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ABSTRACT: Nitrile hydratases (NHases) are thiolate-ligated Fe(III)- or Co(III)-
containing enzymes, which convert nitriles to the corresponding amide under mild
conditions. Proposed NHase mechanisms involve M(III)-NCR, M(III)-OH, M-
(III)-iminol, and M(III)-amide intermediates. There have been no reported crystal-
lographically characterized examples of these key intermediates. Spectroscopic and
kinetic data support the involvement of a M(III)-NCR intermediate. A H-bonding
network facilitates this enzymatic reaction. Herein we describe two biomimetic
Co(III)-NHase analogues that hydrate MeCN, and four crystallographically
characterized NHase intermediate analogues, [CoIII(SMe2N4(tren))(MeCN)]2þ

(1), [CoIII(SMe2N4(tren))(OH)]
þ (3), [CoIII(SMe2N4(tren))(NHC(O)CH3)]

þ

(2), and [CoIII(OMe2N4(tren))(NHC(OH)CH3)]
2þ (5). Iminol-bound 5 repre-

sents the first example of a Co(III)-iminol compound in any ligand environment.
Kinetic parameters (k1(298K)= 2.98(5)M

-1 s-1,ΔH‡= 12.65(3) kcal/mol,ΔS‡=-14(7) e.u.) for nitrile hydration by 1 are reported,
and the activation energy Ea = 13.2 kcal/mol is compared with that (Ea= 5.5 kcal/mol) of the NHase enzyme. A mechanism involving
initial exchange of the boundMeCN forOH- is ruled out by the fact that nitrile exchange from 1 (kex(300K) = 7.3(1)� 10-3 s-1) is 2
orders of magnitude slower than nitrile hydration, and that hydroxide bound 3 does not promote nitrile hydration. Reactivity of an
analogue that incorporates an alkoxide as a mimic of the highly conserved NHase serine residue shows that this moiety facilitates nitrile
hydration under milder conditions. Hydrogen-bonding to the alkoxide stabilizes a Co(III)-iminol intermediate. Comparison of the
thiolate versus alkoxide intermediate structures shows that CtNbond activation and CdO bond formation proceed further along the
reaction coordinate when a thiolate is incorporated into the coordination sphere.

’ INTRODUCTION

Nonenzymatic hydrolysis of nitriles by metal ions has been
observed for most of the transition elements,1 with the most
efficient catalysts being Cu(II)2 and Pt(II)3 complexes. Cobalt(III)
complexes, however, tend to be poor catalysts, showing little or no
catalytic turnover.4,5 This lack of turnover is likely a result of the
substitution inert character of low-spin Co(III). For example, the
rate at which [CoIII(NH3)5(H2O)]

3þ exchangesH2O (at 298 K) is
extremely slow (koff = 5.7 � 10-6 s-1).6 Despite this, nature
incorporates a low-spin Co(III) ion in the metalloenzymes nitrile
hydratases (Co-NHases),7-12 and some of these, depending on the
organism and substrate, have been shown to have a higher rate of
turnover than the iron-containing Fe-NHases. The active sites of
nitrile hydratases (NHases) consist of low-spin Co(III) or Fe(III)
ligated by two carboxamido nitrogens and three cysteine sulfurs
(Figure 1), two of which are post translationally modified, one to a
sulfinate (SO2

-), and the other to a sulfenic acid (SOH).13,14 By
tying up the π-symmetry sulfur orbitals, oxygenation of the two
modified thiolates creates a ligand-field that is more like that of
a σ-donating nitrogen than a π-donating thiolate.15 The higher
than expected turnover rate for low-spin Co(III) NHase has been
attributed to the trans influence of the thiolate, as well as the
thiolates’s tendency to favor lower coordination numbers.16,17

Nitriles are extremely resistant to hydrolysis.1,5,18 Lewis acidic
metal ions significantly enhance hydroxide-induced hydrolysis rates
(∼1 � 106) relative to that of a free nitrile (1.6 � 10-6 M-1

s -1)19,20 by stabilizing the developing charge on the anionic imidate
intermediate, and thereby lowering the activation barrier. By binding
to a metal ion, the nitrile carbon is activated toward nucleophilic
attack. However, in contrast to the mild pH 7.5 aqueous conditions
of NHase-promoted nitrile hydration,11,21-23 transition-metal pro-
moted nitrile hydration typically requires OH- base.1 Free MeCN
hydrolysis requires much harsher conditions (elevated temperatures,
and M[OH-] concentrations), and proceeds all the way to the acid
and amine.18 Both the þ3 oxidation state, and low spin-state of
NHase help to promote nitrile hydrolysis, by increasing themetal ion
Lewis acidity. Metal ion Lewis acidity depends on the metal ion
charge to size ratio (z/r).20 Low-spinmetal ions are smaller than their
high-spin counterparts, and thus more Lewis acidic. It has also been
suggested that a highly conserved H-bonding network, involving a
nearby Ser-OH and Tyr-OH, helps to readily facilitate ambient
temperature H2O-induced nitrile hydration with NHase.11,22 Mu-
tants lacking the Tyr-OH were shown to be inactive, whereas those
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lacking the Ser-OH were shown to retain ∼30% of the native
activity.24 Three distinct mechanisms of NHase-promoted nitrile
hydrolysis by have beenproposed, twoofwhich involve a catalytically
active Co(III)-OH, and one that involves a Co(III)-NCR inter-
mediate.11,14,20,22Twoof the three proposedmechanisms require the
release of aCo(III)-boundproduct.20 Spectroscopic25 and kinetic11,22

data support the involvement of a M(III)-NCR, and there is signi-
ficant literature precedent to support thismechanism,2,5,19,26,27 especi-
ally with transition-metals in the þ3 oxidation state.28

Examples of thiolate-ligated Fe- and Co-NHase models which
hydrolyze nitriles are rare,29,30 and there are no examples in
which amide- or iminol-ligated intermediates have been trapped.
Kinetic parameters associated with the hydration of thiolate-
ligated M(III)-NCR (M = Co, Fe) have yet to be reported. Such
data could provide valuable insight into the mechanism of
NHase-promoted hydration of nitriles to amides, as well as the
role played by themetal ion versus the local protein environment.

Presented herein are the structure, properties, and kinetics of
formation of a novel thiolate-ligated Co(III)-amidate complex
that was obtained via hydroxide induced hydration of the corre-
sponding thiolate-ligated Co(III)-NCMe complex. Reactivity is
compared with a crystallographically characterized, thiolate-
ligated Co(III)-OH complex. We also examine the reactivity of
a derivative which incorporates a H-bonding alkoxide moiety as a
mimic of the highly conserved NHase serine residue that,
although not essential,24 is proposed to facilitate nitrile hydration
under mild pH 7.5 aqueous conditions.

’EXPERIMENTAL SECTION

General Methods. All reactions were performed using standard
Schlenk techniques under an atmosphere of dinitrogen. Reagents were
obtained from Aldrich Chemical Co. and were used without further
purification. Five-coordinate [CoII(SMe2N4(tren))](PF6) was synthe-
sized as described elsewhere.31 Acetonitrile and diethyl ether were
rigorously degassed and purified using solvent purification columns,
housed in a custom stainless steel cabinet, and dispensed via a stainless
steel Schlenk-line (GlassContour). Methanol (MeOH) was distilled
from magnesium methoxide and degassed prior to use, and dichloro-
methane (DCM) was distilled from CaH2 and degassed prior to use.
NMR spectra were recorded on either a Bruker DPX 500 or AV 499
NMR spectrometer and referenced to the residual protio solvent. 1H
NMR chemical shifts (δ) are reported in parts per million (ppm) and
coupling constants (J) are reported in Hz. 13C NMR chemical shifts are
reported in parts per million (ppm). IR spectra were obtained as KBr
pellets and were recorded on a Perkin-Elmer 1700 FT-IR. Cyclic
voltammograms were recorded in MeCN solutions with Bu4N(PF6)
(0.100 M) as the supporting electrolyte, using a EG&G Princeton
Applied Research potentiostat with a glassy carbon working electrode,
an SCE reference electrode, and a platinum auxiliary electrode. Electro-
nic absorption spectra were recorded using either a Hewlett-Packard

8453 diode array or Cary 50 spectrometer. Elemental analyses were
performed by Atlantic Microlab, Inc. (Norcross, GA).
Synthesis of [CoIII(SMe2N4(tren))(MeCN)](PF6)2 (1). Reduced

[CoII(SMe2N4(tren))](PF6) (300 mg, 0.668 mmol) and [Cp2Fe](PF6)
(221 mg, 0.668 mmol) were dissolved in MeCN (200 mL) and allowed to
stir overnight. The MeCN solution was evaporated to dryness and the
remaining solid was washed with Et2O and DCM until the washings were
no longer colored. The solid was recrystallized fromMeCN/Et2O to afford
1 as a green crystalline solid (260mg, 0.409mmol, 61.3% yield). Reduction
potential (CH3CN vs SCE): Eap = -750 mV. 1H NMR (500 MHz,
CD3CN) δ 3.73 (t, J= 7.1Hz, 2H), 3.63 (t, J= 7.5Hz, 2H), 3.61- 3.50 (m,
2H), 3.36 (dd, J = 12.6, 4.6 Hz, 2H), 3.32 (s, 2H), 3.25 (td, J = 13.2, 7.4 Hz,
2H), 3.12 - 2.98 (m, 2H), 2.77 (s, 2H), 2.14 (s, 3H), 1.53 (s, 6H). 13C
NMR(500MHz, CD3CN) δ ppm: 21.17, 33.04, 47.71, 57.21, 58.24, 59.40,
61.84, 133.83, 204.71. Electronic absorption spectrum (CH3CN) λmax(ε
(M-1 cm-1)): 295(12953), 450(402) nm. Elemental anal. Calcd for
C13H28CoF12N5P2S: C, 24.58; H, 4.44; N, 11.02. Found: C, 24.65; H,
4.42; N, 10.98. νC�N 2328, 2302 cm-1. νCdN 1628, 1597 cm-1. ESI-MS
m/z for C11H25CoN4S: calcd, 304.1; found, 303.1.
Synthesis of [CoIII(SMe2N4(tren))(NHC(O)CH3)](PF6) (2). A

1M MeOH solution of TBAOH (1.574 mL, 1.574 mmol) was slowly
added to an MeCN (200 mL) solution of 1 (1 g, 1.574 mmol). The
reaction was left to stir overnight, and then the solvent was evaporated to
dryness. The resulting solid was washed with THF to remove nBu4NPF6
and recrystallized fromMeCN/Et2O to afford 2 as a red crystalline solid.
Electronic absorption spectrum (CH3CN) λmax (ε (M-1 cm-1)): 368
(458), 500 (413). 13C NMR (500 MHz, CD3CN) δ ppm: 20.22, 28.76,
47.27, 56.15, 59.22, 60.68, 61.64, 185.02, 199.71. Elemental anal. Calcd
for C13H29CoF6N5OPS: C, 30.77; H, 5.76; N, 13.80. Found: C, 29.50;
H, 5.70; N, 11.83. νCdO 1576 cm-1.
Synthesis of [CoIII(SMe2N4(tren))(OH)](PF6) (3). Reduced

[CoII(SMe2N4(tren))](PF6) (100 mg, 0.223 mmol) and [Cp2Fe](PF6)
(74 mg, 0.223 mmol) were dissolved in “wet”MeOH. To this solution was
added NaOMe (12 mg, 0.223 mmol) resulting in the formation of a red
solution. The reaction was left to stir overnight. The solution was
evaporated to dryness, washed with Et2O, and recrystallized from
MeCN/Et2O to afford 3 as a red crystalline solid.
Acetonitrile Exchange from [CoIII(SMe2N4(tren))(MeCN)]-

(PF6)2 (1). [CoIII(SMe2N4(tren))(MeCN)](PF6)2 (1) (100 mg) was
dissolved in CD3CN (1 g) at -40 �C. The sample was then placed in an
NMR probe that had been cooled to the desired temperature. The exchange
of protio-acetonitrile for deutero-acetonitrile was followed by 13C NMR
spectroscopy utilizing a 45� DEPT pulse sequence. A typical experiment
involved collecting a spectrumevery 30min until the exchangewas complete.
The gem-dimethyl peak was used as a reference and the ln(Integration-
(bound-MeCN)/Integration(gem-dimethyls)) vs time was used to calculate
the rate of kex.
Synthesis of [CoIII(OMe2N4(tren))(MeCN)](OTf)2 (4). Reduced

[CoII(OMe2N4(tren))](OTf) was generated via a Schiff base condensation
between tris(2-aminoethyl)amine (tren) (1.609 g, 11 mmol) and 3-methyl-
3-hydroxo-2-butanone (1.123 g, 11 mmol) at a CoIICl2 (1.298 g, 10 mmol)
template in MeOH, followed by the addition of sodium trifluoromethane-
sulfonate (1.893 g, 10 mmol). This reaction mixture was allowed to stir
overnight, the solvent was then evaporated to dryness, and the resulting solid
was redissolved in a minimal amount of DCM, filtered through a Celite plug
and recrystallized from a DCM/Et2O to afford [CoII(OMe2N4(tren))]-
(OTf) as a green crystalline solid (1.136 g, 26% yield). Silver triflate (94mg,
0.36 mmol) was then added to a 200 mL MeCN solution containing
[CoII(OMe2N4(tren))](OTf) (160 mg, 0.36 mmol), and the reaction was
allowed to stir overnight. Following this, the MeCN solvent was evaporated
to dryness, and the remaining solid was washed with Et2O. The solid was
recrystallized from MeCN/Et2O to afford 4 as a green crystalline solid
(130mg, 54% yield). Reduction Potential (CH3CN vs SCE): Ecp =-0.917
V, Eap =-1:01 V. 1HNMR (500MHz,CD3CN) δ 3.89 (t, J = 7.3Hz, 4H),

Figure 1. Co-NHase active site.
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3.55 (t, J = 7.6 Hz, 2H), 3.33 (s, 2H), 3.22 (tdd, J = 25.9, 12.3, 5.3 Hz, 4H),
3.11 - 2.95 (m, 4H), 2.18 (s, 3H), 1.25 (s, 6H). 13C NMR (500 MHz,
CD3CN) δ ppm: 19.52, 30.01, 45.58, 53.04, 60.89, 62.50, 91.02, 120.68,
123.23, 125.39, 131.56, 206.48. νC�N 2331, 2313 cm-1. νCdN 1664, 1608
cm-1. Electronic absorption spectrum (CH3CN) λmax (ε (M

-1 cm-1)):
371 (221). Elemental anal. Calcd for C15H28CoF6N5O7S2: C, 28.71; H,
4.50; N, 11.16. Found: C, 28.17; H, 4.53; N, 10.88.
Synthesis of [CoIII(OMe2N4(tren))(NHC(OH)CH3)](OTf)2

(5). Complex 4 (0.5 g, 1.518 mmol) was dissolved in an MeCN/
H2O mixture and left to stir overnight. The reaction mixture was then
evaporated todryness, and the resulting solidwas recrystallized fromMeCN/
Et2O to afford 5 as a red crystalline solid in quantitative yield. Reduction
potential (CH3CN vs SCE): Ecp = = 151 mV, Eap = 42 mV. Electronic
absorption Spectrum (CH3CN) λmax (ε (M-1 cm-1)): 350 (145), 478
(99), 547 (69) nm. νCdN 1685, 1664 cm-1. νOH 3400 cm-1. νNH 3325
cm-1. Elemental anal. Calcd for C15H30CoF6N5O8S2: C, 27.91; H, 4.68;N,
10.85. Found: C, 27.85; H, 4.54; N, 10.72.
X-ray Crystallographic Structure Determination. A brown

prism of 1 cut down to 0.24� 0.20� 0.19 mm3 was mounted on a glass
capillary with oil. A brown plate of 2 (0.46� 0.28� 0.28 mm3) and red
prism of 3 (0.30� 0.20 � 0.12 mm) were mounted on a glass capillary
with oil. Brown cut-blocks of 4 (0.59� 0.59� 0.23 mm) and 5 (0.24�
0.24 � 0.59 mm3) were mounted on a glass capillary with oil. Data was
collected at -143 �C on a Nonius Kappa CCD difractometer. The
crystal-to-detector distance was set to 30 mm for all five structures (1-5).
The exposure time for 1 was 25 s per degree for all data sets, with a scan
width of 1.4�. The exposure times for 2, 4, and 5were 30 s per degree for
all data sets, with a scan width of 1.0�. The exposure time for 3 was 120 s
per degree for all data sets, with a scan width of 2.0�. Data collection for 1
was 91.9% complete to 28.30� and 98.5% complete to 25� in ϑ. Data
collection for 2 was 86.1% complete to 29.65� in ϑ and 99.1% complete
to 25�. Data collection for 3 was 96.7% complete to 24.47� in ϑ. Data
collection for 4 was 86.8% complete to 29.79� in ϑ and 99.8% complete
to 25�. Data collection for 5 was 85.7% complete to 29.94� in ϑ and
98.6% complete to 25�. A total of 56179 partial and complete reflections
were collected for 1 covering the indices, h =-10 to 10, k =-21 to 21,
l = -24 to 24. 5436 reflections were symmetry independent and the
Rint = 0.0965 indicated that the data was of slightly less than average
quality (average quality= 0.07). Indexing and unit-cell refinement
indicated a monoclinic P lattice in the space group P21/c (No.14). A
total of 49 099 partial and complete reflections were collected for 2
covering the indices, h = -9 to 9, k = -20 to 20, l = -23 to 23, 723
reflections were symmetry independent and the Rint = 0.0687 indicated
that the data was of average quality (average quality = 0.07). Indexing
and unit cell refinement indicated a monoclinic P lattice. The space
group for 2 was found to be P212121 (No. 19). A total of 69,442 partial
and complete reflections were collected for 3 covering the indices,
h = -15 to 15, k = -10 to 10, l = -17 to 14; 1538 reflections were
symmetry independent and the Rint =0.0749 indicated that the data was
poor quality (0.07). Indexing and unit-cell refinement indicated an
orthorhombic lattice. The space group for 3 was found to be Pnma (No.
62). A total of 62 519 partial and complete reflections were collected for
4 covering the indices, h = -11 to 10, k = -12 to 13, l = -26 to 22;
11 331 reflections were symmetry independent and the Rint = 0.0556
indicated that the data was good quality (average quality= 0.07).
Indexing and unit-cell refinement indicated a triclinic lattice. The space
group for 4 was found to be P1 (No. 1). A total of 57 865 partial and
complete reflections were collected for 5 covering the indices, h = -12
to 12, k = -10 to 10, l = -44 to 47; 6215 reflections were symmetry
independent and the Rint = 0.0573 indicated that the data was good
quality (0.07). Indexing and unit-cell refinement indicated a monoclinic
lattice. The space group for 5 was found to be P21/c (No. 14).

The data for 1-5were integrated and scaled using hkl-SCALEPACK.
The structure of complex 1 was solved by direct methods (DIRDIF)

producing a complete heavy atom phasing model consistent with the
proposed structure. The structures of complexes 2-5were solved by direct
methods (SIR97) producing a complete heavy atom phasing model
consistent with the proposed structure. For all five structures (1-5), all
hydrogen atomswere located using a ridingmodel. All non-hydrogen atoms
were refined anisotropically by full-matrix least-squares. Crystal data for
1-5 are presented in Table 1. Selected bond distances and angles are
compared in Table 2.

’RESULTS AND DISCUSSION

Synthesis and Properties of Nitrile-Bound [CoIII(SMe2N4-
(tren))(NCCH3)](PF6)2 (1) and its Hydrolyzed Deprotonated
Acetamide Derivative [CoIII(SMe2N4(tren))(NHCOCH3)]PF6
(2). Nitrile-bound 1 was synthesized via the addition of 1 equiv.
of Cp2FePF6 to an acetonitrile solution of previously reported
five-coordinate [CoII(SMe2N4(tren))](PF6) (Scheme 1).31 The
oxidized product waswashedwith diethyl ether and dichloromethane
to remove the ferrocene and excess unreacted ferrocenium, and then
recrystallized by layering diethyl ether onto an acetonitrile solution.
This afforded 1 as a pure crystalline solid. The 1H NMR of 1 (see
Figure S1 in the Supporting Information) contains only peaks in the
diamagnetic region consistent with a low-spin (S = 0) Co(III) ion.
Peak assignments were made by running a HMQC experiment.
Single crystals of 1 were grown via the slow diffusion of Et2O into
a MeCN solution of 1. Selected metrical parameters are listed in
Table 2. As shown in the ORTEP diagram of Figure 2, [CoIII(SMe2-
N4(tren))(MeCN)]2þ (1) contains a coordinatedMeCN cis to the
thiolate sulfur and trans to the imine nitrogen (N(1)). The Co-S
andCo-Nbonddistances of1 are typical of low-spinCo(III) (mean
Co-N bond length =1.96 Å, mean Co-S bond length =2.23 Å).32

Although the nitrile C�N bond length (1.138(4) Å) of 1 is approx-
imately the same (within error) as that of free acetonitrile (1.15(1)
Å), the downfield shift to the 13CNMRnitrile resonances (δ = 133.8
and 5.30 ppm), relative to those of free acetonitrile (116.9 and
1.39 ppm), indicates that the nitrile carbon is more electrophilic in 1.
This would suggest that the Lewis acidic metal ion activates the
nitrile toward nucleophilic attack by polarizing the nitrile C�N
bond. Although the νC�N stretch of 1 (2315 cm-1 (vs νC�N(free
MeCN) = 2273 cm-1) would suggest that the nitrile would be less
susceptible to hydration, the observed facile conversion of nitrile-
bound 1 to the corresponding amidate (vide infra) proves otherwise.
Titration of KOH (in 0.06 equiv aliquots) to an aqueous

(H2O/MeCN (9:1)) solution of 1 (allowing 5 min for equilibra-
tion between each addition) results in the loss of the band at 450
(402) nm, and the formation of a new species, 2, with bands at 368
(458) nm and 500 (413) nm (Figure 3). One equivalent of KOH is
required in order for the reaction to reach completion. No reaction
is observed if H2O, as opposed to OH

-, is added to 1.
Ambient temperature hydroxide addition also causes a notice-

able change in the 13C NMR (see Figure S3 in the Supporting
Information), whereupon the peaks associated with bound acetoni-
trile (δ = 133.83 and 5.30 ppm; see Figure S2 in the Supporting
Information) disappear, and two new peaks (δ = 185.02, 28.76
ppm) appear. The position of these new peaks relative to free
acetamide (178.0 and 22.1 ppm) would be consistent with the
formation of a bound acetamide. Single crystals of the product,
[CoIII(SMe2N4(tren))(NHC(O)CH3)](PF6) (2), obtained via
slow diffusion of Et2O into an MeCN solution of 2 confirmed this.
As shown by the ORTEP diagram of 2 (Figure 4), and number of
counterions per cationic complex, the coordinated acetamide is
deprotonated.
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Selected bond lengths for [CoIII(SMe2N4(tren))(NHC(O)-
CH3)](PF6) (2) are listed in Table 2. Comparison of the structural
data for nitrile-bound 1 and acetamidate-bound 2 reveals that the
metal ion coordination sphere remains relatively unchanged upon
hydration, with the notable exceptions being the lengthening of the
Co-N(5) (1.917(3) Å to 1.946(4) Å) and Co-N(1) (1.875(2) Å
to 1.897(4) Å) bonds (Table 2). The latter is likely a result of the

strong trans influence of the anionic amidate,33 and the former is likely
due to the conversion of N(5) from sp to sp2 hybridization. Based on
its Co(III)-N(5) bond length (1.946(4) Å), the amidate appears to
be more weakly bound to 2 relative to, for example, [CoIII(NH3)5-
(NHC(O)CH3)]

2þ (Co-N(amidate)= 1.911 Å),33 possibly due to
the incorporation of an anionic thiolate in the coordination sphere.
The amidate CdO(1) oxygen is weakly H-bonded to the primary
amine N(3)-H proton (N(3)-H 3 3 3O(1)= 1.90 Å; N(3) 3 3 3
O(1)= 2.71 Å; N(3)-H-O(1)= 145.5�), thereby locking it into a
position that is orthogonal to the CoS(1)N(1)N(2)N(5) plane.
Acetamidate-ligated 2 represents the first example of an intermediate-
bound NHase analogue. Examples of structurally analogous pairs of
Co(III)-nitrile and Co(III)-amidate complexes are rare.
In contrast to nitrile-bound [CoIII(SMe2N4(tren))(Me-

CN)]2þ (1), crystallized samples of its hydroxide-bound deri-
vative, [CoIII(SMe2N4(tren))(OH)](PF6) (3; Figure 5), does
not appear to promote MeCN hydration, as monitored by UV/
vis electronic absorption spectroscopy. Acetamide is not detected
(by 1H NMR or GC/MS) in reactions between 3 andMeCN, even
upon heating in neat MeCN. A diamagnetic 1H NMR, and signifi-
cantly shorter Co-S (2.217(3) Å) and Co-N (mean= 1.933 Å)
bond lengths in 3 relative to our reduced five-coordinate [CoII-
(SMe2N4(tren))]

þ derivative31 (Co-S = 2.297(1) Å; mean Co-
N=2.111Å), provide evidence that 3 is a low-spin (S=0) Co(III)-
OH, as opposed to an S = 3/2 or S = 1/2 Co(II)-OH2. Although
reactivity of our Co(III)-OH, 3, contrasts with Mascharak’s obser-
vations,29,34 these results suggest that a Co(III)-NCR intermediate
is more likely to be involved in NHase-promoted nitrile hydro-
lysis. This would be consistent with recent kinetic data.11

Kinetics of [CoIII(SMe2N4(tren))(MeCN)]2þ (1)-Promoted
Nitrile Hydration. To understand the mechanism of nitrile
hydrolysis by 1, the kinetics of this reaction were monitored at
low temperature (0 �C) using electronic absorption spectrosco-
py. All reactions were run under pseudo-first-order conditions
with at least a 10-fold excess concentration of OH-, and a fixed
concentration of Co(III)-MeCN (limiting reagent). The con-
centration of hydroxide (OH-), was allowed to vary from 11 to
55 mM. Nonlinear fits (see Figure S4 in the Supporting

Table 1. Crystal Data, Intensity Collectionsa, and Structure Refinement Parameters for [CoIII(SMe2N4(tren))(MeCN)](PF6)2
(1), [CoIII(SMe2N4(tren))(NHC(O)CH3)](PF6) (2), [Co

III(SMe2N4(tren))(OH)](PF6) (3), [Co
III(OMe2N4(tren))(MeCN)]-

(OTf)2 (4), and [CoIII(OMe2N4(tren))(NHC(OH)CH3)](OTf)2 (5)

1 2 3 4 5

formula C13H28Co C13H29Co C11H26Co C36H65Co2 C15H30Co
F12N5P2S F6N5OPS F6N4OPS F12N13O14S4 F6N5O8S2

MW 635.33 507.38 466.33 1378.15 645.51
T, K 130(2) K 130(2) K 130(2) K 130(2) K 130(2)
unit cell monoclinic orthorhombic orthorhombic triclinic monoclinic
a (Å) 8.0740(3) 7.5760(6) 13.4890(7) 8.4743(2) 8.5790(8)
b (Å) 16.1330(7) 14.5673(13) 8.7463(12 9.9717(3) 8.356(2)
c (Å) 18.6270(8) 18.3780(18) 15.1258(13) 19.2114(6) 34.839(8)
R (deg) 90 90 90 92.846(2) 90
β (deg) 100.591(2) 90 90 94.772(2) 90.58(1)
γ (deg) 90 90 90 114.4133 90
V (Å3) 2385.0(2) 2028.2(3) 1784.5(3) 1466.82(7) 2497.3(9)
Z 4 4 4 1 4
d(calcd) (g/cm3) 1.769 1.662 1.736 1.560 1.717
space group P21/c P212121 Pnma P1 P21/c
Rb 0.0507 0.0565 0.0749 0.0556 0.0510
Rw

c,d 0.0891 0.1281 0.1731 0.1480 0.1263
GOF 1.001 1.073 1.055 1.092 1.040

aMo KR (λ = 0.7107 Å) radiation; graphite monochromator; -90 �C. b R = Σ||Fo|- |Fc||/Σ |Fo|.
c Rw = [Σw(|Fo| - |Fc|)2/ΣwFo2]1/2, where w-1 =

[σ2count þ (0.05F2)2]/4F2. d Rw = {Σ[w(Fo
2 - Fc

2)2]/Σ[w (Fo
2)2]}1/2; w = 1/[σ2(Fo

2) þ (0.0.0620P)2 þ 0.000P], where P = [Fo
2 þ 2Fc

2]/3.

Table 2. Selected BondDistances (Å) and Bond Angles (deg)
for Nitrile-Bound [CoIII(SMe2N4(tren))(MeCN)](PF6)2 (1),
Acetamidate-Bound [CoIII(SMe2N4(tren))(NHC(O)CH3)]
(PF6) (2), Hydroxide-Bound [CoIII(SMe2N4(tren))(OH)]-
(PF6) (3), Nitrile-Bound [CoIII(OMe2N4(tren))(MeCN)]-
(OTf)2 (4), and Iminol-Bound [CoIII(OMe2N4(tren))-
(NHC(OH)CH3)](OTf)2 (5)

1 2 3 4 5

Co-X(1) 2.208(1) 2.209(1) 2.217(3) 1.858(5) 1.881(2)
Co-N(1) 1.875(2) 1.897(4) 1.892(8) 1.844(5) 1.866(2)
Co-N(2) 1.973(3) 1.980(4) 1.971(8) 1.953(4) 1.940(3)
Co-N(3) 1.963(3) 1.959(4) 1.935(6) 1.950(4) 1.961(2)
Co-N(4) 1. 948(3) 1.963(4) 1.935(6)* 1.965(4) 1.955(2)
Co-N(5) 1. 917(3) 1.946(4) N/A 1.929(5) 1.950(2)
Co-OH N/A N/A 1.869(6) N/A N/A
N(5)-C(12) 1.138(4) 1.323(7) N/A 1.137(7) 1.261(4)
C(12)-O N/A 1.267(6) N/A N/A 1.337(4)
N(1)-C(4) 1.271(4) 1.284(7) 1.280(11) 1.283(7) 1.277(4)
X(1)-Co-N(1) 86.23(9) 86.6(1) 86.2(2) 84.9(2) 83.0(1)
X(1)-Co-N(2) 174.27(9) 173.9(1) 174.3(2) 173.2(2) 171.0(1)
X(1)-Co-N(5) 90.44(9) 91.4(1) N/A 91.0(2) 91.9(1)
X(1)-Co-OH N/A N/A 95.8(2) N/A N/A
Co-N(5)-C(12) 172.9(3) 135.6(4) N/A 172.2(4) 128.9(2)
N(3)-Co-N(4) 170.1(1) 170.6(2) 170.7(3)* 171.4(2) 171.4(1)
N(3)-Co-N(5) 88.9(1) 90.4(2) N/A 87.3(2) 89.5(1)
N(4)-Co-N(5) 87.6(1) 87.2(2) N/A 89.9(2) 87.2(2)
N(3)-Co-OH N/A N/A 87.7(2) N/A N/A
N(1)-Co-N(5) 176.7(1) 177.8(2) N/A 175.8(2) 174.9(1)
N(1)-Co-OH N/A N/A 178.0(3) N/A N/A

X = S, O *N(4) = N(30) for this structure, since a crystal-
lographic mirror plane relates the two atoms N(3) and N(30).
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Information), to the first-order eq 1, using global analysis over
the entire wavelength range (and a

At ¼ A¥ þ ðA0 - A¥Þe-kt ð1Þ
program written for MATlab), afforded the pseudo first-order
rate constants, kobs, shown in Figure 7, indicating that the reac-
tion is first-order in 1 (CoIIINCMe; eq 2). A representative absor-
bance versus time plot showing a nonlinear fit (pink) to the experi-
mental data (blue) is shown in Figure 6. The observed pseudo first-
order rate

Rate ¼ k1½CoIIINCMe�½OH-� ð2Þ

kobs ¼ k1½OH-� ð3Þ

constant, kobs, was obtained at several KOH concentrations, and the
second-order rate constant k1(273 K)= 0.70(5) M-1s-1, which
relates to kobs according to eq 3, was obtained from the slope of a kobs
vs [OH-] plot (Figure 7). The slope of the log(kobs) vs log([OH

-])
plot (0.92; see Figure S5 in the Supporting Information) indicates
that the reaction is first-order with respect to hydroxide. Activation
parameters for the conversion of nitrile-bound 1 to acetamidate-
bound 2 (ΔH‡ = 12.65(3) kcal/mol, ΔS‡ =-14(7) e.u.) were ob-
tained by determining k1 at several different temperatures, and
examining an Eyring plot (ln(k1/T) vs 1/T) (Figure 8). The activa-
tion parameters were then used to calculate the ambient tempera-
ture second order rate constant, k1(298 K)= 2.98(5) M-1 s-1, for
1-promoted hydration ofMeCN.This rate constant is comparable to
that for nitrile hydration by [Co(III)(NH3)5(H2O)]

3þ (3.40 M-1

s-1),19 6 orders of magnitude greater than for hydration of free
MeCN,19 and 3 orders of magnitude faster than the intramolecular

Scheme 1

Figure 2. ORTEP of [CoIII(SMe2N4(tren))(MeCN)]2þ (1) showing
50% probability ellipsoids and the atom labeling scheme. With the
exception of the primary amines, all other hydrogens have been omitted
for clarity.

Figure 3. Monitoring the hydration reaction between [CoIII(SMe2N4-
(tren))(MeCN)]2þ (1) and KOH in H2O/MeCN (9:1) at 273 K by
electronic absorption spectroscopy, showing that 1 equiv. of KOH is
required for the reaction to reach completion.

Figure 4. ORTEP of [CoIII(SMe2N4(tren))(NHC(O)CH3)]
þ (2)

showing 50% probability ellipsoids and the atom labeling scheme. With
the exception of the primary amine and acetamidate hydrogens, all other
hydrogens have been omitted for clarity.

Figure 5. ORTEP of [CoIII(SMe2N4(tren))(OH)](PF6) (3) showing
50% probability ellipsoids and the atom labeling scheme. With the
exception of the amine and hydroxide hydrogens, all other hydrogens
have been omitted for clarity.
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cis-OH--promoted hydration of [(cyclen)Co(III)(MeCN)-
(OH)]2þ (k2 = 4.7 � 10-3 s-l).5 Cobalt nitrile hydratase (Co-
NHase) catalyzes the hydration of benzonitrile significantly faster
with a kcat/Km of 6.5(1) � 103 mM-1 s-1.11 The activation energy
for 1-promoted hydration of coordinated MeCN (with ∼10 mM
KOH), Ea= 13.2 kcal/mol (55.2 kJ/mol), was determined from an
Arrhenius plot (see Figure S6 in the Supporting Information). This is
significantly larger than that of NHase (Ea= 5.5 kcal/mol (23(1) kJ/
mol)),11 but significantly lower than that (Ea= 20.3 kcal/mol) of free
MeCN (with 0.65 M OH-).18

The kinetic data for 1-promoted nitrile hydration is consistent
with a mechanism (Scheme 2) involving rate-determining attack
of hydroxide at a coordinated nitrile carbon step to afford an
(unobserved) iminol intermediate (I), which then rapidly tau-
tomerizes to the deprotonated amidate 2. An iminol intermediate
is proposed to form in NHase-promoted nitrile hydrolysis.11

An alternative mechanism would involve initial exchange of
the coordinated acetonitrile for hydroxide, which then subsequently
reactswith free acetonitrile to afford an oxygen-bound iminol species,

which then rearranges to the observed nitrogen-bound acetamidate
complex 2. This mechanism would, however, require an additional
Co(III)-Lbond cleaving stepwith a system that is typically substitu-
tion inert. In contrast to trans-cysteinate-ligated NHase, cis-thiolate
ligated [CoIII(SMe2N4(tren))(NHC(O)CH3)]

þ (2) does not re-
lease the amide product, thereby preventing turnover (Scheme 2).
The anionic nature of the amidatemay be in part responsible for tight
binding of product to our model. However, even in the presence of a
proton donor (NH4

þPF6-), acetamide release is not observed. It is
also possible that the intramolecular H-bond between the ligand’s
primary amine N-H proton and the amidate carbonyl oxygen is, in
part, responsible for tight acetamidate binding. However, based on
theN(3)-H 3 3 3O(1), andN(3) 3 3 3O(1) distances (Figure 4, vide
supra), this H-bond appears to be rather weak. Another possibility
is that the substitution inert nature of the low-spin Co(III) ion,
and the absence of a trans thiolate, is responsible. Dissociation of
the coordinated acetamide during the [(cyclen)Co(III)(MeCN)-
(OH)]2þ promoted catalytic hydration of MeCN, for example, is
slow (kdiss = 3.3x 10-4 s-1).4,5 Previously we showed that trans
thiolates can increase kex rates for low-spin Co(III) by as much as 4
orders of magnitude, even for anionic ligands (kex(Co

III(NH3)5-
(H2O)]

3þ) = 5.8 � 10-6 s-1 vs kex ([cis,trans-Co
III(S2

Me2N3(Pr,
Pr))(N3)])= 2.1(5)� 10-2 s-1). To rule out the possibility that the

Scheme 2

Figure 7. kobs vs [OH
-] plot for the for the reaction between 0.4 mM

[CoIII(SMe2N4(tren))(MeCN)](PF6)2 (1) and KOH in H2O/MeCN
(9:1) at 273 K under pseudo-first-order conditions (with excess (11-55
mM) KOH), showing the second-order rate constant k1, which is
obtained from the slope.

Figure 6. Calculated nonlinear fit (pink) to the experimental data (blue)
for the reaction between [CoIII(SMe2N4(tren))(MeCN)](PF6)2 (1) and
KOH in H2O/MeCN (9:1) at 273 K to afford amidate-bound [CoIII-
(SMe2N4(tren))(NHC(O)CH3)](PF6) (2).

Figure 8. Eyring plot for the variable temperature reaction between
[CoIII(SMe2N4(tren))(MeCN)](PF6)2 (1) and KOH in H2O/MeCN
(9:1) to afford acetamidate-bound [CoIII(SMe2N4(tren))(NHC(O)-
CH3)](PF6) (2).
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mechanism of nitrile hydration by 1 involves the initial exchange of
acetonitrile for hydroxide, and in order to determine how the cis
versus trans positioning of the thiolate ligand influences ligand
exchange, we examined the kinetics of nitrile exchange from 1.
Acetonitrile Exchange Rate. Acetonitrile was found to bind

reversibly to 1. In the presence of one equivalent of CD3CN,
the 13C NMR spectrum of 1 (Figure 9) is characterized by the
presence of four signals corresponding to the methyl and nitrile
carbons of both bound and free acetonitrile (bound 133.8 C�N,
5.30 CH3; free 118.7 C�N, 2.12 CH3 (ppm)). The fact that the
resonances for bound and free acetonitrile are well-resolved
peaks indicates that the nitrile exchange rate must be slower
than 1 � 101 s-1 at 300 K,35 and that exchange rates could be
monitored by 13C NMR. The rate constant, kex, for acetonitrile
exchange was determined by following the disappearance of the
bound -CH3CN methyl peak (5.30 ppm) over time as it was
replaced by CD3CN (Figure 10). Nonlinear fits to the first-order
eq 4 (where I0, I¥, and It are the initial, final, and absolute
integration of the peak at 5.30 ppm at time t, respectively)

It ¼ I¥ þ ðI0 - I¥Þe-kt ð4Þ
showed that the data are consistent with a first-order process, and
afforded the exchange rate constants, kex, shown in Table 3. Acti-
vation parameters (ΔH‡= 10.7(7) kcal/mol and ΔS‡= -32(6)
e.u.) were determined by obtaining kex at several temperatures
(Table 3), and examining an Eyring (ln(kex/T) vs 1/T) plot (see
Figure S7 in the Supporting Information). Calculation of kex at 300 K
gives an ambient temperature rate constant of 7.3(1)� 10-3 s-1 for
nitrile exchange from [CoIII(SMe2N4(tren))(MeCN)]2þ (1). The
fact that kex(300 K) is more than 2 orders of magnitude slower than
nitrile hydration (k1(298 K) = 2.98(5) M

-1 s-1), rules out a mecha-
nism involving a Co(III)-OH which forms via the exchange of
MeCN forOH-. Also, given that [CoIII(SMe2N4(tren))(OH)](PF6)
(3; Figure 5) does not appear to react withMeCN (vide supra), pro-
vides further evidence to suggest that the reactive species is unlikely to
be ametal-bound hydroxide.Nitrile exchange from 1 is slightly slower
than azide exchange from low-spin, trans-thiolate ligated [CoIII-
(S2

Me2N3(Pr,Pr)(N3)] (koff = 2.1(5) � 10-2 s-1),16 but 3 orders
of magnitude faster than water exchange from [CoIII(NH3)5-
(H2O)]

3þ (koff = 5.7 � 10-6 s-1).6 So, even though it is cis, as
opposed to trans to the nitrile, the anionic thiolate does appear to con-
tribute to an enhancement of exchange rates, a property thatwould be
critical to promoting product release, and thus catalytic turnover.
Influence of Sulfur on Nitrile Hydration. To see how the

thiolate influences the nitrile hydration reaction mechanism
involving 1, we synthesized the alkoxide derivative and examined
its reactivity. An added benefit of incorporating an alkoxidemoiety, is
that it provides amimic of the highly conservedNHase serine residue
that, although not essential,24 is proposed to facilitate nitrile hydra-
tion under milder pH= 7.5 aqueous conditions.11,22 Alkoxide-ligated
[CoII(OMe2N4(tren))](OTf) was synthesized in situ via ametal ion
templated Schiff base condensation between 3-methyl-3-hydroxo-

butanone and tris(2-aminoethyl)amine (tren), and then oxidized, via
the addition of AgOTf in acetonitrile, to afford nitrile-bound [CoIII-
(OMe2N4(tren))(MeCN)](OTf)2 (4). Complex 4 is air-stable in
the solid state. However, solutions of 4 exhibit hydrolysis, even in the
presence of trace amounts of water. The presence of a bound nitrile
was verified by X-ray crystallography. Selected bond lengths are
contained in Table 2. As shown in theORTEP diagram of Figure 11,
MeCN binds trans to the imine nitrogen N(1), and cis to the
alkoxide oxygen O(1).
As was the case with thiolate-ligated 1, the nitrile C�Nbond is

slightly shortened relative to free acetonitrile (1.137 Å for 4 vs 1.15 Å
for free MeCN). The higher-frequency νC�N stretch 2321 cm-1

associated with 4, relative to that of free MeCN (2273 cm-1)
indicates that themetal ion of4polarizes theC�Nbond,making the
nitrile carbon more electrophilic. The position of the nitrile carbon
resonance in the 13C NMR (δ = 131.5), as well as the reactivity of
4 is consistent with this.
In contrast to thiolate-ligated [CoIII(SMe2N4(tren))(MeCN)]-

(PF6)2 (1), which requires hydroxide (KOHaq (∼10 mM)) to hy-
drolyze the coordinated nitrile, the nitrile of alkoxide- ligated [CoIII-
(OMe2N4(tren))(MeCN)]2þ (4) can be hydrolyzed with neutral
water. Addition of 4000 equiv of H2O to an acetonitrile solution of 4
(1:20 v/v) causes the band at 371 nm in the electronic absorption
spectrum to disappear, and new bands at 350, 478, and 547(sh) nm
to grow in (Figure 12). Crystalline samples of the product of
this reaction, [CoIII(OMe2N4(tren))(NHC(OH)CH3)](OTf)2
(5), were obtained via Et2O diffusion into an MeCN solution of
8. The ORTEP diagram of Figure 13, and bond lengths of Table 2,
show that nitrile hydration of alkoxide-ligated 4 affords a Co(III)-
bound iminol (Scheme 3), in contrast to the hydration

Figure 9. Time versus 13C NMR CH3 peak intensity stack plot
monitoring the exchange of bound CH3CN for CD3CN.

Figure 10. Calculated nonlinear fit (red) to the experimental data (•••)
for CH3CN exchange from [CoIII(SMe2N4(tren))(MeCN)]2þ (1) in
CD3CN as monitored by the integrated 13C NMR CH3 peak intensity
over time.

Table 3. Temperature-Dependent Rate Constants, koff, for
Nitrile Release from [CoIII(SMe2N4(tren))(MeCN)](PF6)2 (1)

T (K) kex (s-1)

228.3 2.34(8) � 10-5

244.7 1.01(4)� 10-4

261.0 4.25(5)� 10-4

266.4 8.7(1)� 10-4
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reaction of thiolate-ligated 1, which affords a Co(III)-bound
acetamidate (Figure 4, Scheme 2). With free acetamide, on the
other hand, the acetamide tautomeric form is adopted almost
exclusively (Keq = 1 � 108) over the iminol tautomeric form.36,37

Transition-metal iminol species are rather rare, and only a few
structures have been reported, involving Ni, Ru, or Pt.38-41 The
hydrated C(12)-N(5) bond in thiolate-ligated 2 (1.323(7) Å) is
significantly longer than in alkoxide ligated 5 (1.261(4) Å) consistent
with a more activated C-N bond in 2 (relative to 5). Both C(12)-
N(5) bonds are significantly longer than the corresponding nitrile
complex (1.137(7) Å in 1; 1.138(4)Å in 4). In 5, this bond is
significantly shorter than that of free acetamide (1.333 Å),42 slightly
shorter than the imine C(4)dN(1) bonds of 1-5 (Table 2), and
closer to that of aCdNdouble (1.28Å)43 as opposed toC-Nsingle
(1.47 Å)43 bond, consistent with an imine alcohol (iminol)
formulation (Scheme 3). The C(12)-O bond is considerably
shorter in thiolate-ligated 2 (1.267(6) Å), relative to alkoxide-
ligated 5 (1.337(4) Å), showing that C-O bond formation has
proceeded further along the reaction coordinate in 2 (see Figure S8
in the Supporting Information). In 5, this bond lies closer to that of a
single C-O(1.41 Å)43 than that of a double CdO(1.20 Å)43 bond.
In 2, this bond is close to that of free acetamide (1.233Å).42Whereas,
theC(12)-O(2) andC(12)-N)5) bond lengths in5 (Table 2) both
differ significantly from previously reported Co(III)-acetamide

structures, including [CoIII(NH3)5(NHCOCH3)]
2þ (C-O =

1.267(12) Å; C-N = 1.339(12) Å),33 and (cyclen)CoIII(η2-N-
(H)C(O)Me) (C-O = 1.28(1) Å; C-N = 1.32(1) Å).5 Bond
distances within the iminol moiety of 5 (Table 2) lie closer to that
expected for alcohol/imine structure, even when compared with one
of few previously reported transition-metal iminol complexes, (R,S,
R,S)-[Ni(L)(NHC(OH)CH3)]

þ (C-O = 1.242(7) Å; C-N =
1.314(7) Å; L = 1,3,6,8,12,15-hexaazatricyclo[13.3.1.18,12]-
icosane).40 An O-bound linkage isomer for iminol 5 is ruled out by
an increase in R-value during refinement of the X-ray structure.
Although transition-metal iminol compounds are rare,38-41 the
N-bound linkage isomer (observed in 5) tends to be the thermo-
dynamically favored form.36

The orientation of the iminol N(5)C(12)O(2) plane in 5
(Figure 11) is orthogonal to that of the amidate in 2 (Figure 4).
These orthogonal orientations optimize H-bonding interactions
between the alkoxide oxygen, and ligand’s primary amine N-H
proton, for 5 and 2, respectively. Rotation of the acetamidate moiety
to a plane that is roughly perpendicular to that of the thiolate
containing S(1)Co(N(1)N(2)N(5) also minimizes steric interac-
tions between S(1) and O(1). The longer Co-O(1) alkoxide and
C(12)-O(2) bonds in 5 (1.881(2) Å) relative to 4 (1.858(5) Å),
and unusually short O(1) 3 3 3O(2) separation (2.400 Å) provide
evidence to support the presence of a proton on O(2) in 5. The
iminolO(1) 3 3 3Hdistance, andO(1) 3 3 3H-O(2) angle is 1.589Å
and 161.3�, respectively. H-bonds are weaker in the amidate
structure, with a N(4)-H 3 3 3O(1) distance of 1.895 Å and a

Figure 11. ORTEP of [CoIII(OMe2N4(tren))(MeCN)]2þ (4) showing
50% probability ellipsoids and the atom labeling scheme. Hydrogens
have been omitted for clarity.

Figure 12. Monitoring the hydration reaction between [CoIII(OMe2N4-
(tren))(MeCN)]2þ (4) and H2O (4000 equiv.) by electronic absorp-
tion spectroscopy over the course of 2 h at ambient temperature.

Figure 13. ORTEP of [CoIII(OMe2N4(tren))(NHC(OH)CH3)]
2þ

(5) showing 50% probability ellipsoids and the atom labeling scheme.
Hydrogens have been omitted for clarity.

Scheme 3
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N(4) 3 3 3O(1) separation of 2.699 Å. TheN(4)-H-O(1) angle is
144.7�.
As described above, a comparison of bond lengths in thiolate

and alkoxide structures 2 and 5 shows that nitrile C�N bond
cleavage has proceeded further along the reaction coordinate
(Scheme 3, see Figure S8 in the Supporting Information) in the
thiolate-ligated complex. Hydration stops at the Co(III)-iminol
with the alkoxide complex (Scheme 3), but proceeds further to
the Co(III)-amidate in the thiolate complex (see Figure S8 in
the Supporting Inforamtion). A Co(III)-iminol intermediate is
proposed to form during the NHase catalytic cycle, although this
has yet to be observed.11,22 There are two reasonable explana-
tions for the observed differences in reactivity for thiolate- and
alkoxide-ligated nitrile complexes 1 and 4. First, the metal ion in
alkoxide-ligated 4 is presumably more Lewis acidic than in 1,
given the electron withdrawing capabilities of an alkoxide relative
to a thiolate. Previously we showed that thiolates decrease metal
ion Lewis acidity relative to alkoxides.17 The more Lewis acidic
metal ion of 4 would facilitate hydration under milder conditions
with a weaker nucleophile (H2O vs OH-). Second, if the
alkoxide H-bonds to the incoming water molecule (Scheme 3),
then the water would become more nucleophilic as a result. A
highly conserved Ser-OH residue is proposed to play a similar
role in NHase.11,22 In the case of our synthetic model, 5,
H-bonding to the alkoxide (to form a 6-membered chelate ring;
Scheme 3) would then stabilize the iminol tautomer (protonated
at the oxygen), and prevent its rearrangement to the correspond-
ing amide (protonated at the nitrogen), by locking the proton
into position and inhibiting its transfer to the nitrogen. The
proton on the oxygen would favor the resonance structure
containing a single as opposed to double C-O bond. Given
the lower propensity of thiolates to H-bond, this intermediate
would be less stable when the alkoxide is replaced with a thiolate,
thus favoring rearrangement of the iminol intermediate to an
amidate. Hydroxide-induced hydration would initially afford a
deprotonated iminol (missing the proton at the nitrogen; see
Figure S8 in the Supporting Information). As long as the iminol
OH proton is not locked into position via a H-bond, then
coordination to the Co(III) ion, via the nitrogen, would favor
rearrangement of this deprotonated iminol to the amidate by
stabilizing negative charge build-up at the nitrogen (see Figure S8
in the Supporting Information). Proton transfer from either the
doubly protonated iminol oxygen intermediate preceding 5
(Scheme 3), or the singly protonated iminol oxygen intermediate
preceding 2 (see Figure S8 in the Supporting Information), to
the nitrogen could either be intramolecular, or assisted by water.
With NHase, proton transfer is believed to be mediated by a
highly conserved H-bonding network.11,22

’SUMMARY AND CONCLUSIONS

In summary, a biomimetic Co-NHase analogue is described
which binds both MeCN and OH- to afford NHase intermedi-
ate analogues, [CoIII(SMe2N4(tren))(MeCN)]2þ (1) and [CoIII-
(SMe2N4(tren))(OH)]

þ (3), both of which were crystallographi-
cally characterized. The nitrile of low-spin (S = 0) 1 is activated
toward nucleophilic attack by OH- (∼10 mM), and nitrile hydra-
tion occurs readily (k1(298 K) = 2.98(5) M

-1 s-1,ΔH‡ = 12.65(3)
kcal/mol, ΔS‡ =-14(7) e.u.) to afford acetamidate-ligated [CoIII-
(SMe2N4(tren))(NHC(O)CH3)]

þ (2). Thiolate-ligated 2 is the
first reported example of a NHase Co(III)-amide intermediate
analogue. The activation energy of this hydration reaction (Ea = 13.2

kcal/mol) is significantly lower than that (Ea = 20.3 kcal/mol) of
free MeCN (with 0.65 M OH-),18 but higher than that (Ea = 5.5
kcal/mol) of the NHase enzyme,11 most likely because 1 lacks the
conserved H-bonding network which facilitates enzymatic nitrile
hydration. A mechanism involving initial exchange of the bound
MeCN for OH- is ruled out by the fact that nitrile exchange from 1
(kex(300 K) = 7.3(1)� 10-3 s-1) is 2 orders of magnitude slower
than nitrile hydration. The fact that hydroxide bound 3 does not
promote nitrile hydration also rules out this mechanism. In contrast
to trans cysteinate-ligated Co-NHase, 2 does not release the amide
product (even in the presence of a proton donor), thereby pre-
venting turnover. A likely reason for this is that the cationic charge of
2 increases product affinity. The penta-anionic ligand environment
of the NHase Co(III) ion, and trans labilizing effect of the thiolate,
prevents this problem with NHase. When an alkoxide is incorpo-
rated in place of the thiolate of 1, in [CoIII(OMe2N4(tren))-
(MeCN)]2þ (4), nitrile hydration is facilitated under milder
conditions (withH2O as opposed toOH-) to afford a rare example
of a crystallographically characterized iminol-bound intermediate
[CoIII(OMe2N4(tren))(NHC(OH)CH3)]

2þ (5). This is the first
reported example of a Co(III)-iminol. With 4, this reaction is so
facile that even residual water in acetonitrile can lead to hydrolysis.
The alkoxide mimics the conserved NHase serine, which is
proposed to promote nitrile hydration by H-bonding to the
incoming H2O and facilitating proton exchange. H-bonding to
the alkoxide in 5 stabilizes the iminol tautomeric form. Comparison
of the bond lengths in hydrated nitrile intermediates of thiolate-
ligated 2 versus alkoxide-ligated 5, shows that the thiolate causes
C�N bond activation, and CdO bond formation to proceed
further along the reaction coordinate. The thiolate’s decreased
propensity to H-bond prevents the reaction from stopping at the
iminol-a proposed, yet unobserved, NHase intermediate.
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