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ABSTRACT: The biologically relevant S-alkylation reactions of
thiolate ligands bound to a transition metal ion were investi-
gated with }i)articular attention paid to the role of the metal
identity: Zn" versus Ni'. The reactivity of two mononuclear
diamine dithiolate Zn and Ni complexes with CH;I was studied.
With the [ZnL] complex (1) (LH, = 2,2'-(2,2'-bipyridine-6,6'-
diyl)bis(1,1-diphenylethanethiolate)), a double S-methylation
occurs leading to [ZnL™**L,] (1M¢?), while with [NiL] (2), only
the mono-S-methylated product [NiL***]1 (2M°) is formed. Com-
plexes 1 and 1™* have been characterized by X-ray crystal-
lography, while the structures of 2 and 2M® have been previously described. The kinetics of the first S-methylation reaction,
investigated by "H NMR, is found to follow a second-order rate law, and the activation parameters, AH" and AS¢, are similar for both
1 and 2. S K-edge X-ray absorption spectroscopy measurements have been carried out on 1, 2, and 2™¢, and a TD-DFT approach
was employed to interpret the data. The electronic structures of 1 and 2 calculated by DFT reveal that the thiolate—metal bond is
predominantly ionic in 1 and covalent in 2. However, evaluation of the molecular electrostatic potential minima around the lone
pairs of the thiolate sulfur atoms gives similar values for 1 and 2, suggesting a comparable nucleophilicity. The DFT-optimized
structures of the mono-S-methylation products have been calculated for the Zn and Ni complexes. Molecular electrostatic potential
analysis of these products shows that (i) the nucleophilicity of the remaining thiolate sulfur atom is partly quenched for the Ni
complex while it is conserved in the Zn complex and, more importantly, (ii) that the accessibility for the methyl transfer agent to the
remaining thiolate is favored for the mono-S-methylated Zn complex compared to the Ni one. This explains the absence of a double
S-methylation process in the case of the Ni complex at room temperature.

B INTRODUCTION

Transition metal ions with thiolate ligands are found in the
active sites of numerous metalloProteins and involved in a wide
variety of biological processes. Within this large family of
metalloproteins, some active sites exploit the nucleophilicity of
the thiolate sulfur atom to perform S-oxygenation and S-alkyla-
tion reactions.” Indeed, post-translational modifications in nitrile
hydratase implicate S-oxygenation reactions via mononuclear
thiolate Co™" or Fe'" active sites.” In addition, Zn"-dependent
thiolate methylation proteins have been identified including
methionine synthase,® farnesyl transferase,” and, most prominently,
the Ada protein implicated in DNA repair.®

In an effort to obtain insight into the S-alkylation mechanism
of these Zn(1l) metalloenzymes, the reactivity of synthetic
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mononuclear thiolate Zn" complexes has been investigated in
numerous studies.” > Generally, S-alkylation reactions can
follow two different pathways: (i) a dissociative mechanism, in
which the metal—sulfur bond is split, followed by a Sy2 reaction
involving the free thiolate and (ii) an associative mechanism, in
which the reaction occurs via a S\2 reaction involving the bound
thiolate. It has been demonstrated that for anionic tetrathiolate
Zn complexes a dissociative mechanism is operative,'>** while
for neutral thiolate Zn complexes and for the Ada protein an
associative mechanism is most likely.'' 132372
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Even if none of the Ni thiolate-containing enzymes achieve
S-oxygenation or S-alkylation reaction, synthetic mononuclear
thiolate Ni complexes have also been extensively investigated
because of their efficient reactions with dioxygen™’ " or alkyl">*>~*’
transfer agent. It appears from these studies that series of mono-
nuclear Ni'" and Zn" thiolate complexes synthesized with the
same ligand exhibit different reactivity toward S-alkylation.
Indeed, the nature of the byproduct varies as a function of the
metal: the resulting thioether remains generally bound to the Ni
center, while it dissociates from the Zn center. For dithiolate
complexes, only one sulfur atom is rapidly alkylated in the Ni
complexes, while the mono-S-alkylated product is never isolated
in the corresponding Zn complexes because of the very fast
second S-alkylation reaction.

Thus, there is a need to define the factors that govern the
nucleophilic reactivity of mononuclear Zn" and Ni" thiolate
complexes with the aim of eventually being able to predict it. In
this context, this work is focused on the reactivity toward CH;I of
two mononuclear dithiolate N,S, Zn and Ni complexes, which
has been rationalized by a deep investigation of their electronic
structure. We report here the synthesis and characterization of
the new mononuclear bisamine dithiolate N,S, [ZnL] complex (1)
(H,L = 2,2'-(2,2/-bipyridine-6,6'-diyl) bis( 1, 1-diphenylethanethiol )
(Scheme 1). We have shown that 1 reacts with CH;], generating the
double S-methylated complex, [ZnLM®1,] (1™¢%) (Scheme 1). We
also compared the reactivity of 1 with that of the previously
described isostructural Ni"" complex, [NiL] (2),*® which leads to
the mono-S-methylated complex, [NiL™*]1 (2¥¢)*° (Scheme 1).
The S-methylation mechanism was investigated by kinetic ex-
periments performed on 1 and 2. S K-edge X-ray absorption
spectroscopy (XAS) combined with quantum chemistry have
been used to explore the electronic structures of the complexes 1,
2, and 2™ and especially the nature of the metal—thiolate bond,
related to the reactivity of the initial and mono-S-methylated
complexes.

B RESULTS AND DISCUSSION

1. X-ray Structure of [ZnL] (1) and [ZnL™®%,] (1™¢2). The
structures of complexes 1 and 1> were determined by X-ray
crystallography (Figure 1). Selected bond distances and angles
are provided in Table 1. Complex 1 is crystallized in CH,Cl, as a
mononuclear dithiolate N,S, Zn" complex, as for the previously

(b)

Figure 1. ORTEP drawing of (a) [ZnL] (1) and (b) [ZnLM**L,] (1™¢%);
30% thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Table 1. Selected Bond Lengths (A) and Angles (deg) for
[ZnL] (1) and [ZnLM*?1,] (1M%)

1 2
Zn(1)—N(1) 2.116(5)  Zn(1)—N(1) 2.045(4)
Zn(1)—N(2) 2.117(5)  Zn(1)—N(2) 2.061(4)
Zn(1)—S(1) 2271(2)  Zn(1)-1(1) 2.5432(7)
Zn(1)—S(2) 2.284(2)  Zn(1)-1(2) 2.5384(7)
S(1)—C(25) 1.769(5)
S(2)—C(4s) 1.774(6)
N(1)-Zn(1)-N(2)  77.9(2) N(1)-Zn(1)—N(2)  81.34(19)
N(1)—Zn(1)-S(1) 97.8(1) N(1)—Zn(1)-I(1)  114.86(10)
N(1)-Zn(1)-S(2)  143.4(1) N(1)-Zn(1)-1(2)  109.19(11)
N(2)—Zn(1)-S(1)  146.4(1) N(2)—Zn(1)-1(1)  109.47(11)
N(2)—Zn(1)-S(2) 97.0(1) N(2)—Zn(1)-1(2)  113.75(10)
S(1)=2Zn(1)—S(2)  104.98(7)  1(1)—Zn(1)-1(2) 121.37(3)

described Ni'" complex (2).>® In contrast, in the presence of
CuCl, the L*~ ligand reacts with CH,Cl, to form a dinucleating
ligand, leading to a dicopper complex.*’

The coordination sphere of the Zn" ion consists of two
nitrogen atoms of the bipyridine unit and two sulfur atoms of
the aliphatic thiolates of L*~. The geometry around the central
Zn ion is in between a square plane and a tetrahedron, with a twist
angle of 46.38° (angle between the NZnN and SZn$ planes). In
contrast, the corresponding Ni'" complex, 2, displays a pseudo-
square-planar geometry with a twist angle of 29.15°. The other
previously described dithiolate N,S, Zn" complexes present
geometries closer to a tetrahedron regardless of whether the
ligands lead to 5- or 6-membered N,S chelates.” ~** As expected,
the Zn—S (2.271(2) and 2.284(2) A) and Zn—N (2.116(5) and
2.117(5) A) bond distances in 1 are slightly longer than those of
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2 (Ni—S 2.173(1) and 2.176(1) A; Ni—N 1.934(2) and
1.935(2) A).

In the dimethyl complex 1™¢2 the zinc anion is coordinated
to two nitrogen atoms of the bipyridine units of L*** and two
iodide ions in a pseudo-tetrahedral geometry with a twist angle
of 85.95°. Coordination of the iodide ions to the Zn ion is
confirmed by the typical Zn—I bond lengths observed in 1M*
(2.5384(7) and 2.5384(7) A).'"* On the other hand, the long
Zn—S(CHj;) distances (5.87 and 5.89 A) unambiguously estab-
lish that the thioethers are not bound to the metal, in contrast
to 2M¢. The Zn—N distances (2.045(4) and 2.061(4) A) are
significantly shorter than those of 1. The I—Zn—I angle
(121.37(3)°) is affected by the small N—Zn—N angle
(81.34(19)°) that is dictated by the rigidity of the bipyridine unit.

2. Electrochemical Properties of [ZnL] (1). The electroche-
mical properties of 1 were investigated in DMF. The cyclic
voltammogram displays a quasi reversible wave at E; , = —1.95V
vs Fc/Fc" (AE, = 70 mV) corresponding to a one-electron
reduction process (Figure S1, Supporting Information). On
the positive potential side, an irreversible wave is observed at
E, = +043 V. These two redox processes are obviously
ligand based, consistent with the filled d-orbital manifold of
the Zn" ion. The anodic wave is thus assigned to an oxidation oc-
curring at the thiolate sites, while the cathodic wave is attributed to
reduction of the bipyridine unit.

3. Methylation Studies. Reaction of 1 and 2 in the presence of
an excess of CH;l was studied in CH,Cl,, and the metal-
containing products were analyzed by mass spectrometry. The
S-methylation reaction is selective since in the case of the Zn
complex only the doubly S-methylated complex [ZnL“*’1,]
(1¢?) is formed, while in the case of the Ni complex, the
mono-S-methylated complex [NiLMJI (2M°) is exclusively
produced after 12 h (Figure S2, Supporting Information). Both
products were characterized by X-ray crystallography (see above
for 1M* and ref 39 for 2M¢). The inability of the thioethers to
coordinate to the Zn center in 1% is consistent with previous
studies demonstrating that upon S-alkylation the resulting thioether
generally dissociates from the metal center.”'**>** Indeed, only a
few examples of Zn groducts with bound thioether(s) have been
characterized so far.'>"> Conversely, upon S-alkylation, the gener-
ated thioether commonly remains bound to the Ni center.** >’

The S-alkylation reaction was monitored by '"H NMR in
CDCl, by the smooth decay of "H NMR resonances typical of
the initial dithiolate metal complexes, with the concomitant
appearance of features that are characteristic of the thioether
metal products of the methylation. For determining the rates of
the first S-methylation process, the decay of the 'H NMR
resonances of the initial species was monitored as a function of
time (Figures S3 and S4, Supporting Information). Kinetic data
were accumulated under pseudo-first-order conditions (large
excess of CH;I), and they can be fitted by assuming second-
order behavior (v = k,[M"L][CHsI]) for both systems (Scheme 1).
The pseudo-first-order rate constants (ko) were determined as
a function of the CH;I concentration (kyps = k,[CH5I]).
The k, values (1.3 x 10 *and 1.1 x 10 >*M ' s ' for 1 and
2, respectively, at 21 °C) reveal that with Ni the rate of the
first S-methylation is faster than with Zn (Table 2). The kinetic
parameters of these reactions were determined by analyzing
the temperature dependence of k, for both 1 and 2. From
the resulting Eyring plots disglayed in Figure 2, the activa-
tion parameters AH and AS™ were extracted: for 1, AH =
54(3) kJ-mol "' and AS" = —115(11) J-mol '+K ', and for 2,

Table 2. Second-Order Rate Constants (k) for Reactions of
1 (1.1 mM) and 2 (1.4 mM) with CH;I (mono-S-methylation)
in CDCl; at Different Temperatures

k(M s
T (K) 1 2
285.4 8.8(5)x 107* 6.0(2) x 103
294.0 1.5(2) x 1072 125(5) x 1072
3025 3.1(1) x 103 22(1) x 1072
3111 6.1(6) x 10 33(2) x 1072
-9
-104
< 114 1%
£
124
134
0.0032 0.0033 0.0034 0.0035
T'(K")

Figure 2. Eyring plots for reactions of 1 (A) and 2 (M) with CH;lin CDCls
determined by means of NMR data. Activation parameters derived from these
plots are AH'Z: +54(3) KJ-mol 'and AS" = —115(11) J-mol *-K for 1
and AH" = +47(4) kJ-mol ' and AS* = —123(12) J-mol 'K for 2.

AH® = 47(4) kJ-mol ' and AS" = —123(12) Jemol '-K L.
These values are comparable to those obtained on two isostruc-
tural monothiolate N4S Niand Zn complexes.14 However, in the
former study the Ni'" ion was high spin. Here, we confirm that the
kinetics of the first S-methylation is comparable for Zn" and low-
spin Ni" ions.

The reaction exhibits an apparent second-order process for both
Zn and Ni complexes, thus strongly suggesting that the same Sy2
mechanism is involved. Two mechanisms can be considered
depending on the nature of the active nucleophilic species: the
thiolate either is or is not coordinated to the metal center. On the
basis of earlier studies, it is commonly assumed that for neutral
complexes the mechanism is associative and does not involve a
breaking of the thiolate—metal bond before the S-alkylation
process. *'*** The large negative activation entropies together
with the small activation enthalpies values determined for 1 and 2
are also consistent with an associative mechanism.

All of our attempts to isolate the product of the mono-
S-methylation of 1 have failed, revealing that the second S-alkylation
is faster than the first one. In contrast, for the Ni complex, only
the mono-S-methylated compound was isolated even in the
presence of an excess of CH;I after 12 h of reaction. Formation
of traces of the bis-methylated [NiL“**]** complex is only
observed after 1 week of reaction at room temperature by mass
spectrometry. This is consistent with the previous studies of
Darensbourg, which showed that the second S-methylation of
dithiolate Ni complexes is slower than the first one.>*

Furthermore, in an attempt to understand the influence of the
iodide on the reaction, we carried out S-methylation reactions
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using a S-alkylating agent, which does not generate a coordinat-
ing counteranion, Me;OBF,. Mass spectrometry has shown
that for the Ni complex only mono-S-methylation occurs like
with CH;I but the reaction is slower. For the Zn complex, we can
only detect the L ligand even after 6 h of reaction using
Me;OBF,. In contrast, with CH;l, only the di-S-methylated
ligand (LMe2) is observed in the same conditions of reaction.
These results indicate that the presence of the iodide is required
to efficiently perform S-methylation reactions, especially for 1.

In order to explain this difference in reactivity between the
dithiolate Zn and Ni complexes for the S-methylation, we ex-
plored the electronic structure of the complexes by means of S
K-edge XAS experiments and theoretical calculations.

4. Spectroscopic and Theoretical Investigation of the
Methylation Process. 4.1. S K-Edge XAS Experiments. The solid
state S K-edge XAS of complexes 1, 2, and 2M¢ are shown in
Figure 3. The principal results are reported in Table 3. The
spectrum of 2 displays a pre-edge transition at 2470.5 eV,
assigned to a transition from the S;, orbital to the formally filled
S5, orbital, which gains hole character via mixing with a Ni 3d
orbital (i.e., the transition corresponds to the lowest unoccupied
molecular orbital with sulfur and metal character (LUMO)). The
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Figure 3. S K-edge XAS spectra of complexes 1, 2, and 2™*.

Table 3. S K-Edge XAS Results

exp. caled exp.
pre-edge  pre-edge  rising edge calcd rising
energy energy energy edge energy
(ev) (eV) (eV) (ev)
2 RS~ 2470.5 2470.6 24724 2472.1
2Me RST 2470.2 2470.3 2472.2
RSCH; 24724 2474.1 2473.6

rising edge transition is located at 2472.4 eV. From the normal-
ized intensity of the pre-edge, a semiquantitative measure of the
Ni—S bond covalency can be estimated.** ** Plastocyanin was
used as a reference, where it has been shown that 1.02 units of
pre-edge intensity corresponds to 38% sulfur character in the
singly occupied molecular orbital of the mononuclear Cu" thiolate
complex.*” The pre-edge intensity of 1.16 normalized units thus
corresponds to a contribution of 22% sulfur character in the
LUMO of 2 (~11% for each thiolate of L). For the previously
described dithiolate [Ni(bme-daco)] (H,-bme-daco = N,N'-bis-
(2-mercaptoethyl)-1,5-diazacyclootane) complex, a larger contri-
bution (23% for each thiolate) has been found.>

The S K-edge XAS of 2 displays three transitions at 2470.2,
2473.0, and 2474.1 eV. The pre-edge feature at 2470.2 eV is at
similar energy and approximately 60% as intense as the pre-edge
of 2 (0.65 arbitrary units). This mainly reflects the difference
in the number of thiolate sulfur donors in both complexes
(one and two in 2™¢ and 2, respectively). From its intensity,
the sulfur character of the LUMO can be experimentally esti-
mated as ~12%, a value comparable to that found for each
thiolate in 2.

The S K-edge XAS spectrum of the Zn'" complex (1) exhibits
only two features at 2472.0 and 2473.6 eV. The absence of pre-
edge feature in 1 is consistent with a d'* transition metal ion
complex.

4.2. Theoretical Investigations. 4.2.1. S K-Edge XAS Analysis.
The geometries of complexes 1, 2, and 2M¢ (denoted 1% 2% and
2Mex) optimized with DFT (see computational details) were used
as the basis for TD-DFT studies of the system’s S K-edge spectra.
The resulting optimized geometries compare well with the crystal-
lographic data, thus validating the computational approach
(Table 4).

By employing the TD-DFT approach, it has been shown that
the pre-edge transition can be properly predicted in the case of
thiolate—metal complexes.*”*> Our calculations adequately re-
produce the key features of the S K-edge XAS spectra of
complexes 2 and 2™¢ (Figures S5 and S6, Supporting In-
formation). For the two complexes, the energy of the pre-edge
involving the thiolate ligand(s) located at around 2470 eV is well
predicted (calculated 2470.6 and 2470.3 eV for 2* and 2M*,
respectively) (Table 3). For 2M*, the pre-edge transition invol-
ving the S-methylated thiolate ligand is calculated at 2472.4 eV,
which is unfortunately overlapping with the rising edge of the
thiolate ligand. This precludes determination of the normalized
intensity of the pre-edge for the S-thioether in the experimental
spectrum. Since the acceptor orbital is the same for both involved
transitions, the relative energy of the S  orbital for a thiolate
versus a thioether ligand can be measured from the difference
of their pre-edge energies. The value of 2.1 eV is consistent with
a previous study reporting that the S;, orbital energy difference
between a RS~ and a RSO, ligand was 5.4 eV In fact, the

Table 4. Selected Bond Distances (A) for the DFT Geometry-Optimized Models 1*, lMe(C)*, lMe(o)*, 2% and 2M** and
Comparison (in parentheses) with the Experimental Data When Available

M-S1 M-S2
1* 2281 (2.271) 2.284(2.284)
MO 2312 2817

1Me(O)x 2267

2* 2.154(2.173) 2,153 (2.176)

Mex 2217 (2.169—2.174) 2201 (2.172—2.187)

M—-N1 M—-N2 M-I

2.125(2.116) 2.125(2.117)
2.143 2.201 2.610
2.069 2.158 2.573
1.904 (1.934) 1.904 (1.935)

1.946 (1.899—1.914) 1.897 (1.918—1.959) 3.427(3.778)
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Figure 4. Contour plots of the LUMOs in 2* and 2™,

S, orbital of an S-oxidized thiolate is much more stable than the
corresponding orbital in an S-methylated thiolate.

The rising edge is more difficult to predict; however, our TD-
DFT-calculated spectra are consistent with the experimental data
(Figures SS and S6, Supporting Information). Indeed, the pre-
dicted rising edge for 2 is properly reproduced (the experimental
and calculated values are 2472.4 and 2472.1 eV, respectively).
For 2M*¥, the calculated energy of the rising edge implicating the
thioether at 2473.6 eV is consistent with the experimental peak
observed at 2474.1 eV (Figure 3).

The LUMO®? has a total metal character of only 32% and 40%
for 2* and 2™, respectively, and also features strong o-antibond-
ing interactions with S, orbitals in both complexes (Figure 4).
The S3;, character of the thiolate in the LUMO in 2* is about 10%
for each thiolate and 14% for the remaining thiolate in oMex
consistent with the S K-edge XAS eﬁ)erimental data (11% and
12% for 2 and 2™, respectively). In 2M*, the Ssp character of the
thioether is smaller, about 6%. Note that these numbers do, of
course, not represent physical observables. However, we found a
very good agreement between theory and experiment.

The covalency of the Ni—Syjo1ate bond is greater than that of
the Ni—Seioether bond given the Sz character in the LUMO
(14% and 6% for the thiolate and thioether in 2™, respectively).
Furthermore, the combination of experimental and theoretical
data demonstrates that the Ni—S covalency of the remaining
thiolate in 2™ is not affected by the presence of the neighboring
thioether because of the comparable calculated value for the S;,
character of the thiolate in the LUMO (10% and 14% for 2* and
Mex respectively). Equivalent strongly covalent Ni—Siolate
bonds therefore characterize both complexes.

4.2.2. Electronic Structures of the Dithiolate Zn and Ni
Complexes. The Lowdin population analysis of complexes 1*
and 2* is presented in Table S. In the [ZnL] complex, the
HOMO, nearly degenerate with the HOMO—1, is almost
exclusively localized on the two thiolate sulfur atoms (36% for
each), while for the [NiL] complex it also contains significant
metal character (40% on Ni and 24% on each sulfur atom)
(Figure S). The 7r-antibonding nature of the HOMO found in 2*
and other Ni thiolate complexes has been previously used as the
rationale for the increased nucleophilicity of the coordinated
thiolates.** In 1%, the strong ionic character of the Zn—S bond
compensates for the absence of the antibonding interactions,
leading to a Zn complex which is just as nucleophilic as the Ni
complex.* Tt is expected that these subtle electronic effects can
be obtained from evaluation of the molecular electrostatic
potential (MESP) around the lone pair region of the thiolate
sulfur. Local minima of the MESP, denoted hereafter V,,;,,, are
usually observed in these regions where the electronic term
dominates over the nuclear term. Determining MESP represents
an interesting approach to assess the molecule’s reactivity toward
positively or negatively charged reactants, because it provides a
good view of the relative polarity of a molecule. For both 1*and 2%,

Table 5. Lowdin Population Analysis for the HOMO and

Natural Population Analysis (NPA) Charges in Complexes 1%,
lMe(C)* IME(O)* 2* and ZME*
) ) )

molecular orbital composition (%) NPA charges

M S(1)" S(2)" M S(1)* s@)
1* 8 36 36 138 —048 —048
MO 7 68 <1 134 —052 021
1Me(O)x 7 70 <1 134 —050 0.19
2* 40 24 24 0.65 —0.14 —0.14
pMex 43 18 1 0.69 —020 041

“S(1): thiolate sulfur atom. ¥$(2): thiolate or thioether sulfur atom.

1Ma[0]t

Fi§ure S. Contour plots of the HOMOs in 1%, lMe(C)*, lMe(o)*, 2% and
27,

we obtain similar values for the minima (—0.078 and —0.069 au
for 1* and 2* respectively), suggesting that sulfur atoms in both
complexes are characterized by a comparable nucleophilicity.
This is in agreement with the available experimental data.

4.2.3. Electronic Structures of the Mono-S-Methylated Zn
and Ni Complexes. Looking at the products observed in the
presence of an excess of CH;l, a second S-methylation reaction
occurs exclusively with the Zn complex. To understand this
result, the nucleophilicity of the remaining thiolate sulfur atom in
the mono-S-methylated Zn" and Ni'"' complexes ([ML"*]I with
M = Ni" or Zn") was investigated.

While the product arising from the mono-S-methylation of
the Ni complex, 2M¢, has been isolated and characterized by
X-ray crystallography, for the Zn complex, the rate of the second
S-methylation in the Zn complex is too fast to isolate the mono-
S-methylated Zn product. DFT calculations were thus used to
predict the corresponding structure. Two optimized structures
have been obtained. First, optimization has been initiated from
the X-ray data of 2™, in which the Ni" ion has been substituted
by Zn", and is denoted 1MO* (for the closed form). The
second optimized structure is issued from the X-ray structure of
1M? and is denoted 1M(@)* (for the open form). The two
structures have been conserved for the discussion since the
difference in energy between these two structures is less than
1 kcal/mol and the energy barrier between them is also very
small, meaning that both structures can be present in solution.
The Bgrincipal structural features of the DFT-optimized structure
of 1 e(C)*! lMe(o)*, and 2™* are given in Table 4. For 2Me* the
calculated structure compared well with the experimental data,
unambiguously demonstrating that the thioether remains coor-
dinated to the Ni" center. Conversely for 1M the long
Zn—Sy;. distance (2.817 A) shows that this ligand is dissociated
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Table 6. Wiberg Bond Indices Calculated for the Me-
tal—Sulfur Bonds for Complexes 1%, lMe(C)*, IME(O)*, 2%,
and 2Me*

Wiberg bond
complexes bond il
" Zn—Shiolate 035
1Me(©)x Zn—Shiolate 032
Zn—Shioether 0.08
1Me(0)x Zn—Shiolate 037
o Ni—Sihiolate 0.55
pMex Ni—Sthiolate 053
Ni—Sthioether 041

from the metal ion. In fact, the Zn—Suioether bond lengths
found in the rare examples of bound thioether Zn complexes
are in the range 2.39—-2.62 A" For lMe(o)*, the Zn—N, Zn—1I,
and Zn—Syolte bond distances are comparable to that of
MO yhile the Zn—Sioether bond length is notably increased
leading to an open form.

The HOMOs for 1Me(©* 1Me(O)x ang aMex are displayed in
Figure 5. The HOMO of 2M** clearly reveals the loss of anti-
bonding interactions at the Ni—Sy, bond, and the contribution
of the thioether sulfur atom to the HOMO becomes negligible
(1%). However, the contribution of the thiolate sulfur atom to
the HOMO in 2™°* is still significant (18%) and cannot explain
the lack of reactivity of the complex. Looking at 1Me(©x and
1Me(9) the thiolate sulfur atom mostly contributes to the
HOMOs (68% and 70%, respectively), explaining that the
second S-methylation occurs more rapidly than the first one.

The Wiberg bond indices calculated for all complexes (Table 6)
reveal that the strength of the bonds varies in the order Ni—Suolate =
Ni—Suicether = ZN—Sgiclate = ZN—Sihioetherr The small value
calculated for the Wiberg bond index of the Zn—Sjpether bond
in 1Me(©)* 5 consistent with dissociation of the sulfur atom from
the Zn center. For the thiolate ligands, the interaction with the
central Ni is slightly stronger than with Zn, as indicated by the
increased Wiberg bond indices. On the other hand, the strengths
of the Ni—Sioether and Ni—Syi01ate bonds are similar, in agreement
with comparable bond lengths (2.201 and 2.217 A, respectivegr).
Finallgf, no significant effect on the M—S,igjare bond in Me( )*,
1M(9% and 2M** is observed upon S-alkylation.

Natural population analysis (NPA) shows that the thiolate sulfur
atom bears most of the negative char&f in the complexes (—0.52,
—0.50, and —0.20 for 1M(Ox MO ;4 JMex respectively)
(Table S). We notice an increase of the negative charge compared
to that of the initial complexes (—0.48 and —0.14 for 1* and 2%,
respectively). At first glance, this result is in contradiction with the
fact that no second S-methylation occurs with Ni. However,
looking at the molecular electrostatic potential maps displayed in
Figure 6, it clearly appears that the accessibility for the methgl
transfer agent to the remaining thiolate is favored for MO
compared to 1M(©* and 2M**_ The difference in steric hindrance
is certainly an important factor to explain why a second S-methyla-
tion can occur in 1 and not in 2. Furthermore, in the case of 2™,
we find a magnitude for the minimum of the electrostatic potential
of —0.052 au around the lone pair of the remaining thiolate sulfur
atom, notably reduced with respect to that of 2* (—0.069 au). In
the case of the Zn conl\}plex, Vinin 1s equal to —0.069 au for Me(©x
and —0.075 au for 1M suggesting that the open form is the
one that reacts with CH;1. The V/,,;, magnitude of 1 () higher

{Me(C)* {Me(O}*

2Mex

Figure 6. Electrostatic potential on the 0.02 au molecular surface
for 1Me(Ox (Me(Ox 4 pMex,

than that of 2M** and similar to that of 1* (—0.078 au). Conse-
quently, these calculations indicate that the negative partial charge
of the remaining thiolate sulfur is also partly quenched for the Ni
complex compared to the Zn one.

B CONCLUDING REMARKS

The reactivity of mononuclear dithiolate N,S, Ni and Zn
complexes toward S-methylation was investigated by kinetic
studies, and the results were tentatively rationalized by means
of § K-edge XAS measurements combined with quantum
chemistry. In the presence of an excess of CH3l, a double
S-methylation occurs in the case of the Zn complex, while for
the Ni complex, only the mono-S-methylated product is formed
at room temperature. However, the data show that a similar
mechanism is operative for the first S-methylation in both Ni and
Zn dithiolate complexes. This implicates that the nucleophilicity
of the remaining thiolate sulfur atom is different in the mono-
S-methylated Ni and Zn complexes. Besides, in the case of the Zn
complex, the mono-S-methylated complex cannot be isolated
given that the second reaction is faster than the first one.

The S K-edge XAS measurements show, as expected, that the
Ni—Sihiolate bond is highly covalent, while the character of the
Zn—Siolate bond appears to be ionic. However, evaluation of the
minimum of the electrostatic potential of the thiolate sulfurs in
both 1 and 2 complexes shows that their nucleophilicity is
comparable, in agreement with the kinetic experiments. Regard-
ing the second S-methylation process, which only occurs for the
Zn complex, the difference in reactivity with the Ni complex can
be rationalized by molecular electrostatic potential analysis.
Indeed, this analysis suggests (i) that the nucleophilicity of the
remaining thiolate in the Ni complex is partly quenched while it is
conserved in the case of the Zn complex and, more importantly,
(ii) that the accessibility for the methyl transfer agent to the
remaining thiolate is favored for the mono-S-methylated Zn
complex compared to the Ni one.

This work represents a nice example to show how powerful
the combination of experimental and theoretical investigation is
to understand the relation between the reactivity and the
electronic structure of transition metal ion complexes.

B EXPERIMENTAL SECTION

General. The ligand H,L>* and complexes [NiL] (2)*® and [NiL™*]1
(2™)* were prepared according to reported methods. THF and CH,Cl,
were freshly distilled (over Na/benzophenone and CaH,, respectively)
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prior to use. All other reagents and solvents were used as received.
Synthesis of [ZnL] (1) was performed under argon (Schlenk techniques).

Synthesis of [ZnL] (1). Solid NaH (60% in mineral oil, 12.8 mg,
0.320 mmol) was added to a solution of H,L (100 mg, 0.128 mmol) in
THF (15 mL). After 20 min, the excess of NaH was filtered off and a
solution of Zn(OCOCH;), (24 mg, 0.131 mmol) in MeOH:THF 1:4
(S mL) was added, yielding a clear yellow precipitate. After 1 h, the
solvents were removed in vacuo and the product was extracted from the
residue with CH,Cl, (35 mL). CH,Cl, was then removed in vacuo, and
the residual solid was washed with CH;0H (3 X S mL) and recrys-
tallized from CH,Cl,:CH3O0H 2:1, yielding a clear yellow microcrystal-
line solid (65 mg, 0.101 mmol, 79% yield). IR (cm ™ *): 3055w, 3024w,
2923w, 1598s, 1574m, 1487m, 1441m, 1268w, 1175w, 1078w, 1035w,
1022w, 804w, 793w, 754w, 742m, 695s, 592 m. 'H NMR (500 MHz,
CDCly): 0 3.97 (s, 4H, CH,), 6.60 (d, ] = 7.7 Hz, 2H, CH bpy), 7.10
(m, 12H, CH Ph), 7.36 (d, ] = 7.6 Hz, 8H, CH Ph), 7.60 (t, ] = 7.8 Hz,
2H, CH bpy), 7.90 (d, ] = 7.8 Hz, 2H, CH bpy). ESLMS (10~° M,
CH,Cl,:CH5CN, m/z, 1%): 643.1, 100 [ZnLH]*. Anal. Calcd for
CasHioN,S,Zn (644.17): C, 70.85; H, 4.69; N, 4.35. Found: C, 70.93;
H, 4.61; N, 4.28. Colorless X-ray suitable single crystals of 1 were obtained
by layering CH;OH over a saturated solution of the product in CH,CL.

Obtaining of Single X-ray Crystals of [ZnLM®%l,] (1M¢2),
Colorless single crystals of [ZnL"**L,] (1°?) were obtained by slow
evaporation of a CH,Cl,:CH30H (1:1) solution of [ZnL], which was
previously treated with CHsI (20 equiv) in CH,Cl, for 12 h. "H NMR
(500 MHz, CDCl;): 6 1.87 (s, 6H, CHj3), 4.93 (s, 4H, CH,), 7.21 (t, ] =
7.3 Hz, 4H, CH Ph), 7.34 (t, ] = 7.7 Hz, 8H, CH Ph), 7.61 (d, ] = 8.0 Hz,
2H, CH bpy), 7.66 (d, ] = 7.8 Hz, 8H, CH Ph), 7.76 (t, ] = 8.0 Hz, 2H,
CH bpy), 7.90 (d, ] = 7.9 Hz, 2H, CH bpy).

Physical Measurements. The infrared spectrum of 1 was recorded
on a Magna-IR TM 550 Nicolet spectrometer as a KBr pellet. '"H NMR
spectra were recorded on a Varian Unity+ 500 MHz spectrometer.
Elemental analysis of 1 was carried out with a C, H, N analyzer (SCA,
CNRS).

Kinetic Measurements. For reactions of 1 and 2 with CH;], the
rates of the first S-methylation process were measured by "H NMR
spectroscopy in pseudo-first-order conditions (i.e., in the presence of a
fixed concentration of complex and a large excess of CH;I) by moni-
toring the decay of the resonances of the initial complexes (in both cases
the CH, singlet of the coordinated ligand L>7) as a function of time.
Standard solutions of the complexes (1.3 mM of 1, 1.6 mM of 2) and
CH,I (0.80 and 6.96 M) were prepared in CDCl; and stored at 4 °C in
the dark. The reagents (and further CDCl;) were combined in a NMR
sample tube immediately prior to measurements (final concentrations
1.1 mM of 1 + 33—522 mM range of CH;], 1.4 mM of 2 + 5—80 mM
range of CH;I). After being mixed thoroughly, the tube was placed in a
thermostat probe of an NMR spectrometer. '"H NMR spectra were
recorded throughout the reaction. The integrated intensities I of the
CH, singlet at 3.9 and 4.1 ppm for 1 and 2, respectively, provide a
relative measurement of the concentration of the initial complex in each
spectrum. Pseudo-first-order rate constants (keus) were determined
from the slopes of first-order plots, —In I versus time (Tables $2—S9,
Supporting Information), at different analytical concentrations of CH;l
and temperatures (285.4, 294.0, 302.5, 311.1 K). Second-order rate
constants k, were determined using the relationship ko, = k,[ CH,I] for
each temperature (Table 2). An Eyring analysis of the temperature
dependence of k, yielded activation parameters AH* and AS*
(Figure 2).

ESI-MS Experiments. ESI-MS experiments were performed on a
Bruker Esquire 3000 Plus ion trap spectrometer equipped with an
electrospray ion source (ESI). Samples were prepared at 30 °C by
mixing S mL of a solution of 1 or 2 (0.6 mM of in CH,Cl,) with 20 equiv
(200 uL) of a solution of Mel or Me;OBF, (0.63 M in MeOH:CH,Cl,
1:9). The solutions have been analyzed after 3 min and 6 and 15 h

(only in the case of Mel for 15 h) of reaction in positive ionization mode
by direct perfusion in the ESI-MS interface after dilution to 5 x 10> M
with MeCN. All instrumental parameters remained unchanged for all
measurements (ESI capillary voltage 2 kV, sampling cone voltage 40 V).

ESI-MS (m/z,1%) of 1 + Mel: after 3 min 643.1, 100 [ZnLH]", §79.5,
90 [LH]"; after 6 and 15 h 609.1, 100 [LM®*H]*, 671.1, S [ZnLM**H]*
(see Figure S2, Supporting Information). ESI-MS (m/z,1%) of 2 + Mel:
after 3 min and 6 and 15 h: 651.1, 100 [NiL™®]* (see Figure S2, Sup-
porting Information). ESI-MS (m/z, I%) of 1 + Me;OBF,: after 3 min
and 6 h 581.1, 100 [LH,]". ESLMS (m/z, 1%) of 2+Me;OBE,: after 3
min 637.2, 100 [NiLH]"; after 6 h 637.2, 100 [NiLH]*, 651.4, 20
[NiLMe]*.

S K-Edge XAS. All data were measured at the Stanford Synchrotron
Radiation Lightsource under ring conditions of 3.0 GeV and 60—
100 mA. S K-edge data were measured using beamline 4-3. A fully
tuned Si(111) monochromator was utilized for energy selection, and a
Ni-coated mirror was utilized for rejection of higher harmonics. All
samples were measured at room temperature as fluorescence spectra
using a Lytle detector. Samples were ground finely and dispersed as
thinly as possible on Mylar tape to minimize the possibility of fluores-
cence saturation effects. Data represent 2—3 scan averages. All samples
were monitored for photoreduction throughout the course of data
collection. The S K-edge energy was calibrated using the S K-edge
spectra of Na,S$,05+ SH,O, run at intervals between sample scans. The
maximum of the first pre-edge feature in the spectrum was fixed at
2472.02 eV. A step size of 0.08 eV was used over the edge region. Data
were averaged, and a smooth background was removed from all spectra
by fitting a polynomial to the pre-edge region and subtracting this
polynomial from the entire spectrum. Normalization of the data was
accomplished by fitting a flattened polynomial or straight line to the
postedge region and normalizing the postedge to 1.0.

X-ray Crystallography. A summary of data collection and struc-
ture refinement for 1 and 1™ is reported in Table S1, Supporting
Information. Single-crystal diffraction data of 1 were taken using a
Bruker AXS Enraf-Nonius Kappa CCD diffractometer. The molecular
structure was solved by direct methods and refined with the TEXSAN
software package. Single-crystal diffraction data of 1°* were taken using
an Oxford-Diffraction Xcallibur S Kappa geometry diffractometer (Mo
Ka radiation, graphite monochromator, 4 0.71073 A) at 150 K. An
absorption correction was applied using the ABSPACK Oxford-diffrac-
tion program55 with transmission factors in the range from 0.623 to
0.940. The molecular structure of 1™ was solved by direct methods and
refined on F* by full matrix least-squares techniques using the SHELXTL
package.56 All non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were placed at their calculated position.

Electrochemistry. Electrochemical measurements were carried
out under an argon atmosphere (in glovebox at room temperature).
Cyclic voltammetry experiments were performed by using an EG&G
model 173 potentiostat/galvanostat equipped with a PAR model uni-
versal programmer. A standard three-electrode electrochemical cell was
used. Potentials were referred to an Ag/0.01 M AgNO; reference
electrode in CH3CN + 0.1 M BuyNCIO,. Measured potentials were
calibrated through the use of an internal Fc/Fc" standard. The working
electrode was a vitreous carbon disk (3 mm in diameter) polished with 2
um diamond paste (Mecaprex Presi) for cyclic voltammetry (E,, , anodic
peak potential; E, , cathodic peak potential; E, /, = (Epa + Epc) /2; AE, =
E, — E,). The auxiliary electrode was a Pt wire in DMF + 0.1 M
Bu,4NPF; solution.

Computational Details. All calculations were performed with the
ORCA quantum chemistry program package.57 Geometry optimizations
were carried out using the BP86 functional,***? the zeroth-order regular
approximation for relativistic effects (ZORA),**" and the scalar relati-
vistic recontraction of the def2-TZVP basis sets.®> In all calculations we
took advantage of the RI approximation using the Coulomb-fitting basis
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set of Weigend.63 A dense integration grid was used (ORCA grid4),
coupled with tight SCF convergence criteria.

XAS spectra were calculated by employing time-dependent density
functional theory (TD-DFT) on the optimized geometries, as detailed
previously.®! These calculations were done analogously to the geometry
optimizations, with the sole exception of uncontracting the density-
fitting basis set.

The local minimum of the molecular electrostatic potential (MESP)
around the lone pair region of the sulfur thiolate atom was determined
by employing a grid search technique on a cubic grid (width 101 points/
side).

B ASSOCIATED CONTENT

© Supporting Information.  Cif files of 1 and 1% addi-
tional structural, electrochemical, and S K-edge XAS data; com-
plementary data on kinetic investigations; further computational
details. This material is available free of charge via the Internet at
http://pubs.acs.org.
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