 9  species) 
was only reversible for the tert-butyl derivative. Unlike the rhodium(1) 
complexes, these iridium(1) dioxygen complexes do not behave as oxy- 
gen carriers: the dioxygen molecule is irreversibly coordinated to the 
iridium center and cannot be removed even at elevated temperatures, 

B. MONODENTATE PHOSPHORUS LIGANDS 

The addition reaction of normal, triplet dioxygen to Vaska's complex, 
trans-Ir(CO)Cl(PPh,), , has been well studied (126, 127). The kinetics 
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of. the reaction of singlet dioxygen (‘02) with Vaska’s complex has 
been studied (1281, and the result has been compared to the rate of the 
triplet dioxygen reaction. Singlet dioxygen was found to be approxi- 
mately lo9 times more reactive than ground-state triplet dioxygen: if 
the excitation energy of singlet dioxygen is also taken into account, 
the relative rate of the reaction of singlet dioxygen compared to the 
ground state triplet reaction rate with Vaska’s complex would be an 
astonishing (but not experimentally meaningful) 10l6! In addition to 
the reaction of singlet dioxygen with Vaska’s complex, the physical 
quenching of the excited-state singlet by Vaska’s complex was also 
noted and was found t o  dominate the peroxo formation reaction by 
approximately an  order of magnitude. 

Unlike Vaska’s complex, the rhodium analogue truns-Rh(C0)- 
CUPPh,), does not react with tdplet dioxygen, and thus the corre- 
sponding rhodium-dioxygen complex is unknown (129). (The reaction 
of dioxygen with the related complex RhC1(PPh3), does result in the 
formation of two crystalline products after long reaction times ( 1 3 0 ~ ) :  
the monomeric RhC1(PPh3),(02) (130b) and the dimeric system (PPh,)- 
C1Rh(02)2RhC1(PPh3) (130~) .  The monomeric system forms more rap- 
idly.) However, a t  low temperatures (-40°C) in the presence of a sensi- 
tizer (methylene blue or C,,), singlet dioxygen will react with the 
rhodium analogue of Vaska’s complex to form the peroxo complex 
Rh(CO)C1(PPh3)2(02) (131 1. Although only stable at low temperatures 
(warming causes the distinctive infrared peroxo absorption stretches 
to disappear), the complex exhibits a peroxo stretch at 901 cm-’ and 
a carbonyl stretch at 2044 cm-I, both of which compare well to the 
iridium analogue’s properties. The preparation of this hitherto un- 
known dioxygen complex may presage the preparation of other novel 
energetic andlor transient metal-oxygen complexes with interesting 
and perhaps unprecedented reactivities. 

The chemistry of Vaska’s complex and its derivatives with respect 
to the kinetics of the oxidative addition of methyl iodide and dihydro- 
gen, and the association and dissociation of dioxygen, have been rein- 
vestigated (132 ). The experimental results for these reactions were 
analyzed in terms of three stereoelectronic parameters. These three 
parameters were x, an electronic parameter derived from previously 
reported infrared data for Ni(CO),L (L = substituted phosphine) com- 
plexes; 8, the calculated cone angle of the phosphine ligands; and Ear, 
an electronic parameter dependent on the number of aryl groups 
attached to the phosphine ligand. The dissociation of dioxygen from 
Ir(CO)CI(L2)(02) was found to be relatively insensitive to both the x 
and 8 parameters, but the dissociation did exhibit a significant depen- 
dence on Ear. 
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Square-planar iridium complexes containing the strongly electron- 
donating ligand tris(cyclohexy1)phosphine (PCy,) have been investi- 
gated (133a) for their reactivity with small gaseous molecules. The 
complexes investigated were truns-Ir(CO)(X)(PCy,),, where X = C1 
and OH. The presence of the PCy, ligand inhibited reactions with 
dihydrogen or dioxygen, but had little effect on reactions with dichlo- 
rine or sulfur dioxide. Earlier studies (133b, 133c) with similar iridium 
complexes containing a variety of phosphine ligands indicated that 
heightened electron density a t  the iridium center was the factor that 
enhanced the binding of dioxygen to the iridium center. 

C. POLYDENTATE PHOSPHORUS LIGANDS 

In general, the oxidation of primary alcohols to carboxylic acids using 
q2-dioxygen metal complexes is rare. To our knowledge, only one report 
(134) communicates such a process. 

Following the preparation of the yellow, air-stable peroxo complex 
[(triphos)IrC1(q2-02)l, where triphos = CH3C(CH2PPhJ3, from the eth- 
ylene complex [ ( t r i p h o ~ ) I r C l ( ~ ~ - C ~ H ~ ) ] ,  reactions of the peroxo complex 
with primary alcohols were studied. When the peroxo complex is dis- 
solved in methanol, ethanol, or benzyl alcohol, the carboxylate com- 
plexes [(triphos)IrH(0,CR)1[BPh41, R = H, CH,, or Ph, can be isolated 
in high yield upon the addition of NaBPh,. 

The reaction mechanism shown in Scheme 7 illustrates the reactions 
involved, supported by the following information: (i) Water is a side 
product of the reaction; based on deuterium labeling experiments, both 
of the protons of the water molecule come from the alcohol, and no IrD 
species, which, if present, would indicate deuterium exchange between 
the deuterated alcohol and water, are seen. (ii) The reaction also occurs 
in CH2C1, when an equimolar amount of the alcohol is present. (iii) 
Acetaldehyde does not undergo reaction unless a protic acid such as  
triflic acid is present, and under such conditions, the acetate derivative, 
R = CH,, is formed. (iv) When the peroxo complex is allowed to react 
with equimolar C2H,0D and excess aldehyde (R’CHO, R’ = n-propyl, 
n-butyl, or Ph), the carboxylate hydride thus formed contains the alde- 
hyde R’ group, and both acetaldehyde and HOD are co-products. (v) 
By NMR spectrometry, evidence for an intermediate species such as 
that labeled “A” in the scheme, with three different ligands trans 
to the triphos ligand, was observed over the temperature range -60 
to +2O0C. 

An unusual peroxo-bridged binuclear iridium complex containing an 
Ir-Ir bond has been reported (135a, 135b). The reaction of the electron- 
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L 
NaBPh, 

CHC1, 3 

11. 
MeCHO NaCl It- 

’ NaCl+H6D NABPh, L L H 

SCHEME 7 .  The steps in the oxidation of primary alcohols to carboxylic acids mediated 
by the peroxo complex [(triphos)IrCl(~~-O~ ) I .  Although not isolated, experimental evi- 
dence indicates that an intermediate with the proposed structure indicated by “A” in 
the scheme is present. 

rich di-iridium complex [Ir212(CO)(p-CO)(dppm)21 ( 1 3 5 ~ )  with air after 
several hours, or more rapidly on exposure to pure dioxygen, resulted in 
the formation of the binuclear Ir”/Ir” species [Ir212(CO)2(p2-02)(dppm)21 
(36). X-ray crystallography confirmed both the structure and the pres- 
ence of the bridging peroxo ligand. The presence of an  Ir-Ir bond was 
indicated by the short Ir-Ir separation [2.705(1) A]. 

The reactivity of 36 with small molecules was also reported. When 
SO, was passed through a CH2C1, or benzene suspension of 36, a p2-S04 
complex (37) was formed; the same complex could be formed through 
the reaction of 36 with H,S04 (liberating hydrogen peroxide), or upon 
reaction with CuSO,. Reaction of 36 with NO2 yields the nitrate- 
bridged cation as the nitrate salt, or, on addition of NaBF,, as the 
tetrafluoroborate salt [Ir212(CO)2(p2-N0,)(dppm),][BF,l (38). Note that 
in 38, the arrangement of the iodo and carbonyl ligands is different 
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Ph Ph 

from that in 36 and 37. Such a difference in ligand arrangement is not 
unusual for these complexes ( 1 3 5 ~ ) .  

Ph Ph 

(37) 

The reaction of 36 with carbon monoxide results in the formation of 
the neutral [1r,1,(C0),(~~-C0~(~,-0,)(dppm)~] 39, which, according to 
an X-ray crystallographic analysis, no longer contains an Ir-Ir bond 
[the M-M separation is 3.388(2) A]. This compound may be the first 
example of a compound that contains a five-membered metallocycle in 
which the -0,- unit and the carbonyl unit are both bridging. 
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IV. Oxygen and Sulfur Donor Ligands 

A “hard” oxygen donor ligand is fairly common in complexes contain- 
ing a dioxygen ligand, especially when chelation is possible. Such sys- 
tems include the /3-diketonates and catechols and catecholates, and 
those Schiff base complexes described earlier. However, donation by a 
“soft” sulfur-containing ligand to dioxygen-containing complexes is 
rarer. 

A. CARBOXYLATES AND  DIKET TO NATES 
The well-known rhodium (136) and iridium (137) peroxo complexes 

(Ph3P),RhC1(02) (401, [(Ph3P),RhC1(0,)I2 (411, and (Ph,P),(CO)IrCl(O,) 
(42) have been investigated for their reactivity with acetylacetone, 
acacH (138). Only the former complex, 40, exhibited any reactivity (in 
the presence of two equivalents of triphenylphosphine), yielding the 
hydroperoxo complex (43), (see Scheme 8). Complex 43 reacts with PPh, 
to form triphenylphosphine oxide, but does not react with any active 
methylene compounds (methyl acetoacetate, diethyl malonate, or ace- 
tone) save for cyclopentadiene. In the last instance, a poorly character- 
ized, unstable system tentatively formulated as 44 may have been 
formed. In refluxing benzene, 43 did react with excess acacH to form 
the bis(acac1 complex 45. 

The investigation of phosphine complexes of rhodium(1) as catalysts 
(or catalyst precursors) for the hydroformylation reaction continues 
both to better elucidate the reaction mechanism and to improve catalyst 
activity. The presence of dioxygen often decreases the catalytic activity 
(139), but can also, surprisingly, reactivate hydroformylation catalysts 

PPh, 
CI, I ,PPh, CH,C(=O)CH,C(=O)CH, 
0 7 0  Ah.. benzene, PPh, 

PPh,O 

SCHEME 8. The synthesis of an acetylacetonate complex of rhodium from the per- 
0x0 complex. 
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after prolonged use (140). Such previous reports, and the report (141) 
of the formation of a salicylate complex as one of the products of the 
reaction of (acac)Rh(CO)(PPh,) (46) with salicylic acid, led to  the de- 
tailed investigation (142) of the reactivity of 48, as shown in Scheme 
9. Crystal structures of the mono- and bis-salicylate complexes 47 and 
48 were reported, as well as detailed spectroscopic information concern- 
ing other complexes identified in Scheme 9. 

SCHEME 9. Reactions of acetylacetonato and salicylato complexes of rhodium. 
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B. CATECHOLS AND CATECHOLATES 

Many of the enzymes crucial to the life of aerobic organisms are 
those which catalyze the reaction of dioxygen with organic substrates. 
These enzymes are often classified as being either oxygenases (which 
catalyze the insertion of oxygen into the substrate) or oxidases (which 
catalyze electron transfer from substrate to molecular oxygen) (143). 
Further, the oxygenases may be simple monooxygenases (which cata- 
lyze the insertion of only one oxygen atom into the substrate) or more 
complex dioxygenases (in which both atoms of dioxygen are inserted 
into the substrate). A subset of the latter category contains the catechol 
dioxygenases, which are widespread in nature. An understanding of 
the mechanism of action of these catechol dioxygenases is an important 
stated goal of many chemists and biologists. Catechol dioxygenases 
can catalyze intradiol insertions (i.e., catechol 1,2-dioxygenase) and 
extradiol insertions (i.e., catechol 2,3-dioxygenase) (144). Tyrosinase 
is an example of an enzyme that is both a monooxygenase and an 
oxidase (145). 

It has been suggested that the use of high-valent transition metal 
complexes with noninnocent ligands may provide a method for the 
activation and transport of molecular oxygen (146). Studies were under- 
taken in order to  shed some light on the interaction between metal 
catecholate complexes and dioxygen and also on the mechanism of 
activity of catechol dioxygenases. A large number of E(triphos>M(cat)l+ 
complexes [cat = substituted catecholate ligand, including those illus- 
trated in Fig. 7, triphos = CH3C(CH2PPh2I3, and M = Co, Rh, or Ir] 
were synthesized. The nature of both the metal and the catecholate 
ligand could be systematically varied in these complexes. The tripodal 
ligand triphos was chosen because such tripodal tri- and tetraden- 
tate ligands have been shown to provide metal complexes with a re- 
markable kinetic inertness, thus allowing reaction mechanisms to be 
more easily studied (147). 

All of the compounds studied were shown to undergo electron transfer 
reactions encompassing the metal-centered MI'', MI', and M' formal 
oxidation states, and the catecholate(2-), semiquinone(1-), and qui- 
none(0) ligand-centered oxidation states (148). With very few excep- 
tions, all of the compounds react reversibly with dioxygen to give ad- 
ducts in which the metal is octahedrally coordinated by the three 
phosphorus atoms of the triphos ligand and by three oxygen atoms, 
one from dioxygen and two from the catecholate ligand, which has now 
attained a semiquinoid character. The X-ray crystal structure ( 1 4 6 ~ )  
of the complex cation [(triphos)Ir(O-O)(phensq)l+, redrawn in Fig. 8 
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FIG. 7. The catechols used to prepare the [(triphos)Ir(cat)l+ complexes. 

(phensq = 9,10-phenanthrenesemiquinonate, with the tetraphenylbor- 
ate counterion), illustrates the bonding in this system. 

Several factors were found to affect dioxygen uptake by the metal 
catecholates. Of particular importance were (i) the coordination number 
of the metal, (ii) the relative basicity of both the catecholate ligand 
and the metal, (iii) the temperature, and (iv) the pressure of dioxygen. 
Under some circumstances, both the product containing reacted dioxy- 
gen and the unreacted starting catecholate complex existed in equilib- 

197 pm 
I Y9pm 

FIG. 8. The structure of [(triphos)Ir(O-O)(phensq)]+, redrawn to show bond distances 
about the oxygen atoms. 
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rium, and, in these cases, the system could be shifted toward either 
the reactant or the product system by varying the reaction conditions 
(148). The electrochemical behavior of the dioxygen adducts has also 
been studied and reported. Depending on the E"' values relative to  the 
M"'(sq)/M"'(cat) couples of the parent metal catecholates, the dioxygen 
adducts undergo either a one-electron oxidation to give ortho-quinone 
(qu) complexes [(triphos)M(qu)13+ and the superoxide ion (Oi), or a two- 
electron oxidation to give [(triphos)M(qu)13+ and dioxygen. 

Based upon experimental data and molecular orbital (MO) considera- 
tions, a mechanistic interpretation of the formation of the [(triphosl- 
M(O-O)(sq)l+ complexes was proposed (146c, 148). The proposed mech- 
anism contained the features of a concerted closure of the five- 
membered metallacycle M - 0 - C - 0 - 0 ,  in which the metal complex 
appears to  activate dioxygen because the dioxygen has, in close proxim- 
ity to  it, both an acidic metal center and an electron rich (basic) ligand. 
In simple MO terms, this is equivalent to the unusual coexistence of 
a ligand-centered HOMO (highest occupied molecular orbital) with a 
metal-centered LUMO (lowest unoccupied molecular orbital). It is the 
bifunctionality of the metal catecholate complexes that appears to  be 
necessary for the reaction with dioxygen to occur, probably via the 
polarization of the dioxygen molecule itself. 

Each of the [(triphos)M(dtbc)l+ complexes [M = Rh (49) or Ir (50), 
and dtbc = di-tert-butylcatecholatel proved to be effective catalysts for 
both the oxidation and oxygenation of catechols under mild conditions 
(146b, 149). The selective oxidation of 3,5-di-tert-butylcatechol (dtbcH,) 
to 3,5-di-tert-butyl-o-benzoquinone (dtbq) by molecular oxygen is cata- 
lyzed by 50 through its dioxygen semiquinone adduct. The rates of 
reaction of the substrate as well as the formation of products were 
shown to be first-order with respect to  [catalyst] and [substrate], and 
zeroth-order with respect to p 0 2  in the range 15 psi I P I 725 psi. On 
the basis of kinetic, spectroscopic, and chemical data, a catalytic cycle, 
as shown in Scheme 10, was proposed. AtpO, > 725 psi, the oxygenation 
of dtbcH, to 3,5-di-tert-butyl-l-oxacyclohepta-3,5-diene-2,7-dione com- 
petes with dtbq formation. 

The catalytic reaction of complex 49 with dtbcH, and dioxygen is 
less selective than that of 50. In addition to the formation of dtbq and 
3,5-di-tert-butyl-l-oxa-cyclohepta-3,5-diene-2,7-dione, some muconic 
acid anhydride and 2-pyrone derivatives are also produced as a result 
of both intra- and extradiol insertion of one of the oxygen atoms from 
dioxygen. Such products are consistent with the mechanism in Scheme 
10, with the proviso that both the rhodium and iridium systems share 
the same mechanism, at least in the initial stages of the reaction. 
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SCHEME 10. The proposed catalytic cycle for the selective oxidation of 3,5-di-tert- 
butylcatechol to 3,5-di-tert-butyl-o-benzoquinone. 

These studies are part of a rare family of examples of the chemoselec- 
tive oxidation of catechols (150). The identification of the catalyst and 
the interception of the catalyst-dioxygen adduct are of particular rele- 
vance when the chemistry of catechol dioxygenase and tyrosinase en- 
zymes is concerned. 

C. SULFUR DONORS 

The anionic ligand (151 1 7,8-dicarba-nido-undecaborate(l-), substi- 
tuted at the carbon-7 and -8 positions with sulfur-containing groups 
(see Fig. 9), has been shown to coordinate to the [Ir(PPh,),l moiety. 
Although the differences in ligands 51 through 54 appear to  be quite 
subtle, their reactions with dioxygen in acetone solution are diverse 
(152). Only the iridium complex with 51 reacted with dioxygen to 
form the iridium(II1) side-on bound peroxo complex 55; the analogous 
complexes with 53 and 54 failed to react at all, while the iridium 
complex of 52 decomposed to produce borates. 
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FIG. 9. The sulfur-substituted anionic 7,8-dicarba-nido-undecaborate(l- ) ligands. 

An X-ray crystal structure of 55, redrawn as Fig. 10, supported the 
formulation of the complex as that of a peroxo system. Further, the 
structure demonstrated that no interactions between the [O:-] ligand 
and the borate moiety were possible because of the relative arrange- 
ment of the [Og-l and borate ligands about the iridium center. Such 
interactions were implicated in the oxygen-initiated decomposition of 
the iridium complex of 52, while the lack of reactivity of the iridium 
complexes of 53 and 54 was attributed to steric factors arising from 
the alkyl chains connecting the sulfur atoms. 

(55) 

FIG. 10. The dioxygen adduct of the Ir(PPh3)2 complex of 51. 
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(56) (57) 

FIG. 11. Dinuclear cobalt(II1) complexes bridged by a peroxo linkage and either thio- 
sulfate(2- ) (56) or benzenethiolate(1-) (57). 

Recently, the improved syntheses and structures (153) of a number 
of doubly bridged dinuclear cobalt(II1) peroxo complexes containing 
bridging sulfur-donor ligands has been reported. These complexes, 
[(taea)Co(p-02)(p-SR)Co(taea)ln+ [SR = S203 or SCH,CH,SO, , n = 2; 
SR = SCH,CH,OH, SC,H5, or SCH,CH,N(C,H,),, n = 31 are sulfur 
analogues of the well-known (154) similar complexes with a hydroxy 
group in place of the bridging sulfur donor. The X-ray structures of 
the (p-S203) analogue as the iodide salt, 56, and the (p-SC6H5) analogue 
as the perchlorate salt, 57, redrawn as Fig. 11, exhibit comparatively 
long Co. C o  distances (>3.55 A) and, subsequently, corresponding 
Co-0-0-Co torsion angles that are unprecedentedly large (>70"). 

The benzenethiolato ligand has been coordinated to a rhodium center 
in the complex Rh(SPh)[P(CH,),I,. This complex, prepared from so- 
dium thiophenolate and Rh(Cl)[P(CH,),], , reacts smoothly with air 
either in the solid state or in solution (155) to form the yellow dioxy- 
gen complex Rh(O2)(SPh)[P(CH3),I,. In a similar fashion, a mixture of 
{Rh[P(CH3),I,~C1} and the thiophenolate ion reacts with air in solution 
to form the dioxygen complex: The analogous complex with para- 
methoxythiophenolate can also be formed in this manner. Although 
the mechanism of formation of the dioxygen complexes directly from 
the thiophenolate anion and {Rh[P(CH,),],XCl} is not fully understood, 
the initial formation of a rhodium(1)-thiophenolato complex such as 
Rh(SR)[P(CH,),I,, n = 3 or 4, is possible; the extreme sensitivity of 
the intermediate thiophenolato complex prevented its isolation. 

An unusual sulfur-nitrogen donor, benzothiazole-2-thiolate (58), has 
been reacted with Vaska's complex to produce 59 in high yield; no 
bidentate adducts of 58 are produced even in refluxing solvent (156). 
Upon reaction with dioxygen, the extremely sensitive and reactive 
complex 60 is produced. Addition of water to 60 caused rearrangement 
to the carboxylate complex 61, while the addition of sulfur dioxide to 
60 produces 62 (see Scheme 11). A proposed mechanism for the reaction 
of water with 60, based on labeling experiments, was outlined and can 
be found in Scheme 12. 
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(62) 

SCHEME 11. Selected reactions of [( S-benzothiazole-2-thiolato)Ir(PPh3 )z(CO)] (59). 

V. Carbon Donor Ligands 

The cyclopentadienyl group, or its substituted derivatives, might be 
expected to stabilize dioxygen complexes or to ultimately react with 
dioxygen under the influence of transition metal centers. In rare cases, 
other (uncharged) dienes can also be found to stabilize dioxygen com- 
plexes of rhodium. Also discussed here are some reports of metallaben- 
zene systems and their reactions with dioxygen. 

A. CYCLOPENTADIENYL AND DIENE LIGANDS 

Reactions of the 19-valence-electron cobaltocene system are discussed 
first, followed by a brief discussion of an application to phase-transfer 
catalysis. Diene complexes are also considered. 

1 .  Ligand Reactivity 

As early as 1962, it was reported (157) that one mole of dioxygen 
would react with four moles of cobaltocene at O'C, but no oxygenated 
products could be successfully isolated and characterized from this 
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H 1 8 0  2 

SCHEME 12. The proposed mechanism for the reaction of water with 60. Alternative 
pathways, involving either initial protonation at nitrogen followed by proton transfer 
to oxygen, or direct protonation at oxygen, are illustrated in the upper right section of 
the scheme. 

reaction. Later, i t  was found (158) that, under an oxygen atmosphere, 
organic compounds containing an active hydrogen atom (i.e., chloro- 
form, acetonitrile, propionitrile, phenylacetylene, or acetone) would 
react with cobaltocene to produce (~f’-cyclopentadienyl)(2,3,4,5-g~-1- 
exo-alkylcyclopentadiene)cobalt(I) complexes in high yield, as shown 
in Fig. 12. (The alkyl group in these compounds can be, respectively, 
trichloromethyl, cyanomethyl, l-cyanoeth-l-yl, or phenylacetylenyl; 
the reaction with acetone produced a dinuclear complex in which the 
two cyclopentadiene ligands are bridged by a -CH2C(0)CH2- group in 
an exo linkage arrangement.) 

Further experiments (1591, including gas titrations, reactivity stud- 
ies, and spectroscopic evidence, led to the formulation of the intermedi- 
ate, earlier postulated (158) to be an oxygenated cobaltocene adduct, 
as the organic peroxide structure 63, in which the dioxygen bridge once 
again links the cyclopentadiene ligands in an exo fashion. This complex 
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R = -CC13, -CH2CN, -CH(CH,)CN, -CCC6H5,0r -CH,C(O)CH, 

FIG. 12. Reactions of cobaltocene with organic compounds containing active hydrogen 
atoms in the presence of dioxygen. 

was also found to react with a-diketones, oxidatively cleaving them to 
yield cobaltocinium carboxylates (160). 

0-0 

r r 
(63) 

Similar reactions have been reported (1 61 1 for cobaltocene with nitric 
oxide (NO). (See Scheme 13.) In this case, however, rather than produc- 
ing the peroxide-bridged structure 63, the more stable ether-linked 
species 64 was produced. Complex 64 was crystallographically charac- 
terized, its rezctions were studied, and a mechanism for its formation 
was proposed. 
2.  Phase -Transfer Catalytic Reactions 

The rhodium complex [CpRh(bipy)Cl,I is reported (162) to act as one- 
half of a redox couple that, in concert with a manganese porphyrin 
system, catalyzes the epoxidation of olefins by dioxygen. In this two- 
phase system, the aqueous phase contains sodium formate, and the 
organic phase is a trichloroethane solution of [Mn"'(tpp)]'+ and the 
rhodium complex (tpp = rneso-tetraphenylporphyrin). Apparently, the 
rhodium complex catalyzes the reduction of [Mn"'(tpp)l'+ by formate, 
and the manganese(I1) species thus formed binds dioxygen and reacts 
with the substrate olefin to form the epoxide. However, the intermedi- 
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SCHEME 13. The reaction of cobaltocene with nitrous oxide to produce 64, an ether- 
linked system (compare to 63, a peroxo-linked system). 

acy of a rhodium superoxo species (163) may also be indicated, as the 
[Mn**’(tpp)]’+’o complex is ultimately degraded during the reaction. 
The authors speculated that such a rhodium superoxo species might 
catalyze the manganese-porphyrin complex degradation. 

3. Diene Complexes 

A single brief communication some years ago (164) reported the 
preparation of a series of dirhodium complexes containing a labile 
peroxo bridge. These complexes, prepared by the action of solid potas- 
sium peroxide on LRh(p2-C1),RhL, where L = cyclooctadiene, dicyclo- 
pentadiene, or norbornadiene, contained no other ligands save the neu- 
tral dienes. The complexes were shown to oxidize Ph3P to Ph3P0, as 
well as to  react with water and alcohols to give the corresponding p2- 
hydroxy or -alkoxy complexes, as well as H202,  lending support to  the 
assignment of the p2-02 system as a peroxo moiety. 

B. METALLABENZENES 

In general, stable metallabenzenes can certainly be considered rare 
systems, as only the osmabenzene of Roper and co-workers (165) and 
the molybdabenzene of Ernst and co-workers (166) had been reported 
prior to the synthetic report of Bleeke and co-workers (167) of the 
iridiabenzene 65. In addition to reactions (168) with dihydrogen, which 
yields the known (169) complex 66, and with diiodine (see Scheme 
141, 65 reacts with dioxygen to give 67, an unusual dioxygen-bridged 
species. (In related chemistry, the synthesis (1 70) of an iridiaoxacyclo- 
hexadiene or “iridiapyran” species has been reported.) Complex 65, 
whose structural and spectroscopic properties clearly indicate the pres- 
ence of an aromatic system, also reacts with (~6-puru-xylene)Mo(CO)3. 
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PEt, 

(67) 

SCHEME 14. Some reactions of the iridiabenzene complex (65). 

In this latter reaction, the iridiabenzene complex cleanly displaces the 
para-xylene ligand so as to form complex 68, in which the iridiabenzene 
acts as if it were a normal q6-ligand coordinated to the molybdenum 
tricarbonyl moiety. 

VI. Special Applications 

A. AQUEOUS STUDIES 

Because of the interest in the potential biological applications of 
complexes containing coordinated dioxygen, and the importance of su- 
peroxides as a by-product of aerobic metabolic processes, aqueous stud- 
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ies of dioxygen-containing complexes are gaining increasing impor- 
tance. In addition, some aqueous species of rhodium, known for many 
years as “rhodiates” but never fully characterized, have recently been 
reinvestigated and classified as complexes containing bound dioxygen. 

1 .  Cobalt 

The reduction of dinuclear complexes of p-peroxo- and p-superoxo- 
cobalt(II1) species have been investigated using both mononuclear (1 71 ) 
and dinuclear (1 72) metal-centered reductants for many years. Defini- 
tive methods for the preparation of these complexes have been re- 
ported (173). 

Somewhat more recently, the reduction of the superoxo-containing 
species [(eda)2Co(p-NH2)(pu-02)Co(eda)214+ and its peroxo-containing 
counterpart [(eda),C0(p-NH,)(p-O~)Co(eda)23~+ with sulfite, nitrite, and 
arsenite have been reported (1 74). When sulfite or nitrite are used as 
the reductants, the ultimate product formed contains bridging sulfate 
or nitrate, respectively, in place of the p-O2 group. In the case of arse- 
nite, however, the arsenite is oxidized to arsenate (AsO;-), and a com- 
plex with a p-OH group in place of the p-O2 group results. 

The superoxo-containing species [(NC),CO(~-O,)CO(CN,]~- can be re- 
duced with thiols such as 2-aminoethanethiol or L-cysteine (I 75), and 
the reduction reaction is catalyzed by copper(I1) ions in aqueous solu- 
tion. When copper(I1) is present, the role of the thiol is to reduce cop- 
per(I1) to copper(I), which then reacts with the superoxo species through 
an  inner-sphere mechanism. Conversely, when the superoxo complex 
[(H,N),CO(~-O~)CO(NH~)~]~+ is reduced with thiol (1 76), the reaction 
follows an outer-sphere mechanism, as would be expected. Ascorbic 
acid also reduces both complexes (177), but only the reduction of the 
cyano-containing complex exhibits copper(I1) catalysis. 
2.  Rhodium 

The violet-blue solutions prepared by chlorination of a n  initially 
alkaline aqueous solution of RhC1, and the related deep blue solids 
(readily precipitated from the solutions on the addition of aqueous 
Ba(OH)2 to the chlorinated but still alkaline rhodium-containing solu- 
tions) have been given the generic name Claus’ blues, named after the 
author of the original report (178) of their preparation. Originally, 
the Claus’ blue solutions were formulated as containing rhodium(V1) 
species, probably in the form of Rho:-. This conclusion was made 
primarily by analogy to the insolubility of BaSO, and BaCrO, salts 
then thought to be similar. 

A report (179) demonstrated that the presumed oxidation of rho- 
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dium(II1) in aqueous solutions by Clz, by OC1-, or by other methods 
did not produce oxidized rhodium species such as rhodium(IV), rhodi- 
um(V), or rhodium(V1). Rather, the [Rh"'(p.-O,)Rh1**l5+ fragment was 
generated in these systems, thereby allowing large quantities of super- 
oxo-dirhodium complexes to be made quickly and easily. Thus, the 
idea that Claus' blues are rhodium(V1) species became doubtful. 

A spectroscopic study of Claus' blue, with comparisons to the much 
better characterized (180) ion [ R h z ~ O H ~ z ~ H , 0 ~ , ~ ~ - O z ~ 1 3 + ,  was thus un- 
dertaken (181). By the use of UV-vis, ESR, and IRIRaman spectrosco- 
pies, as well as magnetic susceptibility measurements and voltamme- 
tric studies, it was determined that Claus' blue solutions actually 
contain superoxo-dirhodium complexes, and not Rho:- ions. The su- 
peroxo bridge does not, however, derive from dioxygen, but from oxi- 
dation of coordinated hydroxide. Finally, Claus' blue solutions were 
demonstrated to be good starting materials for the preparation of super- 
oxo-dirhodium carboxylate complexes, which could be isolated and 
characterized. 

The rhodium complexes cis- and truns-[Rh(eda),(NO, 1x1 + , where 
X = NO,, C1 or ONO-, photoreact (182) with dioxygen in aqueous 
solution to form monomeric [Rh(eda),(H20)(0,)I2' and dimeric com- 
plexes. These complexes act as one-electron oxidizing agents, oxidizing 
I- to I, and Fe" to Fe"'. 

In an analogous fashion to that described for the similar cobalt species 
(vide supra), the redox reactions of [Rh~11(OH),(H,0),(~-02)13+ have been 
investigated (183). This species can be reduced to the peroxo species 
with a variety of metal ions or by using either ascorbic acid or hydroqui- 
none. The reduction process appears to follow an  outer-sphere mecha- 
nism for vanadium(II), but with iron(I1) the reduction occurs through 
an  inner-sphere mechanism. The attempted reductions with Sn", UIV, 
or (MoIV), were anomalous: none of these reducing agents produced the 
peroxo species, nor did they produce a species from which the superoxo 
species could be regenerated. 

B. OXIDATIVE REACTIONS WITH NONCOORDINATED MOLECULES 

Coordinated dioxygen has been shown to react with noncoordinated 
molecules in a few instances: Generally the product results from the 
oxidation of the reactant, noncoordinated molecule, which may or may 
not itself then be coordinated to the original metal center. 
1. Sulfur Dioxide 

Because of both its environmental impact and its chemical useful- 
ness, sulfur dioxide continues to play an important role in chemical 
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(72) 

SCHEME 15. The reactions of sulfur dioxide with dioxygen complexes of iridium. 

research. The effect of SOz in the phenomenon known as acid ruin, 
caused in part by the combustion of fossil fuels containing sulfur, is 
an environmental problem worldwide (184). On the other hand, it has 
been stated that SOz may be the most versatile complexing agent/ 
ligand known (185). Even when SO2 does not displace or react with 
ligands bound to a metal complex, recent work demonstrates that SO, 
will form charge transfer complexes with iridium and rhodium half- 
sandwich complexes (186). 

It has long been known that the dioxygen-iridium(II1) complex 09 
(see Scheme 151, derived from Vaska's complex, will react smoothly 
with SO, to form sulfato complexes (187). Through lsO-labeling experi- 
ments (188), the intermediate in this reaction was determined to be 
most probably the peroxysulfito complex 70. The isolated product, 71, 
could also be prepared (187) from the oxygen adduct of IrC1(PPh3l3, 
72, because of the ease with which the phosphine trans to the sulfato 
group could be replaced by CO. 

Generally, while SO2 reacts with dioxygen complexes of iridium, the 
reverse reaction, in which dioxygen reacts with SO,-Ir complexes, is 
rare (187). However, when the chelating triphos ligand, H,CC(CH,- 
PPhJ3, is used, as in 73, such a reaction can be observed (189) for both 
iridium and rhodium. 

M = R h , I r  

(73) 
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Competitive reactions of trans-1r(C0)X[P(ortho-to1y1),], , where X = 

C1 or CH, , with S02/02 mixtures (190) demonstrated that sulfur dioxide 
kinetically binds to the iridium center more rapidly than does dioxygen, 
but that the thermodynamic order of binding is H, = 0, > SO, > 
CO > C02 = HzO. When X = C1, the reaction with S02/02 mixtures 
resulted in the formation of the sulfato complex overnight, while when 
X = CH3, only about 15% of the dioxygen complex was converted to 
the sulfato complex, Ir(CO)X(S0,)[P(ortho-tolyl)3]2, after 24 h (190). 
The reaction was faster with the tridpara-toly1)phosphine complex 
(191). When X = OCH, or OH and the phosphorus ligand is PPh,, the 
reaction to form the sulfato complex is rapid, demonstrating the 
steric effect of the phosphine ligands (192). The crystal structure of 
Ir(OCH3)(CO)(S0,)(PPh3)z has been reported (193). 

The reactivity of cobalt(I1) complexes with SO, under both aerobic 
and anaerobic conditions has been reported (194). When the complexes 
Co(OPPh3)X2 or Co(OAsPh3)X2, with X = C1 or Br, were allowed to 
react with air in SO2-saturated toluene solutions, the starting cobalt 
complexes could be recovered unchanged even after more than 28 days. 
However, when X = I or NCS, slow (approximately 7 days) reactions 
occurred. For X = I, the products isolated were solid CoS0,-H,O, I,, 
and crystalline (Ph,PO)(Ph,POH)(HSO,); the triphenylarsine oxide 
complex also formed the additional product Ph,AsI, . When X = NCS, 
similar reactivity patterns were observed. However, in this latter reac- 
tion, thiocyanogen (NCS),, the product analogous to I, which might 
be expected to form, was not isolated. Under the reaction conditions, 
this polymer is known (195) to degrade to yield hitherto uncharacter- 
ized products. None of these compounds appear to react with air except 
in the presence of sulfur dioxide. 

2.  Sulfite 

The reaction of a dicobalt complex bridged by a peroxo ligand with 
the sulfite ion has been reported. In this reaction, a dicobalt complex 
containing a bridging sulfato ligand is formed, along with free sul- 
fate (196). 

3. Carbon Dioxide and Carbon Monoxide 

In the course of studying the reactions of carbon dioxide, carbon 
disulfide, and other small molecules with peroxobis(tripheny1phos- 
phine)platinum(II) (197), the reactions of Ir(CO)C1(PPh3),(02) and RhCl 
(PPh3)3(02) with C02,  CS2, aldehydes, and ketones were also attempted. 
In every case the metal-containing reactant was recovered unchanged. 
Somewhat later (198), it  was demonstrated that Ir(CO)X(PPh,),(O2), 
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SCHEME 16. Reaction of coordinated carbon monoxide with bound dioxygen at an 
iridium center. 

with X = CH3 or Ph, would, in fact, react with liquid CO, to  form the 
peroxycarbonate complex 74. The evidence supported a mechanism that 
involved an external attack by the CO, molecule, rather than requiring 
a precoordination step. 

PPh, 

P R, I /o- 
O C ~ Q ~ C - C O  

PPh, 

(74), R = CH, or C6Hs 

The reaction of CO, with Ir(CH3)C0(02)[P(p-tolyl),l, also results in 
the formation of a peroxycarbonate complex (191) via external attack 
by carbon dioxide. In this case, however, only gaseous carbon dioxide 
is required, rather than the more strenuous conditions of liquid CO, . 
This same complex reacts with gaseous carbon monoxide to form the 
carbonate complex. Labeling experiments demonstrate that the coordi- 
nated CO does not participate in the reaction: External attack by the 
added CO is responsible for the reaction (191). Coordinated CO has 
been shown to react with bound dioxygen, as is seen in Scheme 16. In 
this case, the chelating triphos ligand obviously has a significant effect 
on the reactivity (189). 
4 .  Ketones 

The activated, electron-deficient ketone hexafluoroacetone, hfa, re- 
acts with the iridium complex IrX(CO)L2(02) (in which X = C1, Br, or 
I and L = PPh3, or in which X = C1 and L = AsPh, , PMePhz, P(paru- 
tolyl), , or P(puru-anisyl),) by an apparently direct electrophilic attack 
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on the coordinated dioxygen to form the ozonide (75) via an ionic transi- 
tion state (199). The reaction is second-order (first-order in each reac- 
tant), and the rate of the reaction depends on the substituents on 
iridium and upon the solvent, as follows: 

Reaction rate (substituents): 

Reaction rate (solvent): 

C1> Br > I 
PMePh, > AsPh, > PPh, 
3-pentanone > CH&N > CsHs 

m+o- C-CF, 

L ‘CF, 

(75), X = C1, Br, or I when L = PPh3 
X = C1 when L = AsPh3, PMePh2, 

P(~~~L?-M&~H,)~ ,  or 
P(pUrU-M&&)3 

5. Phosphines 

The methyl iridium dioxygen complex Ir(CH,)CO(0,)[P(p-tolyl)312 
reacts with added triphenylphosphine to produce triphenylphos- 
phine oxide (191 ). That this is a bimolecular reaction was demonstrated 
both by the complete absence of any oxidation of the tris(paru-toly1)- 
phosphine and by the lack of any substitution of the bound tris(paru- 
toly1)phosphine by triphenylphosphine. 

c. STUDIES WITH CUBANES 

As part of an attempt to model the tetramanganese center presumed 
to be responsible for the oxidation of water in photosynthetic green 
plants and the cyanobacteria, cobalt(II1) systems were investigated 
(200). It was hoped that structurally similar systems that would exhibit 
enhanced stability under experimental conditions could be produced 
in this fashion. (The Mn, species present in the actual photosynthetic 
system has been difficult to study because of its instability when re- 
moved from the environment of the plant cell.) 

Following the treatment of a 1 : 1 mixture of Co(OAc),. 4H,O and 
bipyridine (bipy) in 3 : 1 methanol : water with H,O,, heating, and the 
addition of THF and LiClO,, red crystals of the dicobalt system 76 
could be isolated (see Scheme 17). Under similar conditions (1.5: 1 
Co(OAc), .4H,0  : bipy in 6 : 1 ethanol : water), greenish-black crystals 
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of the tricobalt semicubane system 77 were isolated. Finally, treatment 
of 76 with 5 equivalents of Li,O, yielded brown crystals of 78, a tetraco- 
balt cubane system. Both 76 and 77 were characterized by X-ray crystal- 
lography; 78 was a weak diffractor of X-rays and was converted from 
the acetate derivative to the para-toluic acid derivative 79 for struc- 
tural analysis. 

Although these cobalt species do not in themselves activate dioxygen, 
they do exhibit similarities to the proposed structures of manganese 
complexes that may be involved in photosynthetic water oxidation 
(201). Such important studies may be relevant to the activation of 
dioxygen by other transition-metal complexes and to the investigation 
of the mechanism of the evolution of dioxygen by photosynthetic man- 
ganese-oxo complexes. 

Because of the common presence of cubane and pseudocubane struc- 
tures in the active sites of many different types of enzymes and cofactors 
(202), the synthesis of heterocubane systems containing sulfur, sele- 

N ,-> = bipyridine 

Co(OAc), + bipyridine 

CH3CH2OH /H2O; 
H202 

f 
I 

IC1041, 

(77) 

SCHEME 17. Cobalt-oxo semicubane and 

(79) 

cubane preparations and structures. 

++ 

IC10,1, 
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nium, and even tellurium has been attempted. For some leading refer- 
ences to this area, see Ref. 203. 

D. STUDIES RELATED TO DNA AND RNA 

Oxygen activation has been shown to be important both in the pre- 
sumed mechanism of attack on DNA by metal complexes of antibiotics, 
and in the synthesis of dexoyribonucleotides from the corresponding 
ribonucleotides. Although primarily centered on iron complexes, and 
thus outside of the scope of this review, some cobalt analogue complexes 
have been discussed. 

1 .  Bleomycin 

The antitumor antibiotic bleomycin (BLM) is believed to cause cyto- 
toxicity through its ability, in the combined presence of dioxygen and 
a metal ion cofactor (2041, to bind to and degrade DNA (205). Iron 
complexes of BLM have aroused special attention, as such complexes 
are the “first” (vide supra concerning the discussion of hemerythrin 
and hemocyanin) non-heme-iron complexes with a significant capacity 
for dioxygen activation (206). 

CH, 
I 

BLM 
(specifically, bleomycin A*) 
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The hydroperoxide form of the cobalt(II1)-bleomycin congener is 
known to cleave DNA only in the presence of light (2071, and its struc- 
ture in solution has been solved by NMR methods (208). In reactions 
with a carefully defined decameric oligonucleotide analogue of DNA 
[d(C1C2A3G4G5C6C7T8G9G10)2], the Co-BLM complex forms a 1 : 1 inter- 
calated complex, and experimental evidence supports the conclusion 
that the metal binding domain on the oligonucleotide is in the C6C7/ 
G15G14 region of the decanucleotide (209). 

It has been established that it is the bithiazole moiety of bleomycin 
that participates in DNA binding (210). In order to  investigate the 
reactivity and binding ability of this bithiazole section of bleomycin, 
a modified version of the bithiazole moiety, containing a 2-(1,3-diamino- 
propyl) substituent rather than bleomycin's 242-aminoethyl) substitu- 
ent, was prepared (211) (see the drawing of these bithiazole moieties). 
In the presence of cobalt(II), the modified bithiazole does in fact mediate 
the production of alkali-labile lesions on double-stranded DNA. These 
lesions, following treatment with alkali, exhibited guanosine-specific 
DNA strand scission. However, this degradation did not require molecu- 
lar oxygen, even though the degradation did require light. 

Nli2 NHZ 
0 H 2 N 4 x p N \  

S S qxp\ S,/CH3 I CH3 
S+/CH3 CH, I 

bithiazole from native bleomycin A2 modified bithiazole 

Finally, in the presence of oxygen, a complex containing the modified 
bithiazole, a cobalt(I1) center, and dioxygen could be inferred from 
absorption spectroscopic studies, which suggested that this oxygenated 
complex in some way mediated the oxidative alteration of the guanine 
base, making the site susceptible to  reaction to the hot alkali treatment. 
This reactivity was apparently due to the preferentially enhanced reac- 
tivity at the guanosine sites of DNA, rather than a site binding selectiv- 
ity response of the bithiazole complex. 

2.  Ribonucleotide Reductase 

The enzymatic conversion of all four ribonucleotides to their corre- 
sponding deoxyribonucleotides is mediated by the enzyme ribonucleo- 
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tide reductase, RNR (212). In its active state, RNR contains binuclear 
iron(II1) centers, and, in the inactive iron(I1) form, is able to  react with 
dioxygen to regenerate the all-important tyrosine radical (213). The 
data suggests that unlike the iron(II1) atoms neither of the iron(I1) 
centers is six-coordinate: one iron atom is five-coordinate, while the 
other is either four- or five-coordinate, thus facilitating 0, binding 
(214). 

In order to better understand the structure of the di-iron active sites 
of RNR, the iron centers can be removed (215) and the apoprotein then 
can be reconstituted with iron(I1) in the presence of ascorbate (2161, 
or with manganese(I1) (21 7). In the former case, the resulting reconsti- 
tuted protein retains all of the activity of the original protein, while 
in the latter case, the structure of the active site in the manganese- 
containing protein is apparently similar to  that presumed to exist for 
the native iron-containing analogue. The apoprotein form of RNR was 
reported to be reconstituted using cobalt(I1) (218). This substituted 
RNR was spectroscopically characterized and interpreted as being con- 
sistent with a five-coordinate high-spin cobalt(I1) center ligated by 
nitrogen- and oxygen-donor ligands. However, the cobalt-substituted 
enzyme did not exhibit the oxygen reactivity of the diferrous form of 
RNR. Only after exposure to dioxygen for several days did spectral 
features change in such a way as to indicate that some partial oxidation 
to cobalt(II1) had occurred. 

E. GAS-PHASE STUDIES WITH METAL-0x0 SYSTEMS 

Under thermal, non-excited-state conditions, the reaction of the gas- 
phase Co+ ion with dioxygen, Eq. (2), is endothermic (2191, while that 
with N20, Eq. (3), although exothermic by about 40 kcal/mol, has a 
relatively high kinetic barrier (220); neither reaction produces COO+ 
in appreciable amounts. 

Cot + O z p  COO' + 0 (2) 

CO' t N20+ COO+ + Nz (3) 

The attempt to react thermalized [Co(C,H,)I' in the gas phase with 
dioxygen was also unsuccessful (221). 

Thus, since ground-state Co+ does not react with dioxygen or N20, 
in order to produce appreciable amounts of Coo+,  N,O can be allowed 
to  react with translationally (produced through radio-frequency excita- 
tion) or electronically (produced via laser desorption) excited Co '*, 
leading to a conversion of Co+* to  COO'* of about 20% (222). The 
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excited-state COO+* so produced can then be thermalized in an argon 
buffer gas. 

Guided-ion-beam mass spectrometry (GIBMS) was used to study the 
reaction of Coo+ with CH, and with D2 (223). The exothermic reaction 
with methane, Eq. (41, was found to have an activation barrier of 
0.56 2 0.08 eV, while Eq. (51, also exothermic, had an activation energy 
of 0.75 ? 0.04 eV. 

COO' + CHI+ Cot + CHSOH 

COO' + Dz+ Cot + D20 

(4) 

( 5 )  

A study (222) of the reactions of a number of substrates with COO+ 
in the gas phase, using Fourier-transform ion cyclotron resonance mass 
spectrometry (FTICRMS), did not find an activation barrier in reaction 
(4), such as was reported for the GIBMS study, although a barrier to 
the reaction of Coo+ with H2 was noted (221). Schemes 18,19,20, and 

COO' + CH3CH3 

cot C040Hz)' CO-(~-H~C=CH,)+ 

SCHEME 18. The gas-phase reactions of COO' with ethane. 
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TABLE I 

PRODUCT DISTRIBUTIONS (REPORTED AS BRANCHING RATIOS) 
FOR THE NEUTRAL PRODUCTS OF THE REACTIONS OF 

COO’ WITH ALKANES 

Substrate Neutral product Branching ratio 

Methane 
Ethane 

Propane 

n-Butane 

is0 -Butane 
[2-methylpropanel 

n-Pentane 

is0 -Pentane 
[2-methylbutane] 

neo -Pentane 
[2,2-dimethylpropanel 

1.00 
0.67 
0.21 
0.12 
0.73 
0.16 
0.06 
0.05 
0.67 
0.20 
0.09 
0.04 
0.30 
0.20 
0.18 
0.16 
0.16 
0.43 
0.20 
0.14 
0.12 
0.17 
0.04 
0.40 
0.30 
0.30 
0.64 
0.10 
0.10 
0.04 
0.04 
0.04 
0.02 
0.02 

21 depict the reaction pathways (222) in the reactions of COO+ with 
ethane, propane, n-butane, and 2-methylpropane (iso-butane). 

Table I lists the neutral products and the branching ratios for the 
reactions of COO+ with both linear (methane, ethane, propane, n-bu- 
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SCHEME 19. The gas-phase reactions of COO’ with propane. 

tane, and n-pentane) and branched (2-methylpropane, 2-methylbutane, 
and 2,2-dimethylpropane) alkanes. Although the activation of methane 
to form methanol is a very inefficient, albeit exothermic, process, the 
higher alkanes are much more reactive with COO+. The production of 
neutral CoOH occurs only for alkanes larger than propane, and gener- 
ally more complicated reaction schemes are seen for these systems. 
Unlike, for example, “CH,O,” which can be readily identified as being 
composed of CH, and H,O, the product “CH50” in the reaction of neo- 
pentane with COO’ (Table I) is not readily identifiable with specific 
neutral products and was reported as a simple empirical formula. 

Finally, the electronic structures of the first-row, late transition- 
metal monoxide cations, including COO+, having been calculated (224) 
using approximate density functional theory (DFT) (225, 226) aug- 
mented with complete active space second-order perturbational theory 
(CASPTBD) (227). Unlike a previous report (228) in which the ground 
state of COO+ was assigned as the 3X- configuration (lu22cr217r4- 
1S42r23u0), the current calculations indicate that the ground state 
is the ‘A configuration (la22a21.rr416327r23~1). The similarity of the 
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COO' + CH3CHZCH2CH3 

CH~CH~CH~CH~-CO+-OH 

"A" 

CO-(~~-H~C=CH~)+  

SCHEME 20. The gas-phase reactions of Coo' with n-butane. Note that the compound 
labeled " A  is a butadiene complex of Cot. 

electronic structures of FeO', COO', and NiO' to  that of the triplet 
ground state of dioxygen, discussed earlier (228), is also noted in the 
more recent report (224). 

F. SOLID-STATE OXIDATIONS 

Although the vast majority of this review has been concerned with 
homogeneous systems, supported catalyst and single-crystal studies of 
rhodium are important topics that have also been considered by some 
researchers. This topic extends and dovetails nicely with the discussion 
of the interactions of acyclic and cyclic polyamine ligands and Schiff 
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COO+ + CHjCH(CH& 

SCHEME 21. The gas-phrase reactions of COO+ with 2-methylpropane (iso-butane). 
Note that the compound labeled “ A  is a 2-methyl-l-propene (iso-butylene) complex of 
Cot, while the compound labeled “B” is a trimethylenemethane complex of Co’. 

bases with zeolite-supported cobalt(I1) species, presented earlier in the 
section dealing with nitrogen-donor ligands (vide supra). 

1 .  Alumina-Supported Rhodium 

The [(CO),Rh] moiety can be supported on alumina through the 
reaction (229) of [(q3-allyl)Rh(C0)21 in octane with alumina. In addition, 
the same moiety can be supported on alumina through the reaction 
of [(q3-allyl),Rhl in toluene, followed by a carbonylation step. This 
supported [(CO),Rhl species, symbolized (Al,03) + Rh(C0I2, will react 
reversibly with dioxygen to form a species described as (A1203) * Rh(0,) 
(80) based upon X-ray photoelectron spectra (XPS). In a similar fashion, 
reaction of (Al,03). Rh(CO), with dry ozone produced a supported ozone 
complex, (Al,03) . Rh(03) (81), and this latter complex could be shown 
to react with carbon monoxide to produce carbon dioxide and to regener- 
ate the dioxygen complex 80. 
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0-0 
\ I  

0 c(p 

More recently, i t  was demonstrated that 80 is a catalyst for the 
partial oxidation of olefins using dioxygen (230). For example, dry 
propene was oxidized to acetone; when water vapor was present in 
the catalyst stream, some propanal could also be detected. Other reac- 
tions reported included the conversion of styrene to acetophenone and 
phenylacetaldehyde in an 80 : 20 product ratio, and 2-norbornene to 2- 
norbornanone and cyclohexene-4-carboxyaldehyde in a 70 : 30 prod- 
uct ratio. 

2. Single-Crystal Rhodium 
Using ultrahigh-vacuum techniques, clean Rh( 11 1) surfaces could 

be exposed to dioxygen to form a surface covered with atomic oxygen, 
which was characterized as an  Rh(ll l)-p(2x 11-0 surface from low- 
energy electron diffraction (LEED) patterns (231 ). This surface could 
partially oxidize styrene to acetophenone (231~1, propene to acetone 
(231b), and norbornene to norbornanone ( 2 3 1 ~ ) .  In the last instance, 
no skeletal rearrangement product (which would be 3-cyclohexene-l- 
carboxaldehyde) was observed. 

The extent of oxygen coverage on a Rh(ll1) surface changes the 
selectivity of the oxidation reaction of 2-propanethiolate (232). When 
either 2-propanethiol or di-iso-propyl disulfide reacts with a n  oxygen- 
covered Rh(ll1) surface, acetone, propene, and propane are formed. 
The oxygen (i) inhibits the nonselective C-H bond cleavage on the 
surface, (ii) removes hydrogen from the surface through the formation 
of water, (iii) slows C-S bond cleavage, and (iv) adds directly to the 
2-propyl group to form 2-propoxide on the rhodium surface. The last 
reaction only occurs at high oxygen coverages of the rhodium sur- 
face, however. 

G. MOLTEN SALTS 

As an  appropriate concluding section in this wide-ranging review of 
oxygen activation by cobalt-, rhodium-, and iridium-containing sys- 
tems, it has been reported (233) that molten sodium metu-phosphate 
(NaPO,), at 85OoC, reacts with dioxygen to produce the superoxide 
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anion. The ESR spectrum of this mixture exhibited an  absorption with 
a g-value of 2.000 with a width of 38 G. In melts containing COO, this 
species could also be recognized. However, in the presence of COO in 
the NaP03 melt, the superoxide species could not be completely re- 
moved from the melt by bubbling helium through the system, as was 
the case when COO was not present. This inability to “reverse” the 
reaction was ascribed to an interaction between the superoxide and 
the COO species in the melt, which may have been due to a cobalt(I1)- 
superoxide complex (234). 

VII. Concluding Remarks 

The activation of dioxygen encompasses a broad spectrum of research 
fields, from biology/biochemistry to chemistry, and hence to catalysis, 
industrial processes, and theoretical analyses. The studies outlined in 
this review are indicative of the range of ongoing research in the area, 
and of the challenges and opportunities presented. While we have at- 
tempted to address many of the accomplishments we feel are important 
and interesting, this is one of the broader and more complex fields of 
chemistry, and one that is expected to develop and change rapidly. 
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I. Introduction and Scope 

This article summarizes areas of chromium chemistry that are often 
neglected in modern textbooks of inorganic chemistry, and yet are 
topics of considerable research importance. 

It has become customary to classify transition-metal compounds in 
terms of oxidation state, and then discuss various types of ligand ar- 
rangements within that state. Much of the single element chemistry 
in “Comprehensive Coordination Chemistry” (I ) follows this pattern 
(e.g., Re), but one or two elements (e.g., Co), are discussed in terms of 
ligand type. Using the latter approach, patterns of reactivity can be 
specified by considering changes in oxidation state. 

Reviews and texts including substantial coverage of chromium chem- 
istry (2, 3 )  and mechanistic studies (4, 5 )  have appeared. In what 
follows, reference is made to the developing chemistry of the Cr(1V) 
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and Cr(V) states, as well as to the more familiar Cr(II), Cr(III), and 
Cr(V1). Extensive use is made of UV-vis spectrophotometry in the char- 
acterization of species in solution. Peak positions hlnm ( ~ 1 M - l  cm-')  
refer to the absorbance of the molecular species (monomer, dimer, trimer, 
etc.) present. 

II. 0 x 0  and Peroxo Ligands 

The chemistry in this area (6-8) has been approached from two 
different directions: reduction of Cr(V1) or oxidation of Cr(I1); it is only 
recently that an overall, self-consistent picture has emerged (7,9).  The 
key experiment is the observation that the reaction between Cr(V1) 
and alcohols in acid solution under a n  0, atmosphere yields [(H20)5 
Cr*I1O2I2+, a Cr(II1) superoxo complex,' according to the sequence (1). 

This (reversible) reaction scheme allows much of the redox chemistry 
of chromium to be rationalized. 

A. CHROMIUM(II) PLUS DIOXYGEN (AQUEOUS) 

The reaction between 0, and [Cr(OH,),I2+ in acidic solution has been 
well studied (7, LO, 11 1, and the final products are [HCrO,]- (2-20%), 
[Cr(OH2)6I3+ (45-67%), and [(H20),Cr(OH),Cr(OH,),14+ (0-51%). No 
[(H,0)5Cr02Cr(OH,),14+ (a Cr(II1) p-peroxo species, Section II,B) was 
detected (10) although it has been proposed as an intermediate (11 ). 

With 0, in excess, the first product is [(H,0),Cr0,12+, UV-vis absorp- 
tion maxima 290(3100), 245(7000), and magnetic and spectroscopic 
data are consistent with a Cr(III)O, (superoxo) formulation. Rate con- 
stants for the forward and reverse steps (6 )  are 1.6 x lo8 M-' sec-' 
and 2.5 X lo-, sec-' ( t , , ,  = 50 min) giving K = 6.4 x 10" at  25°C 

The superoxo complex, [(H20)5Cr02]2+, reacts further ( k  5 2 x lo8 
M-' sec-', 25T,  pH = 0-2) with [Cr(OH2)6]2+ to give [(H20)5Cr1V0]2+, 

(PH = 0-2). 

In a number of formulas the degree of hydration is presumed. 
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(3). Thus, both O2 and [(H20)5Cr0212+ are competing for [Cr(OH2),$+, 
and this limits the concentration of the superoxo complex to ca. 
M. Addition of an alcohol (0.1 M MeOH) results in the Cr(1V) species 
being reduced to [Cr'(OH2),I2+ (61, which, in the presence of 02,  gives the 
superoxo complex (21, and concentrations up to  M can be obtained. 

Decomposition of the superoxo complex occurs by two pathways in 
the reaction sequence, (2)-(5), which account for the production of 
[HCrO41- and [(H20)2Cr(OH)2Cr(OH2)414+ but not for [c r (oH~) , ]~+.  
Aquation of the dimer is not sufficiently rapid to  allow for any signifi- 
cant formation of [Cr(OH2),I3+, but this is produced by decomposition 
of [(H20)5Cr02H12+ as in (7) or (12). 

Reduction of the superoxo form with [RU(NH,),]~+ (7) or  electrochemi- 
cally (12) produces first the Cr(II1) hydroperoxo complex [(H20& 
CrO2HI2+ absorption maxima, -450, -630 nm (13). This spontaneously 
decomposes (7) to  [Cr(OH2)6I3+ with a half-life of ca. 10 min at room 
temperature, [H+I = 0.1 M (12, 14) .  

The hexaaqua ion, [Cr(OH2),I3+, is also the final product in the reduc- 
tion process (7, 12). The complete process using Fe(I1) as a reducing 
agent is shown in the reaction sequence (8)-(11), where a Fenton-type 
(15) mechanism is proposed (7,161, with [(H20)5Cr1V012' behaving as 
the chromium equivalent of the .OH radical (16). 
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If [Cr(OH2)6]2+ is added to an air-saturated solution of the hydroperoxo 
product formed in (9), oxidation takes place to give the superoxo prod- 
uct. This is because reactions (2) and (3) generate [(H20)5Cr1V012+, 
which reacts with the hydroperoxo form (12). 

For comparison, the reaction between [Cr(OH,),12+ and HzOz proceeds 
via a modified Fenton reaction as in Eqs. (13) and (14) (17-19). 

The [Cr(OH2)612+/Hz02 reaction is important in the synthesis of air- 
stable cationic organochromium(II1) complexes (see Section III,B), as 
the initially produced .OH radicals react rapidly with added organic 
substrates to form alkyl radicals, which, in turn, react with [Cr(OH2)6]2+ 
(151, (16). 

The observation that reaction (13) is the slowest step, and that the 
organochromium complexes are highly colored with peak maxima at  
300 (2500) and -400 (-3001, provides a means of determining rate 
constants for (13) (18). 

Further oxidation of the superoxo intermediate (17) can be achieved 
with [Ru*"(bpy),I3' (19). 

[(Hz0)5Cr0212+ + [Ru(bpy)313' - [Cr(OHz)613t + [ R ~ ( b p y ) ~ l ~ +  + Oz (17) 

All this chemistry shows that H,Oz and [(H20)5Cr02H]2t have very 
similar redox properties in terms of kinetics, but [(H,0)5Cr0,H]2+ is a 
more powerful one-electron oxidant than H,O, by more than one volt 
(Fig. 1) (14). 

The other important product from the Cr(I1) + 0, reaction is [(HzO)5 
Cr012+, absorbance maxima at 260 (5000) and -300 sh (20). Stopped- 
flow mixing of 3 X M [Cr(OH2)612+ and 2.6 x low3 M O2 (aq) in 
1 M HC104 produces ca. 4.5 x M [(HzO),Cr0]2t with a half-life of 
ca. 30 sec at 25°C. This species is a powerful, mainly two-electron 
oxidant (18), and many kinetic studies have been made (7). 
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0.78 1.76 

0.12 1.44 0.80 2.72 
0 2  __t HO2' H02H - HO' - H20 

The complex is normally described as the oxochromium(1V) 
[(H,0)5Cr=012+ or chromyl cation, by analogy with the vanadyl cation 
[(H,0),V1V0]2+. It can also be regarded as a chromium(II1) substituted 
hydroxyl radical (Fig. 1) and its H-atom abstracting properties are 
parallel to those of .OH (15). 

The chromyl cation reacts with H,Oz to give the chromium(II1) super- 
0x0. In this case, the oxidant acts via a one-electron hydride abstraction 
process and [Cr(OH2),12+ is not involved (19). 

[(H20)5Cr~V012t + HzOz - [(HzO)5Cr'110~12+ + HzO (19) 

As an  oxidant, [(H,0)5Cr1V012+ is kinetically more reactive than 
HCrV'O; . The half-life for the oxidation of excess MeOH (5 x M, 
0.1 M HClO,, I = 1.0 M, 25°C) with the chromyl cation is about 12 
sec, whereas under the same conditions the corresponding reaction 
with HCrO; takes several hours to complete. 

Although the preceding refers to chromyl or aquachromium(1V) 
chemistry, an extensive chemistry of chelated chromium(1V) complexes 
is now developing (21). The treatment of the Krumpole complex (22) 
Na[Crv(2-ethyl-2-hydroxybutanoate),01 . 1.5Hz0 (Fig. 2) (23) with one- 

1- 

FIG. 2. [Cr(ehba),OI-. 
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OH OH: 

1 -  
i 

OH2 I +  
\ n J ,  I 

(,Cr.) 

L 
I 
OH: 

FIG. 3. A possible reaction scheme for chelated Cr(IV) (21). 

electron reductants shows that chelated Cr(1V) can be detected as a 
transient. The systems are, however, complicated by further reduction 
steps. Alternatively, when solutions of Cr(V1) buffered with eaba- and 
Heaba are treated with a series of two-electron reductants (As(II1) is 
the most useful), a pink solution with absorbance maxima at 511 (2300) 
develops. The stability depends on the Cr(VI)/ligand ratio used. At  low 
ligand concentrations, the excess Cr(V1) oxidizes chelated Cr(1V) to 
[Cr"(ehba),O]-, absorption maxima 510 (181), but with excess ligand, 
the pink Cr(1V) solutions are stable for hours at room temperature and 
can be used in a variety of redox processes (21 1. 

The UV-vis absorbance spectrum of the chelated Cr(1V) product is 
dependent on pH and ligand concentration, with the latter reflected in 
ligand-concentration-dependent reduction products (Fig. 3). 

One of the difficulties in characterizing the Cr(1V) state is that it is 
ESR silent, whereas the corresponding Cr(V) oxidation state (Section 
I1,B) gives strong signals (24). 

Macrocyclic Cr(IV) has been produced by dihalide radical oxidation 
of the corresponding Cr(II1) complex (20) (25). 

[RCr"'(L)(H,O)1*' + .X; - 2X- + [RCr'"(L)(H20)l3' (20) 

(R = alkyl; L = 1,4,8,12-tetraazacyclopentadecane). 

B. REDUCTION OF CHROMIUM(V1) 

The [Cr"(OH2),l2+ reduction of Cr(V1) is very rapid and the products 
(2 M HC10,) are again [Cr(OH2)J3+ and [(H,0)4Cr(OH),Cr(OH2)414+, 
with 50-70% of the monomer (10). A number of mechanisms have been 
proposed, including (21) and (22) followed by (4). 
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With H202, the products (in 2 M HClO,) are [Cr(OH,)6]3+ (75-93%) 
and two dark green p-peroxo-Cr(II1) complexes: [(H,0),Cr02 
Cr(OH2),I4+ (4-5%), absorption maxima at  272(1180), 439(153), 
634(202); and a + 5 charged species, [Cr3(O2),I5+ (2-17%), absorption 
maxima 230 (38001, 267 (3170), 433 (3601, and 625 (384) (10). Earlier 
work (26) suggests that this "trimer" may be [(H20),CrOzCr(OH2)515', 
which would be the Cr(II1)-bridged equivalent of the superoxo, [(H2015 
CrO2I2+. This model, with the +4 charged species as a peroxo and the 
+ 5  charged species as a superoxo, has an attractive parallel in Co(II1) 
chemistry with the characterization of [(NH,),COO~CO(NH~),]~+ (per- 
0x0) and [(NH3)5C002Co(NH3),15+ (superoxo) complexes (27). The + 4 
[Cr(III)l, charged species decomposes spontaneously in acid with a half- 
life of about 25 min (2 M HClO,, 25°C) to give 0,, [Cr(OH,),I3+, and 
Cr(V1) with isosbestic points a t  387 and 326 nm. Thermal acid decompo- 
sition of the + 5  charged species is slower (t, , ,  = 90 min, 5 M HClO,, 
25"C), and polynuclear Cr(II1) species are produced in addition to 
[Cr(OH&I3+, O,, and Cr(V1). The observation that Ce(1V) does not 
react with the + 5 charged species (10) is further evidence supporting 
a p-superoxo formulation. 

Numerous attempts have been made to characterize the first products 
formed in the H+/H20,/Cr(VI) reaction (6). A transient blue complex 
("perchromic acid"), which is believed to be [CrV10(0z)2(OHz)], absorb- 
ance maximum 580(450), by analogy with the structurally character- 
ized [CrV10(Oz),(py)], rapidly decomposes (seconds). 

Rate laws for the formation (23) and decomposition (24) have been 
determined (6). 

k = 1.87 x lo4 M-2 sec-', k, = 0.25 M-' sec-', and kz = 1.8 M-' sec-' 
at 25°C. 

If the H,O,/Cr(VI) reaction solution is alkaline, red-brown salts, 
absorbance maximum 372 (1600) (301, of the tetra(peroxo)chromate(V) 
anion can be isolated and structurally characterized. 

The DZd symmetry of this anion has attracted several theoretical 
investigations (61, and the single unpaired electron makes this species 
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an  ideal candidate for Cr(V) ESR ( g  = 1.9720) studies (28). The rate 
of decomposition of [Cr(02)413p in aqueous alkaline solution (25) has 
been followed using pH-stat (29),  spectrophotometric (301, and ESR 
(31) techniques. At constant pH, a first-order decay is observed (t1,2 = 
6 min, pH = 9.1, T = 30°C, Z = 3 M, NaC10,) with a first-order depen- 
dence on [H’] in the range pH = 7.9-11.8 (30,311 (25). 

In basic solution, the decomposition stoichiometry follows (261, but 
as the [H’] increases, more Cr(II1) is produced. 

It has been proposed (6) that the p-peroxo and p-superoxo Cr(II1) 
products mentioned previously may be generated via the acid decompo- 
sition of [Cr(O,),l3-, but there is still a large gap in our knowledge as 
to the origin of these dimeric Cr(II1) peroxos. 

At intermediate pH (4-71, the H202/Cr(VI) reaction forms a n  unsta- 
ble violet solution, absorption maximum 540 (5101, presumed to be 
[CrV10(O2),0H]-, a deprotonated form of “perchromic acid.” This same 
species can also be produced by adding H202 to a neutral solution of 
[CrV(02)4]3-. The rate of formation of [CrV*0(02)2(0H)l~ (seconds) fol- 
lows the same rate law (23) and has the same activation parameters 
as for the formation of blue “perchromic acid” (6) .  The products from 
the decomposition of [CrV10(02)2(OH)l- do not appear to have been de- 
termined. 

Chromate- and Cr(V1)-containing compounds have been found to  
have serious toxic and carcinogenic effects (28).  It has, however, been 
reported that Cr(V1) does not react directly with isolated DNA, so 
reduction products of Cr(V1) are implicated in the carcinogenic process. 
This has led to a large number of kinetic and product analysis studies 
involving Cr(V1) and biologically active reducing agents, including 
ascorbic acid (32-371, thiols (32,37-41), alcohols (421, sugars and sugar 
derivatives (43-451, glycerophosphates (461, and DNA (47).  There are, 
in these investigations, an impressive variety of reactant and product 
variables, with both pH and [O,] (33) being important. Radicals and 
lower oxidation states of Cr are potential intermediates before the final 
isolated form of Cr(II1) is obtained. Relevant kinetic information can 
be obtained in the Twigg series “Mechanisms of Inorganic and Organo- 
metallic Reactions” (4 1. 

One problem in surveying the redox chemistry of Cr(V1) is the seem- 
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ingly bewildering array of acid dependencies reported by various inves- 
tigators. In fact, much of the reported data can be rationalized in terms 
of the known acid-base equilibria associated with the oxidant and 
the reductant. 

For a dibasic acid reductant (e.g., ascorbic acid, H2A), there will be 
three potential reductants, H2A, HA-, and A2-, (271, (28). 

HZA HA- + H' K1 

HA- A'- + Ht K2 

(27) 

(28) 

In the pH range 1-6, there will be two forms of the oxidant, HCrO; 
and CrOi- (see Section II,C, reaction (45)). 

This gives six reactant pair combinations, (29)-(34), that have the 
potential to  contribute to the rate law. 

HA- + [HCrO41- products (29) 

HA- + [CrO4I2- A products (30) 

H2A + [HCr041- A products 

H2A + [Cr0J2- A products 

(31) 

(32) 

(33) AZ- + [HCr041- A products 

A2- + [Cr04]2- A products (34) 

In this set, the k, and k, paths are indistinguishable from the kl and 
k2 paths, respectively, and can be eliminated from the mechanistic 
scheme [the so-called proton ambiguity (211. The overall rate law consis- 
tent with this modified set, (291, (301, (31), (341, is given in Eq. (35). 

After the relevant substitutions from (271, (281, and (451, (35) trans- 
forms to Eq. (36). 
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The best way to follow this analysis is to  express (35) in terms of 
[CrOq-I and [HA-I and then use the mass balance expressions, (37), (38). 

Equation (36) means that a variety of [H'I dependence expressions 
will be observed for different reductants, depending on the magnitudes 
of K1, Kz , kl  , k2, k3, and k6. Thus, if K2 is zero and kz and k3 are small, 
(36) reduces to  (39). 

Cr(V1) ester formation before electron transfer is a well-accepted first 
step, and if the ester is reasonably long-lived, saturation kinetics are 
observed (40). 

a[reductantl[Htl 
kobs = 1 + b[reductantl (40) 

Chelated Cr(V) is frequently detected (ESR) as an early reduction 
product, but care must be taken to distinguish these signals from those 
produced by organic radicals. Unfortunately, Cr(1V) is much more diffi- 
cult to detect (some investigators have used NMR methods (37)), but 
Cr(I1) can be detected by the formation of [(H2O),CrO2I2+ (7, 9). 

It has been postulated (28, 38) that in the biological situation the 
first-formed chelated Cr(V) may react with H202 in a Fenton-type pro- 
cess (40a) to  yield .OH radicals. 

Cr(V) + HzOz - Cr(V1) + .OH + OH- (40a) 

Carcinogenesis could be caused by either Cr(V) or .OH. 

C. THE BICHROMATE(VI) ANION (HCrO;) 

As mentioned earlier, a variety of pH-dependent Cr(V1) species are 
available in solution as potential reactants, (411445). 

HzCrzOl F=== HCrzOi + Ht (41) 
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HCr20; Cr20f- + Ht (42) 

CrzO$- + HzO 2HCrOi (43) 

H2Cr04 HCrOi + Ht (44) 

HCrO; = CrOq- + H+ Kc (45) 

Higher polychromates (e.g., Cr,Oqi) can be isolated in yields up to 45%, 
under appropriate conditions (48). A systematic classification of Cr-0 
bond lengths has been developed for polychromate anions (Fig. 41, and 
these bond types have been correlated with the degree of polymeriza- 
tion (48). 

Equilibrium constants have been measured for (411445) using a 
variety of techniques: spectrophotometry (491, conductivity, I70-NMR 
line broadening (501, isopiestic measurements, potentiometry, and oth- 
ers (51 1. From these data, speciation distribution estimates have been 
calculated (52). As the equilibrium constants for (41)-(45) are quite 
sensitive to ionic strength, so are the speciation distributions. Thus, 
for pH = 1, Cr(VI), = M and T = 25"C, the [H,CrO41 is calculated 
to be 29% at Z = 0 and 1% at Z = 1.0 M (52). Nevertheless, a considerable 
proportion (-50%) of Cr(V1) in the pH range 1-6 is estimated to be in 
the HCrO, form. 

Consequently, it was surprising that a study of the Raman spectra 
of Cr(V1) in aqueous acidic solution concluded that only equilibrium 
(46) occurred, and H2Cr04, HCrO;, and HCr20; could not be de- 
tected (53). 

2CrOq- + 2H' = CrzOf- + HzO (46) 

0 0 
n-2 li 

FIG. 4. Classification of Cr-0 bonds within [Cr,0g,tl12- anions. (T) and (I) are the 
terminal and inner bridging distances between terminal and inner Cr atoms, respectively. 
There is no significant difference between CI--O(N) and Cr-O(N') distances. For any 
particular [Cr,0g,t112- anion, the C r - 0  bond length increases in the order 
CI-O(N) < Cr-O(I) < CI-O(T), and whereas Cr-O(N) bonds shorten with increasing 
n, the opposite is found for Cr-O(I) and Cr-O(T) (48). 
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Further high-pressure, high-temperature Raman studies (51 ) con- 
firmed the original data, but not the conclusions. Indeed, Palmer et al. 
(51 ) have convincingly argued for the formation of HCrO, and believe 
that the symmetrical stretching vibration that should be observed for 
HCrO; is coincident with the more intense v,(CrO,) band. It must, 
however, be admitted that evidence for the existence of the HCrO; ion 
has hitherto been indirect, and no salts isomorphous with, say, KHSO, 
(54) have been isolated. This situation has been changed by the report 
and crystal structure of [Ph,P][HCrO,] (55) with three Cr-O(N) bonds 
of 1.56 A and one Cr-0 bond (presumably Cr-OH) of 2.02 A. (Typical 
Cr-O(N) bonds in the Cr02,- anion are 1.65 A.) Evidence for the 
existence of the HCrO; anion is now quite conclusive (50). 

111. Organochrorniurn Compounds 

This is a rapidly developing area of Cr chemistry, and the two main 
classes discussed here are the chromium(0) pentacarbonyl carbenes 
(56) and the chromium(II1) alkyls (57). 

A. AMINO ACID SYNTHESIS 

The synthesis of unnatural chiral amino acids is a considerable chal- 
lenge to the organic chemist. One approach is via chiral organochro- 
mium(0) carbenes (56). The starting material is easily prepared from 
chromium hexacarbonyl and organolithium reagents (Fig. 5) ,  and the 
resulting carbenes are air-stable yellow to red solids. 

Irradiation of these complexes with visible light results in CO inser- 
tion to produce a species with ketene-like properties that can react with 
olefins, imines and alcohols (Fig. 6). When the photolysis is performed in 
a CO atmosphere, Cr(CO& is regenerated. 

To obtain amino acids, amino carbenes (X = NH2 in Fig. 6 )  must be 
used, and if chirality is required, the asymmetry of the new a-carbon 
center must be controlled. Higedus and co-workers have achieved good 
stereochemical control by using a chiral oxazolidine chromium carbene. 

The resulting product is, however, an N-substituted oxazolidine 
amino acid, but this can easily be removed by either reductive or oxida- 
tive (Fig. 7) procedures. These and similar reactions can be used to 
prepare y-hydroxy-a-amino acids, arylglycines, a-alkyl-a-amino acids, 
and a variety of nonproteinogenic dipeptides (Fig. 7). The review by 
Muzart (58) is an excellent source of further information on the use of 
Cr compounds in organic synthesis. 
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Cr(CO)6 + LiR 

Me,O'BF; J 
\R OM! 

(CO)sCr= c' I 
FIG. 5. Synthesis of anionic or neutral organochromium(0) carbenes. 

FIG. 6. Photolysis of organochromium(0) carbenes. 
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R 

CH * 
I 

(CO)5Cr= C, ”% + NH?’ ‘C02R’ 
CH3 

1 hv. 0 ° C  THF, CO 

Ph 
88% yield with 98% (S) at ** for R=Me 

1 HC1/MeOH/NaI04 
Me 

I 
CH NH * ,C02R 

NH/** ‘c’ ‘CH 
I 
R 

II 
0 

FIG. 7. Synthesis of dipeptides using organochromium(0) carbenes (* indicates known 
chiral center; **indicates a new chiral center). 

B. CHROMIUM(III) ALKYL COMPOUNDS 

Cr(II1) complexes of the type [(H20)&rRI2+ have been widely investi- 
gated in solution (57). These orange-colored cations, absorption max- 
ima -400 (-300), -280 (-3001, -555 (-251, have a solution stability 
that is quite dependent on R and undergo a variety of reactions includ- 
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ing homolysis (49), heterolysis (48) radical transfer, electron transfer 
(501, substitution, and photolysis. 

All known synthetic routes involve [Cr(OH2)612+ and a radical (47). 
The variation between particular synthetic processes involves the 
method of radical generation (Fig. 8). 

[CT(OH~)~I~+  + .R- [(Hz0)&rRl2+ t H20  (47) 

In many cases, the [(HzO)&rRl2+ cations can be purified by ion- 
exchange chromatography, but the rate of thermal heterolysis (48) is 
acid and anion (59, 60) catalyzed. 

[(H2O),CrRI2' + H30' - [Cr(OH,),I3+ + HR (48) 

The loss of the alkyl group is also accelerated by other electrophiles, 
Hg2+ (611, HgR+, and halogens (e.g., Br2). One point to note with the 
last reagent is that the products are RX, X-,  and [Cr(OH2)613+. The 

FIG. 8. Methods of radical generation for the formation of organochromium(II1) alkyls. 
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absence of [Cr*11X(OH2)J2+ suggests that a four-centered transition 
state is not operative. The other major decomposition pathway is homol- 
ysis (491, the reverse of (47). 

Reaction (49) can be suppressed by addition of [Cr(OH2),]2+, or it can 
be driven at the limiting rate by adding a scavenger to  eliminate 
[Cr(oH2)6]2' or .R. As a consequence, the first-order rate constant for 
(49) remains independent of the nature and concentration of the scaven- 
ger. Thus, these organochromium(II1) alkyls can be regarded as a source 
of "stored free radicals," but practical applications such as polymeriza- 
tion initiation are only in their infancy. 

One of the more recent reactions of organochromium(II1) alkyls to 
be studied is oxidation (50) to  a Cr(1V) analogue. 

[(H20)5Cr"'R12+ + Ox - [(Hz0)5Cr'VR13+ + Ox- (50) 

Typical oxidants are [Ru(bipy),I3+, [Cr*(bipy),I3+, .Br,, I,, and NO', 
and the fate of the Cr(1V) complex is again either heterolysis (51) or 
homolysis (52). 

The reaction between chromium(II1) alkyls and O2 is quite complicated 
(57) and may involve O2 insertion in the Cr-C bond to form an alkyl 
peroxo species, [(H20),Cr02R12+, analogous to [(H,0)5Cr02H12+, de- 
scribed in Section I1,A. 

Although no solid-state information is available for the pentaaqua- 
chromium(II1) alkyl cations, crystal structures are available for che- 
lated analogues, e.g., [(H20)(2,3,3,3-tet)CrRI(C104)2, where 2,3,3,3-tet 
is the N, macrocycle, 1,4,8,12-tetraazacyclopentadecane and R is 
4-BrC6H4CH2-. 

The Cr-C bond exerts a considerable (ca. 0.1 A) solid-state trans 
elongation (Table I), and the trans effect is implicated in the enhanced 
substitution lability of the trans aqua ligand. A variety of chelating 
systems can be used to form [L,CrR12+ cations, including diamines (631, 
polyamines, macrocyclic N, ligands, acac, bipy, and polycarboxylates 
such as nta, edta (64), and hedtra. 
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TABLE I 

SOLID-STATE TRANS EFFECT [(L)5CrCl’i + COMPLEXES (57) 

Cr-R Cr-X(truns) Cr-X(“norma1”) 
trans Ligand cis Ligand R (A)  (A) (A) 

HZO 2,3,3,3-tet 4BrC6H4CH2- 2.14 2.13 1.95 
PY (acaclz CICH2- 2.13 2.16 2.10 (62) 
HZO (acaclz CICH2- 2.06 2.134 1.95 
MeOH (acad2 CICHZ- 2.05 2.15 2.00 

IV. Polynuclear Chromium(lll) Complexes 

Most systems considered in this section contain bridging oxo- or 
hydroxo ligands with water occupying the non-bridging sites, but recent 
developments in this area also involve ammonia and polyamine ligands 
(3, 65). 

The oligomerization process that takes place when [Cr(OH,),I3+ solu- 
tions are aged have been described by Marty (66), and these investiga- 
tions have been continued by his co-workers (67,681. The multiproduct 
equilibria that develop depend on Cr: OH ratios, temperature, pH, and 
time. In some cases, the system may take years to reach equilibrium, 
and constant pH cannot be used as an indication of attainment of 
an equilibrium. 

Starting with [Cr(OH2),l3+, the nature of the “second hydration shell’’ 
has been probed with a variety of techniques including IR, XRD, 
EXAFS, and neutron diffraction (4 1. Surprisingly consistent results 
have been obtained, with n = 13 5 1 in {[Cr(OH2)613+ (H,O),} and 
a Cr-0 distance of 4.02 A for the water molecules in the second 
hydration shell. 

Aqueous solutions of hydrated Cr(II1) salts are acid by hydrolysis 
(53) (pK, = 4.2) (69). 

The characteristic light purple color of [Cr(OH,)6]3t in chrom alum, 
K,SO, Cr,(SO,), 12H,O, absorption maxima 575 (13.2), 408 (15.51, 
Z = 1.0 M (701, is frequently masked by complex ion formation in other 
salts, e.g., the green form of CrC1, * 6H,O, which contains predomi- 
nantly truns-[CrCl,(OH,),] +. 

Addition of excess base to a solution of [Cr(OH2),I3’ at room tempera- 
ture produces a deep green solution, absorption maxima 588 (-20), 
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TABLE I1 

RATE CONSTANTS FOR Cr(II1) OLIGOMERIZATION PROCESSES 
AT 2YC, I = 1.0 M, NaCIO, (74, 75, 79) 

k 
Reaction (M-’ sec-’) 

monome?+ 
monomer2+ 
monomer+ 
monomer’ 
monomer’ 
monomer- 
dime$+ 
dimer3+ 
dimer2+ 

monomer2+ 
monomer+ 
monomer+ 
monomer’ 
monomer- 
monomer- 
dimer3+ 
dimer“ 
dimer2+ 

dimer 
dimer 
dimer 
dimer 
dimer 
dimer 
tetramer 
tetramer 
tetramer 

2 
3.8 x 103 
1.8 x 104 
2.5 x 104 
3.8 x 103 
1.2 x 102 

2.18 
52 

8.3 x 103 

433 (-22) of “chromite” anions (71 1. This contains a complex mixture of 
hydroxo-bridged Cr(II1) polymers as, on acidification of the “chromite” 
solution, at least 10 different oligomers can be separated by ion- 
exchange chromatography (72). The nature of the species in the alka- 
line solution is quite speculative, but tetrahedral [Cr(OH),] - is consid- 
ered unlikely (71 ) and, although the final concentrations of mononu- 
clear species such as [Cr(OH),13- (731, [Cr(OH),(OH,),]- (741, or 
[Cr(OH)3(0H,),l (74) are quite low (--lo%), they are initially formed 
in sufficient concentration that the rates of dimerization (Table 11) can 
be measured on the stopped-flow time scale (74). The final products 
are believed (71) to be highly condensed polynuclear species such as 

TABLE I11 

DETAILS OF VISIBLE ABSORPTION SPECTRA FOR OLIGOMERIC Cr(II1) HYDROXO 
BRIDGED SPECIES (70) 

[Cr2(OH)2I4+ 582 490 417 

[Cr3(0H)415q 584 499 425 

[Cr4(OH)6I6’ 580 500 426 

[Cr6(OH)lo18’ 585 503 426 

(17.4) (5.2) (20.4) 

(19.2) (5.5) (30.5) 

(15.6) (5.6) (30.3) 

(18.6) (6.1) (29.0) 

H20 molecules omitted from formula. 
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[Cr,,(OH),,(OH,),,18+ that fragment on acidification. What is remark- 
able is the observation that deprotonation can turn a kinetically inert 
metal center into an extremely labile one. 

Once the solution is acidified, there is a slow, time-dependent cleav- 
age of higher oligomers (nuclearity > 6) into lower oligomers (Table 
111). One of the more persistent lower oligomers obtained from this 
procedure is the trimer [Cr3(OH),(OH,),15+, and yields of up to 65% can 
be obtained. The structure of this species is the subject of some debate, 
as Marty proposed a “nonclassical” condensed structure as opposed 
to the more open structures observed with amine ligands (3) in the 
nonbridging positions (Fig. 9). 

[Crj(OH)4(0H1)9]” 
FIG. 9. Possible structures for /Cr3(0H),(L),15+ ions (3, 65, 72). 
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With lower [Cr(OH,),]3+:OH- ratios (1:Sl) and with a final pH of 
<5, clear green solutions are formed. The Cr(II1) speciation depends 
on age (661, but the initial step, after deprotonation (541, is dimer 
formation (75). 

Sequential steps are proposed (75-77) with two monomeric units com- 
bining to  form first a single hydroxo-bridged dimer, which in turn 
closes to give the double hydroxo-bridged dimer. This latter species 
[(H20),Cr(OH),Cr(OH,),14+ is one of the major products from the 0, 
oxidation of [Cr(OH,),12+ (11 ) (Section I,A), and the crystal structure 
of the p-toluenesulfonate salt has been determined (78). 

The tetramer is the main polymerization product obtained (21% 
yield) on addition of hydroxide ion (3 days, 25"C, pH = 3.8) to solutions 
of the pure dimer (11, 70, 79). On acidification, the tetramer splits 
into [Cr(OH2)6]3+ and the trimer. Careful investigation of the tetramer 
showed that two rapidly interconverting species could be detected (Fig. 
10). The proposed structure ofTC (801, with a square pyrimidal tetraco- 

HTO TO 

- - [Cr,O(OH),]" 
H' 

pK, = 0.89 
HTC 

TC 

ko = 0.027 s-' k g  = 4.35 s.' 

kc = 0.24s.' k! = 0.087 s- '  

2 5 T .  I = 1.0 M, HC104/NaC1O4 
FIG. 10. Interconversions between two hydrolytic chromium(II1) tetramers (75). 
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ordinate 0x0 ligand, is quite controversial (3). Unconventional struc- 
tures are needed, however, to account for the unprecedented lability. 

In all these condensation processes there are a number of monomer 
species, related to one another by acid-base equilibria, that can com- 
bine to give the observed product. Thus, all binary combinations of 
[Cr(OH,)6I3+, [Cr(OH)(OHz)512+, [Cr(OH),(OH,),l+, and [Cr(OH), 
(OH,),I0 need to be considered (75) when forming the hydroxo-bridged 
dimer. Even though some of the lower-charged species are only present 
at low concentrations, the reactivity increases with deprotonation. In 
fact, the oligomerization processes (monomer --* dimer; dimer --., tetra- 
mer) are dominated by six reaction pathways (Table II), and each depro- 
tonation step affords a rate enhancement. 

A cyclic, hydrogen-bonded intermediate (Fig. 11) is believed to be a 
precursor to dimer formation, as there are now a considerable number 
of solid-state structures of “(hydroxy)(aqua)” complexes that contain 
this unit (81-85). 

Before the conclusion of this section, it should also be noted that the 
alleged oxo-bridged aqua dimer (86) [(HzO)5CrOCr(OH,),14+, formed 
from [Cr(OH,)6I2+ and 1,4-benzoquinone, must now be reformulated as 
a semiquinone radical-bridged species (20). 

When solutions of the monomer (87, 88), dimer (78), or trimer (72) 
are basified to  pH = 5-7, precipitates of “active hydroxides” are formed. 
Immediate removal of the precipitate gives products that are reason- 
ably stable over time and regenerate substantial (90%) amounts of the 
starting oligomer on acidification. If, however, the precipitate is left 
in contact with the mother liquor, an “aging” process occurs. Acidifica- 
tion of the aged hydoxides and analysis of the resulting mixtures shows 
that oligomerization has taken place, the extent depending on the time 
of aging, the rate of stirring, and the pH of the solution. Thus, aging 
of the “active trimer hydroxide” at pH = 8, Z = 1.0 M (NaClO,), T = 
25°C for 30 min gives, on acidification, 40% trimer, 30% hexamer, and 
30% higher oligomers (72). 

FIG. 11. Bridging of two Cr(II1) centers by H-bonded H,02- groups. 
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V. Polyaminocarboxylic Ligands 

This topic has recently been reviewed (89), and only selected aspects 
are discussed here. 

Cr(II1) complexes of edta were first described by Schwartzenbach and 
Biedermann in 1948 (90). Since that time, many variations in the 
design of the potentially hexadentate aminopolycarboxylate ligand 
have been investigated. Most of these involve changes in the nature 
of the diamine backbone or changes in the number and length of the 
carboxylate arms. A variant of this is the introduction of C-branches 
rather than N-branches (89) in the carboxylate arm, and there seems 
no reason why this could not be extended to C-branches on the diamine 
backbone (Fig. 12). As the complexity of the ligand increases, so does 
the potential for geometric and optical isomers in an octahedral Cr(II1) 
complex. Thus, ligand (Z) has two chiral C-centers ("1 and two poten- 
tially chiral N-centers (""1 when coordinated. Also, there are now iso- 
meric possibilities resulting from differing spatial ring arrangements 
(Fig. 13). 

In this area, a unique nomenclature system has gradually developed 
where differing rings are assigned alphabetical letters. The E-ring 
contains the diamine backbone, and this effectively defines a meridional 
plane in the octahedron. Chelate rings within this plane are the G 

edtn 

COZH 
I 

(CHd8 

(Z) 
& *  I * * * *  

HC~-(CH3d-I~-CH-CH-~-  (CHz),-COtH 
I 
I 

(CHdb 

C02H 
FIG. 12. Diamine polycarboxylate-type ligands. 
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(girdle) rings. Rings at right angles to this plane are R (relaxed) rings. 
Although this system is useful to describe ring opening or ring loss 
processes, it is not often used to describe isomers and becomes quite 
ambiguous once one arm is lost (90). Attempts to rescue the system 
result in the introduction of a G' ring, i.e., a ring that once was in 
the G plane, but is now at right angles to  it (Fig. 13). Alternative 
nomenclature systems (89,911 seem to offer little advantage. 

The out-of-plane R rings are believed to be "less strained than the 
G or E rings, mainly on the chemical basis that another ligand displaces 
a G ring more easily. 

The structure of [Cr(edta)l"- in aqueous solution is still under 
active investigation. Two series of salts can be isolated: Rbf (92) or 
K[Cr(edta)l 2H,O with N,O, hexadentate coordination in the solid 
state (931, and [Cr(Hedta)(OH,)] (94, 95) with one G-ring dechelated 
and protonated. The system is very labile (rechelation rates exceed 
stopped-flow measurement), and several acid-base equilibria are in- 
volved (Fig. 14). 

Anation studies involving [Cr(Hedta)(OH,)l (96) confirm that the 
coordinated water molecule is exceptionally labile. 

Starting with [Cr(Hedta)(OH,)l, alkalimetric titration gives pKA as 
2.10 (971, and from [Cr(edta)]-, a similar titration gives pK2 = 7.42 
(98). The questions under debate are (i) what is the coordination num- 
ber of the edta ligand bound to Cr(II1) in the pH range 4-7, and (ii) if the 
ligand is hexadentate, can a seventh position in the inner coordination 
sphere be occupied by a water molecule? The latter proposal is not 
unreasonable, as 7-coordination is observed in the solid-state hexaden- 

FIG. 13. Chelate ring nomenclature in edta complexes. 
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tate edta structures of V(III), Mn(II), and Fe(II1) (99) and is also ob- 
served for certain other Cr(II1) complexes (100). 

These questions have been probed using a variety of solution tech- 
niques including visible absorption spectra (101 ), chiroptical and MCD 
spectra (102), 2H NMR spectra (103), rapid kinetic measurements (921, 
pH titrations (981, molar volumes (971, and electrochemical methods 
(98,104). 

The consensus at  the moment is that the edta ligand remains 
hexadentate when bound to Cr(II1) in the pH range 3.5-6.5, and a 
seventh donor site occupied by water is not involved. Increased solution 
stability of the hexadentate can be achieved by increasing the size of 
the E ring, for example, in [Cr(l,3-pdta)l- (propanediaminetetraace- 
tate) and [Cr(l,4-bdta)l- (butanediaminetetraacetate), and there is no 
suggestion of 7-coordination in these complexes. 

The strain inherent in the five-membered carboxylate rings in hexa- 
coordinated [Cr(edta)]- has led to an investigation of systems with 
longer and bifurcated carboxylate arms (891, in the hope that the result- 
ing six-membered chelates would be more stable. Increasing the length 
of the carboxylate arms seems to allow the complex to attain octahedral 
angles closer to the ideal, but other sources of strain are introduced 
(89). The solution stability of the complex is enhanced, however, and 
hexadentate [Cr(edtp)l (H,edtp = ethylenediaminetetrapropionic acid) 
can be resolved into its enantiomeric forms (105). 

The strain estimates in these systems have been made on the basis 
of bond-length and bond-angle distortions (891, and it would be interest- 

[Cr(Hedta)(OH,)] Ka’ II 

[Cr(edta)(OH)]’- + H +  

[ Cr(ed ta)] - 

FIG. 14. [Cr(edta)l- equilibria. 
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ing to apply full molecular mechanics calculations, to  make better 
allowance for nonbonded interactions. 

Nevertheless, these investigations of longer-arm edta analogues have 
produced some fascinating and entirely unpredicted chemistry. Three 
isomers of [Cr(edtp>l-, differing only in R-ring conformation, have been 
isolated in a ratio of 1 : 1 : 40, and the most abundant of these, [le12A(66)1, 
dechelates on an H+-cation exchange resin to give two quinquidentate 
isomers, stable in basic solution, with configurations shown in Fig. 15. 

In aqueous or acid solution, these isomers revert back to the hexaden- 

lel, ob' lelz' 

[Cr(dtp)]- isomers 

[Cr(H~dtp)(OH,)1~ isomers 

FIG. 15. Reactions of [Cr(edtp)l- and [Cr(edtrp)(OH2)lo. * R-ring conformations. 
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tate form with different rates (91 1. The less abundant [Cr(edtp)l- iso- 
mers, [ob, lelh(GX)] and [ob,h(hh)], both react with C-N bond cleavage 
to form a “three-carboxylate-armed” chelate [Cr(edtrp)(OH,)] * 3H2O 
(Fig. 15) (H,edtrp = ethylenediaminetripropionic acid) (91,106). What 
is quite unprecedented is that this reaction is reversible: treatment 
of [Cr(edtrp)(OH2)1 with 3-hydroxypropionic acid in aqueous solution 
results in the formation of the three [Cr(edtp)l- isomers (1071, and the 
new ring is incorporated in the R position. The work described in this 
section has been supported by the use of E-ring analogues containing 
chiral centers, which allows CD spectra as an additional probe, and 
the use of ‘H-labeled ligands, allowing NMR techniques to  be used 
with a paramagnetic metal center. 

Attempts to extend the C-N bond formation reaction using 
[Cr(edtra)(OH,)l (H,edtra = ethylenediaminetriacetic acid) were un- 
successful. The structures of the two ethylenediamine triacid complexes 
are different (107) (Fig. 151, and only [Cr(edtrp)(OH,)] has a “flat” sec- 
NH proton at  the site of dehydration (see Section VI). 

VI. Conjugate-Base Mechanism in Reactions of Chromium(ll1) 
Amine Complexes 

Ammine and amine complexes of Co(II1) with suitable anionic leav- 
ing groups undergo substitution in protic solvents at  rates that are 
proportional to the concentration of the conjugate base of the solvent 
(i.e., OH- in water), and the topic (base hydrolysis) has been extensively 
reviewed (5) .  

The conjugate-base mechanism, (55)-(57), originally proposed in 
1937 (1081, is now widely accepted, although there is still some “fine 
structure” to elucidate. 

This mechanism implies that OH- acts as a base rather than a nucleo- 
phile, and removes a proton from a coordinated am(m)ine ligand, gener- 
ating the rate-determining amido conjugate base. Also implicit is a 
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dissociative process (56) to produce an intermediate of reduced coordina- 
tion number, which is attacked by the solvent to form the product (57). 

The areas of “fine structure” not immediately apparent in this mecha- 
nistic scheme are these: 

1. Which proton is involved in forming the most reactive conjugate 

2. Are internal proton transfers within the conjugate base possible? 
3. What is the “lifetime” of the conjugate base (109, 110)? 
4. How valid is the mechanism when there are no acidic protons 

present in the amine ligand? 
5. How does the structure of the nonreplaced amine ligands influence 

the rate of base hydrolysis? 
The base hydrolysis of the Cr(II1) analogues is generally much slower. 

Co(III)/Cr(III) rate ratio effects have been discussed by Tobe (51, but 

base (e.g., cis or trans to the leaving group)? 

1 

folded(cis) kH = 1.4 x 10’M’s.’ 

- 

2+ C’ 1 2 +  

I 2+ 

folded(cis)  OH = 2.6 x lo7 M‘s-’ 

FIG. 16. Structural effects on rate constants (25°C) for base hydrolysis of some 
[CrC1(N5)I2+ complexes (111). 
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there are now examples where chloropentaaminechromium(II1) com- 
plexes base hydrolyze up to lo6 times faster than their Co(II1) analogues 
( 1 2 2 )  (Fig. 16). It is tempting to attribute this rapid rate of base hydro- 
lysis to  the presence of a folded macrocyclic ligand, but cis-[CrCl, 
(cyclam)l+ behaves quite normally. 

Other structural features that have acceleratory influences in the 
base hydrolysis of Co(II1) systems are (i) the incorporation of a pyridine 
ligand in the coordination sphere and (ii) the incorporation of a “flat” 
secondary nitrogen donor system in the polyamine ligand skeleton (5) 
(structures C and D in Fig. 17). 

Do such features influence the rate of base hydrolysis for Cr(II1) 
complexes? Suitable examples have only recently become available 
(112), and the data in Table IV suggest neither of the preceding ligand 
effects is important. Thus, removal of the “flat” sec-NH proton by meth- 
ylation only slightly decreases the base hydrolysis rate, [(en)(dpt) vs 
(en)(Medpt)l and incorporation of a pyridine ligand cis to the leaving 
group has hardly any influence [(ampy)(2,3-tri) vs (en)(2,3-tri)l. The 
conclusion reached is that Cr(II1) complexes are much less responsive 
to changes in the nature of the nonreplaced ligands than are Co(II1) 
systems. 

-b+ 

C D 
“flat” sec-NH “flat” xc-NH 

en0 or anti 
NH proton 

en& or syn 
NH proton 

FIG. 17. Possible isomers for [CrCl(dpt)(en)12’ 
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Activation volumes ( AVt,) for the base hydrolysis processes lie in 
the range +17 to +35 cm3 mol-', increasing with increasing bulk of 
the nonreplaced ligands (115). There is rather more variation in 
AVg, for [CrC1(N,)12+ than there is for Co(II1) [AV&(mean) = +30 cm3 
mol-' for 16 complexes]. 

The observation that base hydrolysis rates for [CrCl(N)$+ are gener- 
ally much slower than those for Co(II1) could be due to the Cr(II1) 
complexes having less acidic protons and thus producing a lower con- 
centration of the conjugate base. Proton exchange rates are a general 
measure of NH-proton acidity, but no generalizations can yet be made 
for differences between Cr(II1) and Co(II1) (5, 116). [M(en),13+ and 
[M(NH3),13+ (M = Co, Cr) exchange at comparable rates, but for other 
ligand systems (cyclam or 3,2,3-tet), the expected decrease for Cr(II1) 
is observed (116). It should be remembered, however, that the most 
acidic NH-proton site may not yield the most reactive conjugate base, 
and it will require many more investigations and carefully chosen 
examples to  unravel the relative contributions. 

Systems that, on first glance, should lead to unambiguous informa- 
tion are those with no acidic protons. There is a surprising lack of 
modern data on Co(II1) complexes, although suitable ligands, shown 

TABLE IV 

KINETIC PARAMETERS FOR THE BASE HYDROLYSIS OF SELECTED [CrC1(N),I2' 
COMPLEXES AT 25'C, = 0.1 M 

(en)(dpt) 10.5 97 + 48 +25.3 113 
(en)(Medpt) 1.19 105 + 44 +30.3 115 
(en)(2,3-triIb 73.5 108 +113 113 
(am~y)(2,3-tri)~ 71.4 108 + 110 119 
(ampy)(dpt)d 518 113 + 140 119 
(tn)(dpt) 60.6 108 + 105 +25.5 113 
(Me2tn)(dpt) 58.6 84.7 + 26 113 

a These complexes have the mer-exo configuration (112, 114, 119) unless otherwise 
noted (Fig. 17). 

The mer-endo isomer has also been isolated (114). 
This isomer has the py end of the 2-aminomethyl pyridine ligand cis to the chloro 

This isomer has the py end of the 2-aminomethyl pyridine ligand trans to the chloro 
ligand (119). 

ligand (119). 
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in'Fig. 18, have been designed (117). Using tmpa, and a series of 
p-0x0-p-carboxalatodinuclear Cr(II1) complexes (Fig. 181, Holwerda 
and his co-workers (118) have found that the rate of base hydrolysis 
increases with increasing [OH-]. The dependency is not great, as 103k,,, 
(60"C, R = CH,) = 1.05 and 5.80 sec-' in [H+l = and [OH-] = 
0.1 M, respectively, and saturation kinetics are observed with all R 
except R = H. 

One important feature of the ligands shown in Fig. 18 is that they 
both contain the py-CH2-R functional group. Jackson et al. (117) 
have shown that for several Co(II1) systems, these -CH2- protons can 
exchange in alkaline DzO at rates comparable to  those of base hydroly- 
sis. Consequently, there are three possible mechanisms for the OH- 
dependence in these complexes without NH protons: (i) reversible 
CI-N bond rupture (118); (ii) conjugate base formation at the methyl- 
ene protons and subsequent electron delocalization through the che- 
lated pyridine ring (I I 7); and (iii) direct bimolecular attack. 

In the final analysis, it may be that both conjugate base and bimolecu- 
lar mechanisms are operative in the base hydrolysis of Cr(II1) amine 
complexes (115). 

FIG. 18. Multidentate ligands with no NH protons, and the tmpa binuclear Cr(II1) 
complex. 
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