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Cobalt(III) Complexes with Carboxamido-/V and Sulfenato-S or Sulfinato-$S
Ligands Suggest that a Coordinated Sulfenate-S is Essential for the Catalytic
Activity of Nitrile Hydratases
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A Dis(sulfenato-S)Co™ complex and its corresponding
bis(sulfinato-S) complex were prepared. Their catalytic ni-
trile hydration activity was tested. Whereas the former cata-

lyzes the hydration of CH3CN under mild acidic conditions,
the latter is inactive. A mechanism for this reaction is pro-
posed, in relation with nitrile hydratase activity.

Introduction

Nitrile hydratases (NHases) are non-heme iron or non-
corrinoid cobalt-containing enzymes that catalyze the hy-
dration of nitriles to amides.['l NHases are used for the in-
dustrial production of acrylamidel® and for the removal of
nitriles from waste streams.’] Both active and inactive
forms of the iron NHases have recently been characterized
by X-ray diffraction and ENDOR (Electron Nuclear
Double Resonance) spectroscopy. The coordination sphere
of the metal centre is very unusual. For the active form of
the NHase from Rhodococcus sp.R312, the structure at 2.65
A resolution showed that iron is bound to three cystein-
thiolates, two amido nitrogen atoms from peptide bonds of
the protein main chain,™ and an axial hydroxide or water
molecule as the sixth ligand.[®! For the inactive form of the
NHase from Rhodococcus sp.N-771, the structure at 1.7 A
resolution revealed that two of the coordinated sulfur atoms
belong to sulfenic (Cys-SOH) and sulfinic (Cys-SO,H) moi-
eties, and one nitric oxide ligand occupies the sixth posi-
tion.[%] The cysteine-sulfinate and cysteine-sulfenate ligands
are assigned to the post-translational modification of for-
mer cysteines. The iron and cobalt NHases have similar
metal sites, according to EXAFS data.l’l A very recent
study of a Co-substituted Fe-NHase showed that the cata-
lytic activity is correlated to the post-translational oxidation
of a cysteine.!® This oxidation of one cysteine into cysteine-
sulfinate has been established by mass spectrometry, but
this does not exclude the existence of a former relatively
unstable cysteine-sulfenate at the enzyme active site.

All these data did not suggest a role for the sulfenato-S
and/or sulfinato-S ligands in NHase catalysis. The study of
relevant mimetic complexes, however, should yield clues to
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this question. Several mimetic Fe™ and Co™ model com-
pounds of NHases have recently been synthesized.”~!'%
Some of them have been oxidized by H,O, to give the sulfi-
nato-S species!!%l11alllldl and one gave an inert n>-sulfen-
ato, sulfinato-S derivative.l'>®! Only one cobalt mimetic
complex has been reported to have nitrile hydratase activ-
ity.['!®] The structure of this presumably hydroxo complex
[Co(PyPS)(OH)J]*~ is not known (although it is assumed to
contain one pyridine, two carboxamido-N and one thiolato
ligands in a plane, and the second thiolate in an axial posi-
tion). It allowed conversion of acetonitrile into acetamide at
50 °C and pH = 9.5 (18 turnovers). This reaction probably
involves the nucleophilic property of the hydroxide ligand.

We have reported the first example of the oxidation of a
carboxamido-N, thiolato-Fe™ complex [FeN,S5>~ by di-
oxygen to give a sulfinato-O species [FeN,S,OSOJ*~ raising
the question of S- vs. O-coordination to the metal.’ To
investigate which factors could control the eventual oxida-
tion of the bound in-plane thiolates in Co-NHases, we have
synthesized a tetradentate eleven-atom ligand Hy4N,S,, con-
taining two aliphatic thiols and two aliphatic amides 1
(H4L).['3 The derived square-planar complex [Co™L]™ (2)
was characterized by X-ray diffraction.[®®! Cyanides and
isocyanides were the only ligands found able to give hexaco-
ordinated complexes upon bis-axial coordination, as shown
by spectroscopic data together with an EXAFS study."!
Such a coordination allows oxygenation of the in-plane thi-
olates to take place by air or hydrogen peroxide. We have
thus reported the preparation of the disulfenato compound
Na[Co(L-N,SOSO)(tBuNC),] (3).°4 We now report the
preparation of the corresponding disulfinato derivative
(Me4N)[Co(L-N,S0,50,)(tBuNC),] (4). Whereas 3 ex-
hibits nitrile hydration catalytic activity, 4 is inactive.

Results and Discussion

The addition of 50% aq. H,O, to a solution of the
square-planar complex [Co™L]™ (2)P® in EtOH, in the
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presence of excess tBuNC and one equivalent of MeyNCl,
gave the yellow disulfinato complex (MesN)[Co(L-N,SO,-
SO,)(tBuNC),] (4) (Scheme 1). Single crystals of 4 suitable
for X-ray analysis were formed by slow diffusion of Et,O
into an EtOH solution in the presence of a small amount
of H,O. The X-ray structure of 4 is shown in Figure 1.
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Figure 1. CAMERON representation (ellipsoid at 30% probability
level) of 4; H atoms are omitted for clarity; selected bond lengths
(A) and angles (°): Co(1)—S(1) 2.2114(9), Co(1)—S(2) 2.2255(9),
Co(1)—N(1) 1.962(3), Co(1)—N(2) 1.954(3), Co(1)—C(14) 1.877(3),
Co(1)—C(19) 1.867(3), C(14)—N(4) 1.149(4), C(19)—N(4) 1.143(4),
S(1)—O(11) 1.449(3), S(1)—0O(12) 1.470(3), S(2)—0O(21) 1.452(3),

S(2)-0(22) 1.472(3):; S(1)~Co(1)-S(2) 95.56(4),
S()~Co(1)-N(1)  86.87(8),  N(I)-Co()~N(@2)  90.9(1),
S(1)-Co(1)~-N(1)  86.87(8),  S(2)—Co(1)~-N(2)  86.65(8).
C(14)—Co(1)~C(19)  174.7(1), Co(1)~C(19)~N(4) 175.0(3),
Co(1)-C(14)-N(3)" 176.53), C(14)-N(3)—-C(15) 166.53).

C(19)—N(4)—C(20) 173.6(3)
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Compound 4 is a distorted octahedral Co™ complex

with an N,S, equatorial plane containing carboxamido-N
and sulfinato-S ligands and two axial isocyanido ligands.
Water molecules help to stabilize the crystal lattice through
hydrogen bonding to the oxygen atoms of the sulfinato-S
and carboxamido-N ligands. The presence of one Mey,N™
cation per cobalt in the unit cell of 4 confirms the oxidation
state as cobalt(III). The Co—N bond lengths are similar
to those reported for carboxamido-N ligands in hexacoor-
dinated Co™ complexes,'!l but are 0.08 A longer than
those found in the parent square-planar complex 2.1l
The Co—S bond lengths (2.22 A) are similar to those
reported for structurally characterized Co™-sulfinato com-
plexes.[10a.11a.11d] The Co— C-isocyanido bonds are 0.04 A
longer than the only reported values (1.83—1.79 A) for
Co"'— C-isocyanido cyclopentadienyl compounds.['¥ The
isocyanides are almost linearly coordinated to the metal,
with a Co—C—N angle of 176°, a C—N—C angle of 173°
and a C—N bond length of 1.14 A, which confirms a C=N
triple bond. The IR spectrum (KBr pellet) of 4 shows the
characteristic coordinated carboxamido-N vco frequency at
1565 cm™! and strong absorptions at 1195, 1065 cm™! cor-
responding to the vgo stretching vibrations of coordinated
S-sulfinates.”®! The strong asymmetric vey stretching fre-
quencies of the isocyanides are increased from 2140 cm ™!
to 2215 cm™! upon coordination, indicating a higher bond
order in 4 than in the free ligand, fitting the C=N triple
bond description and a prevailing g-donor character of the
isocyanide ligands rather than a potential m-acceptor con-
tribution.

It is noteworthy that the overall geometries of [Co(L-
N,SOSO)(tBuNC),]- (3) and  [Co(L-N,S0,S0,)-
(tBuNC),]~ (4) are very similar. The two complexes have
comparable Co—N and Co—S bond lengths, but the Co—C
bonds are longer in 4 than in 3 suggesting that the sulfinato
(SO») group is a stronger-field ligand than the sulfenato
(SO) group.

Yellow solutions of 4 in polar solvents (alcohols, DMSO,
DMF, H,0) are stable in air and the complex behaves as a
hexacoordinated species with a diamagnetic low spin Co'!
(Evans method). The electrospray mass spectrum exhibits
a peak at m/z = 591 ([Co(L-N>S0,50,)(tBuNC),] 7). The
structural and spectral characteristics of 4 are similar to
those of a Co'lsulfinato complex reported very re-
cently.[1%]

The testing of the hydration catalytic activity of com-
pounds 3 and 4 was conducted in a mixture of CH;CN/
H,O under various conditions of temperature and pH. The
reaction is slow and could be followed by 'H NMR spectro-
scopy using 1,3,5-trimethoxybenzene as internal reference
for turnover number determination. Only 3 led to the
formation of acetamide; no trace could be detected with
4. Under alkaline conditions (aq. NaHCO;, pH = 9), no
conversion of CH3CN was observed. At pH = 7 and 20
°C, acetamide was formed (2 turnovers) and 3 remained
unchanged (‘H NMR spectroscopy) after 24 h. Varying the
temperature did not improve the turnover number. Acidic
pH = 4.8 (1 m HOAc/NaOAc buffer) at 4 °C gave the best
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result (50 turnovers). Other acidic conditions (0.5 M HOAc/
NaOAc buffer, pH = 4.8; 0.4 m HOACc; 0.03 m HCI; or 0.5
M H3;PO4/KH,PO, buffer, pH = 2.1) gave a less efficient re-
action.

Although 3 gives a slow reaction under the conditions
studied, the hydration mechanism deserves interest. At vari-
ance with the known!''"® complex [Co(PyPS)(OH)J*>",
which promotes the conversion of acetonitrile into acetam-
ide (18 turnovers) only at 50 °C and pH = 9.5 (Tris buffer),
probably through a Co™-bound hydroxide ligand, 3 does
not catalyze nitrile hydration in basic conditions (pH = 9).
The reaction works better in mildly acidic conditions, al-
though 3 undergoes a slow decomposition under these con-
ditions, probably due to the protonation of the carboxam-
ido-N ligands. Compound 3 has no free coordination site
to allow either water or acetonitrile binding to Co™ and
our results suggest that a general acid catalysis could be
required for nitrile hydration catalyzed by 3. The absence
of catalytic activity of 4 points to a possible role of the
nucleophilicity of the coordinated S-sulfenates in 3. The
oxygen atom of S-bound sulfenates has been shown to ex-
hibit nucleophilic properties.!'”!

When 30% H,'®0/H,'°O was used for the hydration of
acetonitrile in a 1 M HOAc¢/NaOAc buffer (pH = 4.8) at 4
°C for 17h, complex 3 gave the complexes [Co(L-
N>S180S1°0)(1BuNC),]~ (3a) and [Co(L-
N>S'80S5'30)(rBuNC),]~ (3b) characterized by electrospray
mass spectrometry (m/z = 561, 563 respectively). This indic-
ates that an exchange of oxygen atom occurs at the coordin-
ated sulfenates during the hydration catalysis. That this ex-
change occurs during the actual hydration catalysis is dem-
onstrated by the absence of any '%0 incorporation into 3
when acetonitrile is absent in exactly the same conditions.

Our observations, together with the known nucleophilic
properties of coordinated S-sulfenates,['3] lead us to pro-
pose a tentative mechanism for the formation of complexes
3a and 3b during the hydration of CH;CN catalyzed by 3
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Scheme 2. Tentative mechanism for the hydration of CH;CN cata-
lyzed by 3
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(Scheme 2). Complex 3 displays nucleophilic catalysis, as-
sisted by general acid catalysis by the HOAc/NaOAc buffer.

Conclusion

This study has shown the importance of coordinated sul-
fenates (SO) for nitrile hydration catalysis by a carboxam-
ido-N Co™ complex. The corresponding sulfinato (SO») de-
rivative is inactive under the same conditions. Our results
suggest that in the case of Fe or Co NHases, the post-trans-
lational oxidation of metal-bound cysteines into sulfenic
moieties, is a crucial step for nitrile hydration. Although
the hydration reaction catalyzed by 3 appears to be of low
efficiency due to its intermolecular character, this situation
could be overcome by a proximity reaction within the en-
zyme active site. The conjunction of nucleophilic and gen-
eral acid catalyses might explain the enzyme uncommon
route for nitrile hydration.

Experimental Section

Complex 3: This compound was prepared according to our previ-
ously reported procedure® with some slight modifications. tBuNC
(51 mg, 0.6 mmol) was added to a deep green solution of
Na[CoL]'DMF (2)" (46 mg, 0.1 mmol) in DMF (0.5 mL) and
acetone (1 mL) cooled to —10 °C. The resulting pink solution was
stirred for 10 min. and then solid H,O»-urea (56 mg, 0.6 mmol) was
added. After 1 h at —10 °C, acetone (1 mL) was added and the
orange precipitate was filtered, rinsed with acetone, and dried un-
der vacuum to afford Na[Co"(L-N,SOSO)(tBuNC),]-urea (3)
(55 mg, 85%). — 'H NMR (250 MHz, [D¢]DMSO): § = 5.44 (s, 4
H, urea), 3.60 (d, J = 13.3Hz, 2 H, NCH Hg), 3.09 (d, 2 H,
NCHAH3p), 1.39 (s, 18 H, tBuNC), 1.28 (s, 6 H, CH3), 1.17 (s, 6 H,
CHs), 1.12 (s, 6 H, CH3).

Complex 4: MeyNCl (16 mg, 0.15 mmol) and rBuNC (60 mg,
0.72 mmol) were added successively to a deep green solution of
Na[CoL]'DMF (2)®® (54 mg, 0.12mmol) in degassed EtOH
(1 mL) cooled to —10 °C. The resulting pink solution was stirred
under Ar for 10 min. and an aq. 50% solution of H,O, (310 mg,
5.44 mmol) was then added dropwise. The orange solution was
stirred at —10 °C for 3 h and kept in a refrigerator overnight. The
precipitate (NaCl) was filtered off and rinsed with EtOH (95%,
1 mL). Et,0 (= 20 mL) was added to the combined yellow solution
and kept at 4 °C overnight. The resulting yellow crystals were fil-
tered and dried under vacuum to afford (MesN)[Co"(L-
N,50,50,)(1BuNC),]-H,O (4) (70 mg, 96%). — C,;Hs5,CoNs0-S,
(683.81): caled. C 47.42, H 7.96, N 10.24, S 9.38; found C 47.17,
H 7.54, N 10.11, S 9.26. — UV/Vis (MeOH) [Aya., nm (g,
m~!ecm™1)]: 400 (sh), 312 (20000), 208 (13000). — IR (KBr): v =
2215 (s, ven), 1565 (s, veo), 1195 and 1065 (s, vgo) cm™!. — 'H
NMR (250 MHz, [Dg]DMSO): 6 = 7.75 (br. s, 2 H, D,0 exchange-
able, H,0), 3.18 (s, 4 H, NCH,), 1.39 (s, 18 H, tBuNC), 1.31 [s, 12
H, (CH;),N*], 1.27 (s, 6 H, CH3), 1.18 (s, 12 H, CH3). — Elec-
trospray MS (MeOH): m/z (%) = 591 [M — Mey,N™] .

Crystal Data for 4-H,0: C,;Hs,CoNsOS,, M = 683.81, yellow
crystals, monoclinic, space group P2,/n, a = 11.621(7), b =
16.845(6), ¢ = 18.468(4) A, Z =4, B = 79.64(3)° V = 3556(3) A3,
D, = 128 grem 3, T = 295 K, Mo-K,, radiation (. = 0.71069 A),
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7606 reflections were measured, 4631 of which were used in all
calculations (R;,; = 0.02). The structure was solved by SHELXS-
86161 and refined by least-squares analysis using anisotropic ther-
mal parameters, H atoms were introduced in calculated positions,
with F, > 30(F,), the programs CRYSTALS!') and CAMERONU?I
were used, R = 0.0479, Ry = 0.0574.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
no. CCDC-161812. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) +44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Typical Procedure for the Catalytic Hydration of CH3CN: A mix-
ture  of  Na[Co(L-N,SOSO)(rBuNC),J-urea (3) (5mg,
0.008 mmol) and 1,3,5-trimethoxybenzene (7 mg, 0.042 mmol) in
CH;CN (0.5mL) and a HOAc/NaOAc buffer (1 m, pH = 4.8,
0.5mL) was stirred at 4 °C for 17h. After lyophilization,
[Dg]Me,SO was added to the mixture and the presence of
0.144 mmol of acetamide was determined (18 turnovers) by 'H
NMR spectroscopy. The turnover number increases with the reac-
tion time. 42 Turnovers and 50 turnovers were found after 3 and 6
days, respectively.
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