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ABSTRACT
Nitrile hydratase (NHase) is a non-heme Fe(III) or non-corrinoid
Co(III) metalloenzyme with an unprecedented coordination sphere
comprising deprotonated carboxamido nitrogens and modified
Cys-S (-SO- and -SO2

-) sulfurs. We have synthesized model
complexes derived from designed ligands that contain these donor
groups. The model complexes mimic almost all the intrinsic
properties of the unique M(III) (M ) Fe, Co) active site of NHase.
Even a functional Co(III) model has been synthesized that hydro-
lyzes nitriles catalytically at pH close to the optimum pH of the
enzyme. Our studies have provided insight into how the unusual
donor atoms dictate the overall properties of the biological M(III)
sites.

Introduction
The microbial enzyme nitrile hydratase (NHase) is a
unique metalloenzyme that catalyzes the hydrolysis of a
wide variety of nitrile substrates into their corresponding
amides.1-3 This enzyme contains at its active site a low-
spin non-heme Fe(III) or a non-corrinoid Co(III) metal
center depending on the bacterial source. Crystallographic
studies on several NHases reveal that the M(III) center is
ligated to two deprotonated carboxamido nitrogens from
the peptide backbone and three cysteine sulfurs located
in a highly conserved -C-S-L-C-S-C- motif.4-6 In
addition, the sixth site is occupied by a water/hydroxide
molecule in the active form. Structural analysis on the
inactive form of Fe-NHase, namely, NHasedark,6 reveals

coordination of a photolabile NO molecule to the Fe(III)
center (Figure 1), which is replaced by water/hydroxide
upon exposure to visible light.7,8 Such photoregulation via
binding of NO at the metal site is not observed with the
Co-NHase. Interestingly, the two Cys-S residues in the
basal plane of all NHases are post-translationally modified
to sulfenate (-SO-) and sulfinate (-SO2

-) moieties. For
Fe-NHase, the post-translational oxidation of the Cys-S
residues has been shown to be essential for catalytic
activity of the enzyme.9 Collectively, these observations
have generated great interest in NHases and particularly
in Fe-NHase, since it is the only known low-spin, mono-
nuclear, non-heme Fe(III) site with such a novel and
unprecedented coordination structure.

Interest in NHase also stems from its potential use as
an industrial biocatalyst. Indeed, NHase has found wide
industrial application including the kiloton-scale produc-
tion of acrylamide and nicotinamide3,10,11 and as an
environmental remediation catalyst for treatment of ag-
ricultural and industrial wastewater.12,13 However, from the
perspective of bioinorganic chemists, this enzyme pos-
sesses many interesting features and properties not ob-
served with any other biological metal site. In fact, NHase
could easily be the world record holder in the category of
“first examples of never seen in other metalloenzymes”.
For example, NHase is the first example of a metalloen-
zyme that (i) contains deprotonated carboxamido nitro-
gens in combination with Cys-S centers bound to a metal
center, (ii) exhibits asymmetric post-translational oxida-
tion at Cys-S residues to sulfenic (Cys-SO-) and sulfinic
(Cys-SO2

-) moieties shown to be a requirement for cata-
lytic activity, (iii) is photoregulated by reversible binding
of nitric oxide (NO) (Fe-NHase only), and (iv) is fully active
despite the presence of a low-spin Co(III) (d6) center,
generally thought of as kinetically inert. These unusual
characteristics automatically raise the questions as to what
properties do the donor atoms in NHase impart on the
metal center and what implications do they have on the
catalytic transformation of nitriles to amides. These ques-
tions clearly fall in the realm of synthetic bioinorganic
chemistry where researchers explore and elucidate the
intrinsic chemistry of the active sites of metalloenzymes
by pursuing studies on smaller model complexes, an
approach known as the “synthetic analogue approach”.14

Our research along this line during the past few years has
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FIGURE 1. Structure of the NO-bound iron site of NHase from
Rhodococcus sp. N-771.
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provided answers to these questions, and in this Account,
we present the results along with results from two other
groups working in this area.

When we embarked on our research, no examples of
small Fe(III) or Co(III) model complexes with both car-
boxamido-N and thiolato/sulfe(i)nato-S coordination ex-
isted in the literature. This lack of precedence stems from
several reasons. First, a metalloenzyme with such a
coordination sphere did not exist, and hence, there was
no interest in making such complexes. Second, coordina-
tion of deprotonated carboxamido-N to M(III) centers
(especially Fe(III)) was thought to be improbable due to
the extraordinarily high pH required for its deprotona-
tion.15 Indeed, iron precipitates out of solution as hydrox-
ide at pH g 3.16 Third, coordination of organic thiolates
(RS-) to Fe(III) centers is often beset with autoredox
processes in which oxidation of thiolate to thiyl radical
by Fe(III) eventually affords disulfide and Fe(II) species.17

In this case, isolation of the desired Fe(III) complex is
nearly impossible. Finally, no example of S-bound -SO
(or -SO2) complex of trivalent iron existed in the literature
when we began our work. The results of our attempts to
overcome these synthetic challenges in the area of Fe(III)
and Co(III) model complexes are described herein in two
separate sections.

Discussion Part I: Fe(III) Complexes
Coordinatively Saturated Fe(III) Complexes with Mixed
Non-Carboxamido Nitrogen and Sulfur Coordination. A
limited number of Fe(III) complexes with amine/imine N
and thiolato-S donors were already reported18 when we
initiated our research work in 1998. The first coordination
spheres of these complexes resembled the biological
Fe(III) site of Fe-NHase to some extent and provided initial
insight into the properties imparted to Fe(III) centers by
a mixed N/S donor set. Take, for instance, the two
compounds [Fe(Ssal:N‚[CH2]2‚NH2)2]Cl (1, Figure 2) and
[Fe(ADIT)2]Cl (2, Figure 2), synthesized via Schiff base
condensation reactions among ethylenediamine, the ap-
propriate mercaptoaldehyde or ketone, and FeCl3. Chro-
nologically separated by 20 years, these two Fe(III) com-
pounds comprise the exact same coordination sphere, the
only difference being the presence of aryl thiolate in 1
versus alkyl thiolate in 2. Both complexes exhibit short
Fe-S distances (average value 2.20 Å) consistent with their
low-spin ground states (like Fe-NHase). In addition, the
electronic absorption spectrum of 2 displays a low-energy

thiolate-to-Fe(III) charge-transfer band near 700 nm very
similar to that of Fe-NHase giving 2 its green color.19

To determine the effect(s) of the mixed N/S coordina-
tion environment on the overall structural, redox, and
spectroscopic properties of Fe(III) centers, we designed
two sets of tridentate ligands with two ligands in each set.
The first set contained ligands with imine N and thiolate
S donors. The Fe(III) complexes of the ligands of this set,
namely, [Fe(PyAS)2]BPh4 (3, Figure 3) and [Fe(PyMS)2]BPh4

(4, Figure 3) were synthesized via oxidation of the corre-
sponding Fe(II) complexes of the ligands with ferrocenium
salts.20 Simple addition of Fe(III) salts to the deprotonated
ligands resulted in formation of intractable solids in both
cases presumably due to autoredox processes. Both 3 and
4 comprise low-spin Fe(III) centers and exhibit rhombic
EPR spectra and low-energy thiolate-to-Fe(III) charge-
transfer bands in the 600 nm range (like Fe-NHase).

Coordinatively Saturated Fe(III) Complexes with Mixed
Carboxamido Nitrogen and Sulfur Coordination. The
second set of our tridentate ligands contained a carbox-
amide group in place of the imine group of the first set.
This was quite a bold step since before our attempt, no
group had synthesized any Fe(III) (or Fe(II)) complex with
a mixed donor set that contains both carboxamido-N and
thiolato-S donors. The first such Fe(III) complex Et4N[Fe-
(PyPepS)2] (5, Figure 4) was synthesized by our group in
1998.21 It was synthesized by mixing 2 equiv of the
deprotonated ligand PyPepS2- with 1 equiv of Et4N[FeCl4]
in DMF at -40 °C. Unlike similar ligand frames with
thiolate group (such as PyASH), the reaction of the depro-
tonated ligand PyPepS2- with Fe(III) salts does not un-
dergo any autoredox reactions. In fact, no reaction occurs
between Fe(II) salts and the deprotonated ligand. The
synthesis of 5 demonstrates that addition of carbox-
amido-N to the ligand frame imparts stability to iron in
the +3 oxidation state and shuts off any potential autore-
dox reaction during the synthesis. Another novel feature
of this complex is its remarkable hydrolytic stability. In
aqueous solutions, non-heme iron complexes often un-
dergo hydrolytic decomposition leading to formation of
rust or other decomposition products.16 Quite in contrast,
5 can survive for days in degassed water without formation
of any visible precipitate. It is therefore evident that
Fe(III) centers bound to carboxamido-N are quite resistant
to hydrolytic decomposition.

Much like the Schiff base analogue 3 discussed earlier,
the Fe(III) center in 5 is coordinated in a distorted octa-

FIGURE 2. Structures of [Fe(Ssal:N‚[CH2]2‚NH2)2] (cation of 1) and
[Fe(ADIT)2]+ (cation of 2). FIGURE 3. Structures of [Fe(PyAS)2]+ (cation of 3) and [Fe(PyMS)2]+

(cation of 4).
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hedral geometry with both sulfurs positioned cis to each
other (like NHase). In addition, the Fe(III) center is low-
spin and exhibits a low-energy thiolate-to-Fe(III) charge-
transfer band at 850 nm. Comparison of the redox
properties of 3 and 5 reveals another very important effect
of ligation of carboxamido-N to Fe(III) center. In DMF,
the carboxamido complex 5 affords a half wave potential
(E1/2) value of -1.12 V (vs SCE, Figure 5) for the Fe(III)/
Fe(II) couple, a value that differs by nearly 1 V from the
E1/2 value of -0.13 V (vs SCE, DMF) of the Schiff base
analogue 3. This result confirms that in six-coordinate
Fe(III) complexes, the combination of carboxamido-N and
thiolato-S coordination provides remarkable stability to
the +3 oxidation state of iron, and this in turn explains
why the Fe(III) center of Fe-NHase does not shuttle
between different oxidation states but simply acts as a
Lewis acid in the hydrolytic process of nitrile-to-amide
conversion.

To understand the effects of the post-translational
modification of the Cys-S to Cys-SOx (x ) 1, 2) groups in
complexes such as 5 (and in NHase), we also synthesized
the corresponding sulfinato and thioether complexes. As
shown in Figure 4, Na[Fe(PyPepSO2)2]22 (6) contains
S-bound sulfinato groups, while [Fe(PyPepSMe)2]ClO4

23 (7)
includes thioether S groups ligated to Fe(III) centers.
Complex 6 was synthesized by H2O2 oxidation of the
parent thiolate complex Et4N[Fe(PyPepS)2] (5) in DMF at
-40 °C followed by counterion exchange with NaClO4.
This oxidation reaction is surprisingly clean, and no other
side product is observed in the reaction mixture. Similar

attempts of thiolate oxidation in [Fe(PyAS)2]BPh4 always
result in intractable solids and not the sulfinato species.
It therefore appears that smooth oxidation of thiolato
sulfur to S-bound sulfinate at the Fe(III) center is possible
only when the metal is also coordinated to carboxamido
nitrogen(s). The metric parameters, low-spin ground state,
and hydrolytic stability of the Fe(III) center of 5 do not
change upon S-oxidation. Interestingly, the low-energy
charge-transfer band of 5 at 850 nm is blue-shifted to 690
nm in the sulfinato complex 6 thereby giving rise to a deep
green color much like Fe-NHase. Indeed, the electronic
absorption spectrum of 6 is essentially identical to that
of Fe-NHase both with the major band at ∼700 nm
and a shoulder at ∼400 nm. The E1/2 value of 6, -0.32 V
vs SCE (in DMF), is shifted cathodically by 0.80 V from
the E1/2 value of 5 (Figure 5). In a similar fashion, when
the thiolato-S donor of Et4N[Fe(PyPepS)2] (5) is changed
to the corresponding methyl thioether complex in
[Fe(PyPepSMe)2]ClO4 (7), the metric parameters, spin
state, and electronic absorption spectrum all resemble
those of the sulfinato species Na[Fe(PyPepSO2)2] (6). The
only major difference is noted in the E1/2 values. In
DMF, the E1/2 value of 7 is 0.27 V vs SCE (Figure 5).
Collectively, these results demonstrate that change of the
coordinated thiolato-S to sulfinato or thioether S at the
Fe(III) center results in no significant changes in the
metric parameters, spin state (all low-spin), and color (all
green solutions with S-to-Fe(III) charge-transfer bands in
the 700 nm region). However, the reduction potential of
the Fe(III) center sequentially shifts to more positive
values (Figure 5). One can therefore conclude that while
thioether S groups may serve as good structural mimics
of the modified S groups in Fe-NHase, they fail to mimic
the electronic effect(s) of the thiolato-S or the S-bound
sulfinato group.

Taken together, the model complexes Et4N[Fe(PyPepS)2]
(5), Na[Fe(PyPepSO2)2] (6), and [Fe(PyPepSMe)2]ClO4 (7)
have provided valuable insights into the intrinsic proper-
ties of the biological non-heme iron site in NHase. These
cleverly designed yet simple model complexes (Figure 4)
reveal that (a) coordination of carboxamido-N and thio-
lato/sulfinato/thioether-S donors results in low-spin
Fe(III) complexes with low-energy charge-transfer bands
in the 690-850 nm range, (b) coordination of carbox-
amido-N and thiolato/sulfinato-S results in a stabilized
Fe(III) center devoid of any redox activity, (c) clean oxi-

FIGURE 4. Structures of [Fe(PyPepS)2]- (anion of 5), [Fe(PyPepSO2)2]- (anion of 6), and [Fe(PyPepSMe)2]+ (cation of 7).

FIGURE 5. Cyclic voltammograms of Et4N[Fe(PyPepS)2] (5),
Na[Fe(PyPepSO2)2] (6), and [Fe(PyPepSMe)2]ClO4 (7) in DMF (0.1
M (Et4N)(ClO4), Pt electrode, 50 mV/s scan rate). Potentials are shown
vs aqueous SCE.
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dation of Fe-S bonds to Fe-SO2 can be achieved with
retention of the Fe-S bond, and (d) such Fe(III) species
do not undergo hydrolytic decomposition.

Coordinatively Unsaturated Fe(III) Complexes with
Mixed Non-Carboxamido Nitrogen and Sulfur Coordina-
tion. Since insight into the mechanism of NHases could
only be obtained from models with at least one labile
(solvent-bound) or vacant coordination site, different
groups have attempted synthesis of coordinatively unsat-
urated model complexes with similar coordination struc-
tures. Two models, namely, [Fe(S2

Me2N3(Pr,Pr)]PF6 (8)24 and
[(bmmp-TASN)FeCl] (9)25 deserve attention in this regard
(Figure 6). The five-coordinate complex 8 comprises one
secondary amine N, two imine N, and two alkyl thiolato-S
donors wrapped in a distorted trigonal bipyramidal fash-
ion. Surprisingly, unlike its coordinatively satutrated bis
analogue [Fe(ADIT)2]Cl (2), [Fe(S2

Me2N3(Pr,Pr)]+ (8) displays
λmax(CH3OH) at 416 nm despite the presence of similar
donor groups. Complex 8 binds azide to afford [Fe(S2

Me2N3-
(Pr,Pr)(N3)] (azide trans to thiolato-S), a low-spin Fe(III)
center with electronic absorption spectrum similar to that
of Fe-NHase. It also binds nitric oxide (NO), a photoregu-
lator of Fe-NHase.26 The Fe(III) center of 9 is ligated to
tertiary amine N and thioether S donors (Figure 6), and it
also binds NO. Both [Fe(S2

Me2N3(Pr,Pr)(NO)]PF6 and
[(bmmp-TASN)FeNO]BPh4 exhibit linear Fe-NO bond
angles and are diamagnetic with νNO stretch at 1822 and
1856 cm-1, respectively, typical for {FeNO}6 complexes.
However, the bound NO in both complexes is lost only
upon prolonged exposure to strong UV light with con-
comitant decomposition of the Fe(III) species. This lack
of NO photolability could be due to the absence of key
carboxamido-N and/or sulfe(i)nato-S coordination to the
metal center. Interestingly, these model complexes show
no affinity for nitriles suggesting that nitriles may not bind
to the Fe(III) center in the enzyme as well.

Coordinatively Unsaturated Fe(III) Complexes with
Mixed Carboxamido Nitrogen and Sulfur Coordination.
As part of our modeling work, we have synthesized a five-
coordinate model, (Et4N)[Fe(PyPS)] (10, Figure 7),27 in
which the Fe(III) center is coordinated to one pyridine N,
two carboxamido-N, and two thiolato-S donors. Two
additional model complexes with carboxamido-N donors,
namely, (Et4N)2[Fe(L-O2)] (11)28 and (Et4N)2[Fe(N2S2)Cl]
(12),29 have also been reported by two other groups (Figure
8). The spectroscopic properties and chemical reactivities
of these complexes are quite intriguing and serve as
valuable guidelines for future modeling of NHase. For

example, complex 11 comprises two carboxamido-N, two
thiolato-S, and one sulfinato-O in the first coordination
sphere. This coordination sphere mimics the donor atom
arrangement observed in the enzyme to a remarkable
extent. Despite this fact, its physical parameters (S ) 3/2,
and λmax ) 475 nm) are quite different from those of
Fe-NHase, and the Fe(III) center does not bind any
biologically relevant ligand at the sixth site. Complex 12
also exhibits spectroscopic parameters very different from
the enzyme (S ) 3/2, λmax ) 475 nm). It however, binds
NO at the fifth site via replacement of chloride although
photolability of NO is not observed in this complex.30

Clearly, the two model complexes 11 and 12 fail to mimic
several characteristics of the iron site in Fe-NHase even
after incorporation of biologically relevant ligand frames.
This failure strongly suggests that the presence of a
thiolato-S trans to the vacant site and sulfe(i)nato moieties
are further required for a synthetic model to mimic the
spectroscopic properties and the chemical reactivity of the
enzyme.

Our model complex (Et4N)[Fe(PyPS)] (10) was designed
to meet these requirements. In 10, the Fe(III) center is
bound to the tetraanionic PyPS4- ligand via one pyridine
N, two carboxamido-N, and two thiolato-S in a helical
fashion (Figure 7) and the overall geometry is distorted
trigonal bipyramidal. The most important feature of 10 is
its ability to form [Fe(PyPS)L]-type adducts with (a) in-
plane coordination of carboxamido-N, (b) two thiolato-S
at cis disposition, and (c) a thiolato-S trans to the sixth
ligand L (Figure 7). The E1/2 value (-0.65 V vs SCE) of 10
in DMF (blue-green solution) is close to the E1/2 value of
the enzyme (-0.48 V vs SCE) measured in aqueous buffer.
The Fe(III) center in 10 reversibly binds ligands (L) such
as H2O, CH3OH, Py, and CN- to form six-coordinate
[Fe(PyPS)L]-type adducts. Binding of these ligands de-
pends on both the temperature and the nature of the
solvent. In every case, the six-coordinate [Fe(PyPS)L]n-

species exhibits a low-spin EPR spectrum almost identical
to that of the enzyme (g ) 2.28, 2.14, and 1.97), and the
green solution displays one broad and strong absorption
band near 700 nm.27 Collectively, these results attest that
10 is an excellent model of the iron site in Fe-NHase.

Although metal-bound nitriles have been shown to be
susceptible to hydrolysis, it has been argued that in
NHase, nitriles might not bind the metal site directly and
a metal-bound hydroxide could be the active species that
catalyzes hydrolysis of nitriles nested at the active site.4,18,27

Indeed, the Fe(III) center of 10 displays no affinity for
nitriles even at 173 K but binds H2O reversibly below 243
K. Also, the pKa of the bound water in [Fe(PyPS)(H2O)]-

(6.3 ( 0.4 at 243 K) is very close to the optimum pH of
hydrolysis by the enzyme, a fact that supports the “hy-
drolysis by a metal-bound hydroxide” hypothesis. Because
of complications arising from hydrolytic decomposition
of [Fe(PyPS)(H2O)]- in water at room temperature, we
could not employ this species for carrying out hydrolysis
of nitriles. We have however tested this hypothesis via the
use of the corresponding Co(III) complex [Co(PyPS)(H2O)]-

(vide infra).

FIGURE 6. Structures of [Fe(S2
Me2N3(Pr,Pr)]+ (cation of 8) and

[(bmmp-TASN)FeNO]+ (cation of the NO-adduct of 9).

Fe(III) and Co(III) Centers Harrop and Mascharak

256 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 37, NO. 4, 2004



Discussion Part II: Co(III) Complexes
Structural Models of Co-NHase: Co(III) Complexes with
Mixed Carboxamido Nitrogen and Sulfur Coordination.
Although early spectroscopic data suggested that the
structure of the Co(III) site in Co-NHase would be very
similar to that of the Fe(III) site in Fe-NHase, the structure
of Co-NHase, determined only recently, confirmed this
similarity.5 The only exception is the presence of a water
molecule at the sixth site of Co(III) instead of NO in case
of Fe-NHase (Figure 1). This is indeed what one expects;
Co-NHase is not regulated by NO. Since Co-NHases (such
as that from Rhodococcus rhodochrous J1) have been suc-
cessfully used in the industrial manufacture of acryl-
amide and nicotinamide, our aim from the very beginning
was to synthesize relevant model Co(III) complexes that
serve as functional catalysts for nitrile-to-amide conver-
sion.

When we began our modeling work, there was no
example of a Co(III) model complex containing both
carboxamido-N and thiolato/sulfinato-S donors in its
coordination sphere. The first examples come from re-
search done in our lab, which include Me4N[Co(PyPepS)2]
(13) and Me4N[Co(PyRPepS)2] (14).31 Much like the
Fe(III) analogues, the Co(III) complex 13 affords a low-
spin diamagnetic Co(III) center in a distorted octahedral
field with cis thiolato-S donors. This red-brown complex
exhibits absorption with λmax at 450 nm similar to the 410
nm band of Co-NHase. In DMF, no reduction of the
Co(III) center of 13 is observed up to -1.80 V vs SCE, a
fact that demonstrates the stability carboxamido-N im-
parts on the +3 oxidation state. By comparison, the
corresponding Schiff base complex [Co(PyAS)2]Cl is readily
reduced in DMF (E1/2 ) -0.40 V vs SCE).32 Since the metric
and spectroscopic parameters of 14 with alkyl thiolates
are very similar to those of 13 with aryl thiolates, our work
showed that aryl thiolates could substitute for the Cys-S
donors in models of Co-NHase. Overall, the structural

and spectral features and the chemical reactivity of the
Co(III) model complexes are parallel to those of the
Fe(III) analogues. For example, reaction of H2O2 with 13
or 14 in CH3OH affords the corresponding orange S-bound
sulfinato species Na[Co(PyPepSO2)2] (15) and Na[Co-
(PyRPepSO2)2] (16), respectively.31 This suggests that the
intrinsic properties of Fe(III) and Co(III) centers ligated
to carboxamido-N and thiolato-S donors are very similar
and in turn provides an explanation for the occurrence
of either Fe(III) or Co(III) at the active site of NHase.

Functional Models of Co-NHase. Coordinatively Un-
saturated Co(III) Complexes with Mixed Carboxamido
Nitrogen and Sulfur Coordination. To synthesize a
functional model of Co-NHase containing a vacant coor-
dination site, we employed the ligand PyPSH4. However,
there were some surprises. Unlike the case with Fe(III),
reaction of PyPS4- with Co(III) starting material [Co(NH3)5-
Cl]Cl2 resulted in the formation of the dimeric species
(Et4N)2[Co2(PyPS)2] (17, Figure 9). Each Co(III) center in
this dimeric species exists in an N3S3 chromophore, the
third sulfur arising from a bridging thiolato moiety from
the neighboring PyPS4- ligand.33 Although the dimeric
structure of 17 is quite robust, we were able to cleave the
thiolato bridges by the addition of 2 equiv of CN- in a
refluxing CH3CN medium, a reaction that afforded
(Et4N)2[Co(PyPS)(CN)] (18, Figure 9).33,34 The reaction was
clean, and we finally isolated a monomeric Co(III) spe-
cies with proper orientation of donor atoms with respect
to Co-NHase: two carboxamido nitrogens and one thio-
lato sulfur in the basal plane, as well as one thiolato sul-
fur trans to the bound cyanide (sixth ligand). This was
the first example of a good model of the Co(III) site
in Co-NHase (more specifically, the cyanide-bound
Co-NHase). Kovacs and co-workers have reported a
second Co(III) model complex, [Co(S2

Me2N3(Pr,Pr)]PF6 (19),
with imine N and thiolato-S donors.35 Like its iron
analogue 8 (Figure 6), this Co(III) complex binds azide
and thiocyanate and shows no affinity for nitriles. Unfor-
tunately, no further work in terms of nitrile hydrolysis has
been reported with 19.

With the goal of making a functional model of
Co-NHase in mind, it was of interest to us to test the utility
of (Et4N)2[Co(PyPS)(CN)] (18) in nitrile hydrolysis. Our
main concern was whether the cyanide will leave the
kinetically inert low-spin d6 Co(III) center to open up a
position for water (or nitrile) to bind and allow further
reaction. To our pleasant surprise, when 18 was dissolved
in water, CN- was immediately lost to generate the

FIGURE 7. The designed ligand PyPSH4, the structure of [Fe(PyPS)]- (anion of 10), and the green six-coordinate [Fe(PyPS)L]-type adducts.

FIGURE 8. Structures of [Fe(L-O2)]2- (anion of 11) and [Fe(N2S2)Cl]2-

(anion of 12).
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corresponding aqua adduct Et4N[Co(PyPS)(H2O)]. The
lability observed with 18 suggested for the first time that
the Co(III) centers in this kind of coordination environ-
ment are not inert and allow ligand substitution.33 The
rapid loss of CN-, a strong ligand, from the Co(III) center
in 18 is particularly noteworthy. We believe that this
lability arises from the fact that the CN- in 18 is situated
trans to a thiolato-S donor. Since the situation is similar
in the enzyme (water is trans to a Cys-S),5 it appears that
nature has created a Co(III) site in Co-NHase that is
capable of catalytic transformation. The common notion
that low-spin d6 Co(III) centers are not a suitable choice
for enzyme active sites is therefore not true. Kovacs and
co-workers have discussed this issue in a recent paper in
some detail.35

The easy formation of Et4N[Co(PyPS)(H2O)] from 18
provided us for the first time, the opportunity of deter-
mining the pKa of the bound water at a Co(III) center in
the presence of carboxamido-N and thiolato-S donors.
The pKa of the bound water molecule in Et4N[Co(PyPS)-
(H2O)] was determined to be 8.3 ( 0.03.33,34 In neutral or

acidic solution, [Co(PyPS)(H2O)]- eventually reverts to
[Co2(PyPS)2]2-. However, in basic solution (pH g 9),
[Co(PyPS)(OH)]2- is very stable and no dimerization is
observed. In addition, when a solution of [Co(PyPS)(OH)]2-

in aqueous buffer of pH 9.5 is warmed (50 °C) with
acetonitrile, acetamide is progressively formed in the
reaction mixture (monitored by GC, Scheme 1).33 Only a
trace amount of acetamide is formed in the absence of
the cobalt catalyst. The fact that this formation of acet-
amide is catalytic (15 and 18 turnovers after 2 and 4 h,
respectively) demonstrates that [Co(PyPS)(OH)]2- is a
functional mimic of the Co(III) site in Co-NHase. It is
important to note that only at pH values above the pKa of
the bound water in Et4N[Co(PyPS)(H2O)] one observes
significant nitrile hydrolysis. This strongly suggests that a
Co(III)-OH unit is responsible for the nitrile-to-amide
conversion.4 The alternative mechanism in which nitriles
coordinate to Co(III) by replacing water and then get
hydrolyzed is not supported by our results; the aqua
adduct [Co(PyPS)(H2O)]- at pH 6.3 does not hydrolyze
acetonitrile even under more harsh conditions. Also,
[CoIII(L)(H2O)]+ complexes with similar ligand frames (all
nitrogen donors, pKa of H2O ≈ 7)36 do not afford any
acetamide at pH 9.5. Clearly, the presence of thiolato-S
donors are required for promoting nitrile hydrolysis by
Co(III) centers.

Very recently, we have also examined the effect(s) of
S-oxygenation on the rate of nitrile hydrolysis by these
Co(III) complexes.34 Oxidation of 17 (Figure 9) with H2O2

followed by reaction with CN- affords (Et4N)2[Co(PyPS-
(SO2))(CN)] (20, Figure 10), a complex with one thiolato-S
and one sulfinato-S bound to Co(III). This asymmetrically
oxidized species exchanges CN- for water quite slowly
and gives rise to Et4N[Co(PyPS(SO2))(H2O)] in aqueous
solution.

It is interesting to note here that K2[Co(PyPSO2(OSO2))-
(CN)] (21, Figure 10), another oxidized complex derived
from 20, exhibits no lability of CN-. This loss of lability
has been attributed to the greater Lewis acidity of the
Co(III) center following sulfur oxidation.34 These observa-

FIGURE 9. Structures of [Co2(PyPS)2]2- (anion of 17) and [Co(PyPS)(CN)]2- (anion of 18).

Scheme 1

Fe(III) and Co(III) Centers Harrop and Mascharak

258 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 37, NO. 4, 2004



tions strongly suggest that at least one unmodified S
moiety (much like the enzyme) is required for lability in
these Co(III) complexes. Also, the lower pKa value of the
bound water in Et4N[Co(PyPS(SO2))(H2O)] (7.2 ( 0.06)
compared to Et4N[Co(PyPS)(H2O)] (8.3 ( 0.03) indicates
that oxidized sulfur moieties increase the acidity of bound
water.34 We believe that one of the roles of the Cys-SO(x)
residues in the enzyme is to modulate the pKa of the
bound water such that it is functional at physiological pH
via a metal-bound hydroxide. Support for this conclusion
comes from our preliminary experiments in the area of
nitrile hydrolysis by [Co(PyPS(SO2))(OH)]2- and [Co(PyPS)-
(OH)]2-. Since the pKa’s of bound water in [Co(PyPS)(H2O)]-

and [Co(PyPS(SO2))(H2O)]- are ∼8.3 and ∼7.2, respec-
tively, one expects a faster rate of hydrolysis in the case
of [Co(PyPS(SO2))(H2O)]- at pH 8. Indeed, Et4N[Co(PyPS-
(SO2))(H2O)] hydrolyzes acetonitrile three times faster than
Et4N[Co(PyPS)(H2O)] in aqueous buffer of pH 8.34

Summary and Conclusion
It is now quite apparent that Fe(III)/Co(III) complexes
with mixed carboxamido-N and thiolato/sulfinato-S donor
sets can be synthesized and isolated in crystalline forms.
In the case of Fe(III) complexes, coordination of these
groups results in low-spin Fe centers with the +3 oxidation
state stabilized to a great extent. The electronic absorption
spectra of these Fe(III) complexes are remarkably similar
to the spectrum of Fe-NHase suggesting that the green
color of the enzyme arises primarily from a thiolate-to-
metal charge-transfer band. These Fe(III) complexes are
very stable in aqueous solution and do not undergo
hydrolytic decomposition. In regards to Co(III) complexes,
coordination of these donor groups affords the first ex-
ample of a functional model capable of hydrolyzing nitriles
into their corresponding amides. The proper disposition
of donor groups, especially the trans thiolato-S donor,
allows for rapid lability of the sixth site in these Co(III)
complexes. The oxidized sulfur residues modulate the pKa

of the bound water molecule in these species. And finally,
nitrile hydrolysis is achieved only with Co(III) model
complexes with thiolato- and sulfinato-S donors and at
pH values above the pKa of bound water. These results
suggest that an M(III)-OH unit is responsible for nitrile
hydrolysis by these model complexes. Taken together, the
interplay between the unprecedented structural features
and chemical behavior of the M(III) (M ) Fe, Co) centers

in NHases has become quite clear following completion
of these modeling studies.
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