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Two different modes of binding methanol and ethanol were
found in crystals of heteroleptic zinc and cadmium com-
plexes with MS,NO, and MS,NO kernels and with a general
formula M(RS),(im) (M = Zn, Cd; RS = tri-tert-butoxysilane-
thiolate; im = imidazole, 2-methylimidazole, 2-ethylimid-
azole). Alcohol molecules are either trapped in the crystal
lattice by NH---:O and OH-:-S hydrogen bonds or directly co-
ordinated to the metal centre. The complexes were studied
by X-ray diffraction, solid state FTIR and 'H, '3C, 2°Si, and

113Cd NMR spectroscopy both in solution and the solid state.
The zinc complexes containing coordinated methanol and
ethanol are considered as structural mimics of the active site
of alcohol dehydrogenase and support intermittent five-coor-
dination of the zinc ion in the active site of alcohol dehydro-
genase.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Medium-chain, NAD*-dependent alcohol dehydrogenase
(Zn-dependent ADH, EC 1.1.1.1) is a zinc enzyme, which
catalyses the reversible oxidation of primary and secondary
alcohols to aldehydes by utilising NAD™ as a co-substrate.
The individual steps in the mechanism of action of the en-
zyme include: (i) NAD™ binding; (ii) Alcohol (substrate)
binding to the catalytic zinc ion with concomitant displace-
ment of a water molecule; (iii) Closing of the catalytic site
(domain rotation). Residual water is expelled from the cata-
Iytic site, and the pK, of the bound alcohol decreases. The
alcohol dissociates and a proton is transported through the
hydrogen-bond network out of the catalytic site; (iv) Hydride
transfer from the zinc-bound alcoholate to the nicotinamide
ring; (v) The leaving of the aldehyde group and replacement
by a neutral water molecule; (vi) The opening of the catalytic
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site and release of NADH.!'l The mechanism may be sum-
marised by the following Equation (1).

R,R,CHOH + NAD* — R,R,CO + NADH + H* (1)

The horse liver form of the enzyme (liver alcohol dehy-
drogenase, LADH) is the most-extensively examined speci-
men among mammalian ADHs. The enzyme possesses one
zinc ion in the active site and a second zinc ion in a noncat-
alytic site. The zinc ion in the active site is positioned at the
bottom of the domain-separating cleft. It is bound by three
protein ligands (Cys-46, His-67, and Cys-174) in a distorted
tetrahedral coordination sphere, and the fourth coordina-
tion position is accessible to water or substrates.[!P-1d]

There are a few points with regard to the detailed mecha-
nism of action of ADH that are still under discussion. One
of them is the coordination number of the Zn?* ion located
in the active site. The coordination of zinc in ADH is gen-
erally described as pseudotetrahedral,l'l but there are sev-
eral findings supporting pentacoordination of zinc during
the catalytic cycle.”)’ A mechanism has been suggested in
which a bound water molecule is not displaced from zinc,
and the coordination sphere of the metal ion is thus ex-
panded.”?¥ Furthermore, the perseverance of the water li-
gand is said to be crucial for the functioning of the enzyme,
and its complete exclusion from the active site has been
suggested to be a part of the inhibition process.*!
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The major source of information on the ADH structure
and function comes from crystallographic data. The protein
data bank lists 81 structures of EC 1.1.1.1 (alcohol dehy-
drogenase) gathered since 1984.11 Those obtained earlier
were reviewed.!'® Alcohol dehydrogenase was also studied
by various spectroscopic methods in the Co-, Mn-, Ni-,
Cu-, '9°Cd-, and !''3Cd-substituted forms.! The available
data on the activities and structures of the metal-substituted
proteins indicate that information obtained in this way
should be especially useful in the case of cobalt(Il)- and, to
a lesser extent, cadmium(II) substitution. Quite recently, a
new method of investigation of the protonation status of
metal-bound ligands was developed by Ryde et al.,!’! who
introduced DFT calculations into the crystal structure re-
finement and could thus obtain an improved R factor for
the protein structure. Tests of this quantum refinement
method have been performed on ADH.[PP!

Studies on synthetic analogues, i.e. small molecules that
resemble the structural and functional sites, of the enzymes
are yet another way of elucidating the substrate-metal in-
teraction.[®! The existence of relatively simple syntheses of
tri-zert-butoxysilanethiolates with MS,NO, (M = Zn, Cd,
Co, Mn) cores encouraged us to model the enzymatic centre
of alcohol dehydrogenase.l In our previous studies, we
proved that heteroleptic cadmium tri-tert-butoxysilanethiol-
ates with CdS,NO, kernels exhibit very similar ''*Cd NMR
chemical shifts to that of LADH-NAD™.I"8l Furthermore,
it has recently been shown that methanol binds to manga-
nese in an environment resembling the LADH catalytic cen-
tre.”ll The use of bulky thiolate ligands helps in these cases
to overcome basic problems concerning the mimicking of
enzymes with small molecule systems. These problems arise
because of the differences between the coordination envi-
ronments of zinc in enzymes and in small complexes!® and
the tendency of metal thiolates to form S-bridged clus-
ters.[8]

In this paper we demonstrate the ability of zinc and cad-
mium tri-terz-butoxysilanethiolates to bind methanol and
ethanol in a coordination environment that mimics the
active centre of alcohol dehydrogenase. The structural fea-
tures of the zinc and cadmium complexes are described, and
the solid-state FTIR spectra of the complexes in the OH
and NH stretching regions are discussed. The stabilities of
the cadmium complexes in methanol are evaluated on the
basis of solution '*C and ''3Cd NMR spectroscopy and HF
calculations and are compared to the stabilities of analo-
gous zinc complexes. '*C, ?°Si and '*Cd CP/MAS NMR
spectra of the cadmium complexes are discussed and com-
pared with '3Cd NMR spectra of cadmium-substituted
alcohol dehydrogenase. Calculated energies for the depro-
tonation of free and zinc-bound ethanol are also compared.

Results and Discussion

Syntheses

The reactions of zinc and cadmium tri-fert-butoxysilane-
thiolates with imidazole, 2-methylimidazole and 2-ethyl-
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imidazole led to the products 1-6¢ described in Figure 1.
The cadmium and zinc complexes were obtained by reac-
tions (2) and (3) (R = H, Me, Et; R’ = Me, Et, iPr).

[Cd{(Bu0);SiS},], + 2C3H;RN, + MeOH —
2[Cd{SSi(O1Bu);}»(CsH;RN,)-MeOH )

Zn(acac), + 2 (1BuO)sSiSH + C;HsRN, + R’OH —
[Zn{SSI(OIBU)3}2(C3H3RN2)]'R,OH + 2 acacH (3)

Almost all of the complexes crystallise at low tempera-
ture from the alcohol reaction mixtures after the addition
of acetonitrile, in which they are poorly soluble. The excep-
tion is 4, which does not contain a solvating alcohol mole-
cule, and it was recrystallised from hexane. For a discussion
on the features of the S ligand see the literature.”] In our
previous work, we demonstrated the equilibrium character
of the reaction of cadmium tri-fert-butoxysilanethiolate
with 3,5-dimethylpyridine and 1-methylimidazole /%% in
[Dg]toluene and CDCl;. As we will show later in this paper,
we have been able to prove the presence of similar equilibria
for the reactions of cadmium tri-fert-butoxysilanethiolate
with imidazole and 2-methylimidazole in methanol.

On removing the crystals from the supernatant solvent,
most of the complexes lose the solvating alcohol molecule.
In the case of 1, this process is very fast, and after an hour,
translucent crystals of 1 turn into a white powder.

Crystal Structures

Typical structural features of the obtained complexes as
well as the most-common coordination geometries among
them are exemplified by the molecular structure of 6b,
shown in Figure 2. The asymmetric unit of the crystals of
6b contains two molecules of zinc thiolate and two mole-
cules of alcohol. The metal ions are coordinated by two S
(S1, S2 or S3, S4), one N (N1 or N3) and two O (Ol, O4
or O7, O10) donor atoms, and the coordination geometry
may be approximated as a strongly distorted trigonal bi-
pyramid in which the Zn, N, S, S atoms define the basal
trigonal plane and the oxygen atoms occupy apical posi-
tions (Figure 2). The S-Zn-S angle is the widest and one of
the O-Zn—N angles is close to 90° as is usual. The Zn-O
vectors intersect the basal plane in an oblique manner.!’&7"

The solvating alcohol molecules link adjacent complexes
through two NH-+O and OH:---S hydrogen bonds to give
infinite, antiparallel chains. Molecular arrangements similar
to that of 6b are denoted as type A crystals in Figure 1. All
type A systems are distinguished by: (i) the coordination
pattern — the metal ion is surrounded by one imidazole
molecule and two O,S-chelating tri-zert-butoxysilanethiol-
ates, and (ii) the presence of solvating alcohol molecules
that are inserted in a regular manner between the molecules
of complex.

The important bond lengths and angles for 3, 5d and
6b, which exhibit the same structural features, are listed in
Table 1. Hydrogen-bond parameters for all complexes are
gathered in Table 2.
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No. Formula Compound Structure R R' Remarks
Type
1. {Cd[(+Bu0O),SiS],(C,HN,)}-CH,OH 1 A H methyl One molecule of complex
in the independent unit
2. {Cd[(sBu0),SiS],(C,H\N,)}-CH,OH 2a A+D methyl methyl Both cadmium ions
{Cd[(rBu0),SiS],(C,HN,)(CH,0H)} pentacoordinated
3. {Cd[(sBu0O),SiS],(C,HN,)}-C,H,OH 2b A? methyl ethyl X-ray structure not determined
4. {Cd[(tBu0),SiS],(C;H,N,)}-CH,OH 3 A ethyl methy] Two molecules of complex in
the independent unit
5. {Zn[(:Bu0O),SiS],(C,H,N,)} 4 B H methyl One molecule of complex in the
independent unit. No solvate.
6. {Zn[(tBu0),SiS],(C HN,)}-CH,OH 5a A+C methyl  methyl One zinc ion pentacoordinated,
{Zn[(1Bu0),SiS],(C,H,N,)(CH,0H)} one zinc ion tetracoordinated
7. {Zn[(tBu0O),SiS],(C,H\N,)}-C,H,OH 5b A methyl ethyl One molecule of complex in the
independent unit
8. {Zn[(/Bu0),SiS],(C,HN,)} 5S¢ B+C methyl  ethyl No solvating EtOH. Voids in
{Zn[(rBu0),SiS],(C,HN,)(C,H,OH)} the crystal
9. {Zn[(tBu0),SiS],(C,H\N,)}-C,H,OH 5d A methyl  2-propyl Two molecules of complex in
the independent unit
10. {Zn[(rBu0O),SiS],(C;HN,)}-CH,OH 6a A ethyl methyl One molecule of complex in the
independent unit
11. {Zn[(:Bu0O),SiS],(C,H,N,)}-C,H,OH 6b A ethyl ethyl Two molecules of complex in
the independent unit
12. {Zn[(tBu0O),SiS],(C;HN,)}-C,H,OH 6¢ A ethyl 2-propyl One molecule of complex in the

independent unit [71]

Figure 1. Formulas and symbols of the compounds.

The molecular structures and crystal-packing motifs of
5b and 6a are also of type A and are merely distinguished
from 3, 5d and 6b by the presence of only one rather than
two molecules of complexes and alcohol in the asymmetric
unit. The molecular structure and the crystal-packing
scheme of 5b is shown in the Supporting Information as
Figures S1 and S2, and important bond lengths and angles
for 5b and 6a are given in Table S1.

Complex 1 crystallises in a different space group (Pna2,),
but nevertheless its molecular structure resembles those of
3646
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type A complexes. The molecular structure and the crystal-
packing scheme are shown in Figure S3. The analogous
zinc complex 4 does not contain a solvating alcohol mole-
cule (Figure S4) and is thus assigned to structure type B.
The imidazole ligand in 4 forms a NH-**S hydrogen bond
with the thiolate residue from a neighbouring molecule of
the complex (Figure S4). Important bond lengths and
angles for 1 and 4 are given in Table S2.

Somewhat surprisingly, with the use of 2-methylimid-
azole, cocrystals of two different coordination compounds

Eur. J. Inorg. Chem. 2009, 3644-3660
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Figure 2. Molecular structure of 6b with the labeling scheme (hy-
drogen atoms of tBuO groups are omitted). Displacement ellipsoids
are drawn at the 30% probability level. Hydrogen bonds are indi-
cated with dashed lines.

were obtained both for zinc and cadmium ions. In crystals
of 2a and 5a, the alcohol molecules are either trapped in
crystal voids and interact with metal silanethiolates
through hydrogen bonds (e.g. O14-H14---S3 in 2a, Fig-
ure 3, Table 3), or directly coordinated to the cadmium or
zinc ions (e.g. Zn1-013 in 5a, Figure 4, Table 3). Interest-
ingly, in the complexes with the coordinated methanol,
there is a difference between the zinc and cadmium coor-
dination numbers, which did not manifest in the type A
complexes. The coordination number of cadmium is five
for both complexes in crystals 2a, since methanol replaces
one of the chelating tert-butoxy groups and the other fert-
butoxy group is still bonded to Cdl (Figure 3). In 5a,
complexation of methanol causes a lowering of the coor-
dination number of zinc from five to four (Figure 4).
However, it must be noted that the Znl-O1 distance

Table 1. Selected bond lengths [A] and angles [°] for 3, 5d and 6b.
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(2.984 A) is still significantly shorter than Znl-O2
(4.442 A) and Zn1-03 (4.653 A), which may suggest a
very weak bonding interaction. The angle S1-Znl-S2
(120.35°) in 5a is at the border between those of penta-
and tetracoordinated zinc tri-fert-butoxysilanethiola-
tes.’" The M—O bond is significantly shorter for meth-
anol binding than for /BuO binding in both the zinc and
cadmium complexes (Table 3).

The crystal packing is not exactly the same in 2a and Sa.
In the crystals of 5a, a solvating methanol molecule is in-
serted between two molecules of the complex and forms
two NH---O and OH--S hydrogen bonds similar to those of
solvating alcohol molecules in complexes 1, 3, 5b, 5d, 6a
and 6b. There is also an NH---S hydrogen-bond interaction
between the adjacent molecules of the complex (Figure 5a).
The solvating methanol present in the crystals of 2a forms
only one hydrogen bond, OH-S, as if it were half way
“pushed out” of the chain. All molecules of cadmium thio-
late in a chain interact directly through NH--+S hydrogen
bonds (Figure 5b). Another very weak interaction in the
crystals of 2a is C26H26---O14. If it is incorporated into the
picture, a ladderlike net of weak hydrogen bonds may be
considered in the crystals of 2a (Figure 5c). It can be seen
that despite the similar stoichiometries and structures of 2a
and 5a, the methanol molecule in each case is trapped in
a slightly different position and with a different hydrogen-
bonding pattern. The binding of methanol in previously de-
scribed manganese tri-tert-butoxysilanethiolate ! re-
sembles that in 2a. Because of these small differences we
decided to denote crystals of 2a as type D and crystals of
5a as type C.

By changing the temperature of crystallisation and the
concentration of ethanol in the solution, we were also able
to obtain crystals of the zinc complexes with ethanol com-
plexed to zinc (5¢, Figure 6) or merely as a solvating group
(5b, Figures S1 and S2). Thus, the binding of alcohol to the
metal centre is an easily reversible process. Diffraction data
obtained for 5¢ indicate, in concordance with the elemental
analysis, that crystals of 5¢ do not contain solvating
alcohol; therefore, the structure can be described as a mix-
ture of types B and C.

The zinc coordination environment during the second
step of catalysis (alcohol binding) in the LADH active site

30l 5d 6b 30l 5d 6b
Znl-N1 2.227(3) 2.0103(16) 2.0030(17) S1-Znl-S2 133.56(3) 130.170(19) 127.47(2)
Znl-S1 2.4691(8) 2.2815(5) 2.2872(5) 01 Znl-04  162.80(6) 164.29(4) 168.68(5)
Znl-S2 2.4478(8) 2.2719(5) 2.2762(5) NI1-Znl-O1  93.79(8) 94.29(5) 90.83(6)
Znl-0l 2.5856(19) 2.5632(13) 2.5545(14) NI1-Znl-04  103.10(8) 101.14(5) 100.27(6)
Znl-04 2.5694(19) 2.3914(12) 2.3879(13) S1-Znl-O1  71.19(5) 73.53(3) 74.10(3)
Zn2 N3 2.2373) 2.0113(16) 2.0199(17) S2-Znl-Ol 102.20(5) 97.61(3) 98.37(3)
Zn2-S3 2.4650(8) 2.2891(5) 2.2879(5) N3-Zn2-S3  106.60(7) 110.99(5) 109.44(5)
Zn2 84 2.4364(8) 2.2845(5) 2.2647(5) N3-Zn2-S4  116.88(8) 120.40(5) 118.95(5)
Zn2-07 2.610(2) 2.5320(13) 2.5754(14) S3-Zn2-S4 136.44(3) 128.459(19) 131.18(2)
Zn2-010 2.6030(19) 2.3856(12) 2.4511 (13) 07-Zn2-010  158.02(7) 167.02(4) 159.16(5)
NI1-Znl-S1  107.26(7) 110.86(5) 111.09(5) N3-Zn2-07  95.22(8) 92.60(5) 94.86(6)
NI1-Znl-S2  119.12(7) 118.74(5) 121.08(5) N3-Zn2-010  106.45(8) 99.97(5) 105.86(6)

[a] Cdl instead of Znl.

Eur. J. Inorg. Chem. 2009, 3644-3660
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Table 2. Hydrogen-bond parameters.

Compound Bond D-H [A] H-A [A] D--A [A] /DHA [°]
1 N2-H2A--O7 0.88 2.07 2.766(7) 135.7
O7-H7--82 0.84 2.37 3.210(4) 173
2a N2-H2---841 0.88 2.48 3.324(4) 160.2
N4-H4--Sil 0.88 2.61 3.453(4) 161.9
O13-H13A--04 0.84 1.91 2.686(4) 152.3
014-H14D-S3 0.84 2.31 3.135(9) 166
3 N2-H2--014i 0.88 1.91 2.782(4) 168.8
N4-H4--013 0.88 1.9 2.777(4) 176
O13-HI13D--S1i 0.84 2.39 3.174(3) 154.7
014-H14D--83ii 0.84 2.34 3.164(3) 165.5
5a N2-H2--014 0.88 1.88 2.755(4) 170.4
N4-H4--S1i 0.88 2.55 3.396(3) 160.9
O13-H13D--04 0.84 1.9 2.676(3) 152.7
014-H14D-83ii 0.84 2.32 3.105(3) 156.4
5b N2-H2--07! 0.88 1.89 2.762(2) 174.5
O7-H7--82i 0.84 2.36 3.1840(17) 168.5
5¢ N2-H2---S4i 0.88 2.38 3.130(9) 143.2
N4-H4--S1 0.88 2.45 3.286(4) 159.4
O13-HI3A--04 0.982(10) 1.703(17) 2.659(4) 164(4)
5d N2-H2--014 0.88 1.9 2.765(2) 168.1
N4-H4--013ii 0.88 1.9 2.778(2) 171.7
O13-H13-S1 0.84 2.36 3.1951(14) 175.1
014-H14-83 0.84 24 3.2349(14) 172.5
6a N2-H2-+07! 0.88 1.94 2.819(4) 172.3
07-H7--821 0.84 2.38 3.199(3) 164.5
6b N2-H2:--014i 0.88 1.89 2.759(3) 169.2
N4-H4--013 0.88 1.94 2.813(3) 173.1
013-H13--81i 0.84 2.34 3.1614(18) 166.9
014-H14---83iil 0.84 2.4 3.2430(18) 179.1
6cl7! N2-H2--O7i 0.88 1.89 2.7742) 178.5
O7-H7--82ii 0.84 2.37 3.1976(16) 167.7

1i(0.5+x,05-y,2)

2ai (-1 +x,» 2);1 (0.5 + x,0.5-y, 0.5+ 2)
3i(l+x,p,-1+2);ii(1-x,-05+y 1.5-2);iii (1
521 (-0.5+x,05-y -05+z);i (1l +x,y 2)
5bi(-2+x,35-y15+z2);i(-1+x,35-)05+z2)

5¢i(x, -1 +y,z2)

S5di(-1+x,1.5-y 05+z);ii(x, 1.5-)05+2)

6ai(l+x, 15—y -05+z);ii(x,1.5-0.5+z2)

6bi(x,y, -1 +z);ii(l+x 1.5-y05-z);ii(x, 1.5-y0.5-2)
6¢i(x, 1.5-y -05+z);ii(l+x,1.5-»05+2)

-x,054+y05-2)

is reproduced in 5S¢ (Figure 7a). Together 5a and 5c¢ are the
first neutral zinc complexes that model the substrate-bound
LADH active site, and 2a is their cadmium analogue. Pre-
viously described model complexes, capable of alcohol
binding, are either ionicl'” or structurally different from
ADH.I'1

The zinc ion in the active site of liver alcohol dehydroge-
nase (LADH) is positioned at the bottom of the domain-
separating cleft about 20 A from the protein surface. It is
bound by three protein ligands (Cys-47, His-67 and Cys-
174), and the fourth coordination position is accessible to
water molecules and other ligands from the solution (Fig-
3648
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ure 7b). The side chain of His-67 is additionally positioned
in such a way that a hydrogen bond from the imidazole N3
atom to the carboxyl group of Asp-49 forms.['>!4 Glu-68,
which is highly conserved and is necessary for enzyme ac-
tivity,'?! is placed in the second coordination sphere of zinc
in horse liver alcohol dehydrogenase (HLADH), whereas
the same or corresponding glutamate residues in S. Solfat-
aricus ADH and sorbitol dehydrogenase from silverleaf
whitefly [ were found to be ligands to zinc (Figure 8a—c).
Moreover, two different coordination environments of the
zinc atoms in the active site are observed in human glutathi-
one-dependent formaldehyde dehydrogenase FDH. In the

Eur. J. Inorg. Chem. 2009, 3644-3660
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Figure 3. Molecular structure of 2a with the labeling scheme (hy-
drogen atoms of rBuO groups are omitted). Thermal ellipsoids
drawn at the 30% probability level.

FDH apoenzyme (here the term apoenzyme stands for an
open conformation of FDH without the NAD™ cofactor,
but with catalytic zinc), the zinc atom in the active site is
coordinated to Cys-44, His-66, Cys-173 and a water mole-
cule similar to that in HLADH. In the inhibited
FDH-NAD(H), Glu-67 is coordinated to zinc instead of a
water molecule, thus the zinc ions are capable of exchanging
protein ligands (Figure 8d).I'3! It is probable that this “flexi-
ble Glu” (this term is taken from the literature!'l) can oc-
cupy alternative positions also in HLADH.['®l Ryde sug-
gested 1?1 that the motion of the charged carboxylate
group at Glu-68 inside the void may tune the actual partial
charge on the zinc ion and speed up ligand exchange during
the catalytic cycle. By means of quantum chemical and mo-
lecular mechanical geometry optimisations he showed that
such a coordination can be accomplished with small
changes in the geometry of the zinc coordination sphere
and is kinetically favourable.['?®] Oscillation of the apical O
ligands at the zinc ion may also explain the spectroscopic

Table 3. Selected bond lengths [A] and angles [°] for 2a, 5a and 5c.

Eur|IC
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Figure 4. Molecular structure of 5a with the labeling scheme (hy-
drogen atoms of rBuO groups are omitted). Thermal ellipsoids
drawn at the 30% probability level.

properties of the Co- and Cd-substituted enzyme, which
indicate the presence of five-coordinate metal centres in
ADH #4577 Figure 8 summarises variations in the zinc
coordination spheres in different ADHs represented by
HLADH,!"® sorbitol dehydrogenase,'l Aeropyrum pernix
alcohol dehydrogenase complexed with octanoic acid [
and formaldehyde dehydrogenase.['?]

In Table 4, we compare the structural data of 5a-d to
that of several structures of LADH ternary complexes de-
posited in the PDB protein data base (e.g. alcohol dehydro-
genase bound with cofactor NADH and substrate).['®]
Nonmutant enzyme structures of the mammalian liver form
of the enzyme have been chosen for comparison. The struc-
tural data of the active sites of various ADH proteins re-
semble that determined for heteroleptic, pentacoordinate
zinc tri-tert-butoxysilanethiolates. The S-Zn-S angle in all
pentacoordinate model zinc complexes with a ZnNO-S,

2al?l 5a 5¢ 2al?l 5a 5¢
Znl-N1 2.233(4) 2.004(2) 2.002(13) (av.) NI-Znl-O1  95.81(12) - -
Znl-S1 2.4788(11) 2.2851(7) 2.2826(11) N1-Znl-O13  93.96(13) 94.36(9) 92.8(3)
Znl1-S2 2.4572(11) 2.2792(8) 2.2818(12) S1-Zn1-0O1 69.05(6) - —
Zn1-0O1 2.765(3) — 2.5545(14) S2-Zn1-0O1 94.03(6) — —
Zn1-013 2.416(3) 2.1359(19) 2.143(3) S1-Zn1-0O13 91.09(8) 101.53(6) 100.29(9)
Zn2-N3 2.242(4) 2.006(2) 1.998(3) S2-Znl1-0O13 96.88(8) 100.78(6) 101.32(9)
Zn2-S3 2.4632(13) 2.2831(8) 2.2632(11) N3-Zn2-S3  115.49(11) 114.66(8) 120.59(10)
Zn2-S4 2.4664(12) 2.2709(8) 2.2908(12) N3-Zn2-S4 114.74(11) 119.55(8) 110.57(10)
Zn2-07 2.560(3) 2.5832(19) 2.512(3) S3-Zn2-S4 129.64(4) 125.69(3) 128.80(4)
Zn2-010 2.586(3) 2.4034(19) 2.460 (3) 07-Zn2-010 167.4009) 171.59(6) 168.95(9)
NI-Znl-S1  112.00(10) 118.39(8) 1163(3) (av)  N3-Zn2-O7  97.76(12) 73.40(5) 96.86(12)
NI-Znl-S2  117.54(10) 114.08(9) 1153(3) (av.)  N3-Zn2-O10  92.25(12) 97.75(8) 93.56(12)
S1-Znl1-S2 128.98(4) 120.35(3) 121.64(4) S3-Zn2-0O7 72.21(7) 88.01(8) 75.62(7)
01-Zn1-013 159.98(10) — - S4-Zn1-O7 97.69(7) 104.77(5) 97.55(7)

[a] Cdl instead of Znl.
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Figure 5. Crystal packing of (a) 5a; (b) 2a without CH---O interactions; (c) 2a including CH---O interactions.

Figure 6. Molecular structure with the labeling scheme and crystal packing of 5¢ (hydrogen atoms of /BuO groups are omitted, only one
part of each disorded group is shown). Thermal ellipsoids drawn at the 30% probability level.

Figure 7. (a) Fragment of Sc¢ showing zinc coordination; (b) the
active site of a horse liver dehydrogenase (Figure prepared from
the PDB entry 1YE3['6f]),
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kernel is very wide and ranges from 125.69(3) to 139.40(4),
as found in this study and as reported in the litera-
ture;l72.7¢7¢7 this angle decreases to 107.13(6)-120.35(3) in
tetrahedral ZnNOS, and ZnN,S, species.’®"™7% The two
populations of the S-Zn-S angles in the model ZnNOS,
and ZnNO,S, complexes are represented in Figure 9. When
the coordination geometry of the zinc atom changes from
a distorted trigonal-bipyramidal structure to a tetrahedral
geometry, one of the oxygen atoms approaches the zinc
atom and the second Zn-O distance increases, such that the
difference between the Zn—O bonds lengths becomes larger.
This change is accompanied by a decrease in the value of
the S—Zn-S angle as shown in Figure 9. The O-Zn-N angle
is always close to 90° in five-coordinate ZnNO,S, com-
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Modeling of the Alcohol Dehydrogenase Active Site

a) Cys 47~~g d)
S
; N
Hisgy 7n CyS 174 Cysas \S\ S
N . PR
/ ﬁ P\H Hiseg Zn Cys 74
B / ﬁN PH
b) /C/\/\/ N H
C ~
Y854 S\ 0 o) ApO FDH
HiS79 Zl’l/
77N
/A i
LI
N (O Aspgg Cysas~—g
; \ /S\
9 Cysyg— Hiss _rIn Cysypy
S\ g y AN o
His N
* N Zn\ s 154 X OJ\ Glugy
(0]
/N & : FDH-NAD*
0 Glug ternary complex

Figure 8. Coordination of catalytic zinc in various ADHs: (a)
HLADH;!"™ (b) A. Pernix ADH;!'I (c) silverleaf whitefly SDH;!'4]
(d) two forms of human FDH.[!3]

plexes. Since the S-Zn-S angles in the active site of ADH
proteins are also very wide and the Ogupgiraie—Zn—N angle
approaches 90°, we concluded that the zinc atom in the
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active site is pentacoordinate with a coordination geometry
that is similar to that presented in the model com-
pounds.Thus, there should be a ligand opposite to the O-
coordinated substrate in the active site of the ADHs, and
the only likely candidate is the Glu-68 residue at a distance
of 4.52-4.98 A from Zn2* in each structure. The Glu-68 side
chain is placed in a void “behind” the active site — opposite
to the substrate molecule (Figure 8). The Ogypsirate—ZN—
Ogu¢s angle in the compared ADHs, which is between
155.6 and 166.8°, is close to the O-Zn-O angle in the

studied pentacoordinate zinc complexes [164.29(4)-

134
132 - pentacoordinated

— 130 / complexes

o 128 -

o0

g 126

0]

Né 124 4

v 1227 pseudotetrahedral
120 1 complexes = @
118 T T T T

0 0.2 0.4 0.6 0.8 1
The difference between Zn-O bonds [A]

Figure 9. Two populations of S-Zn-S angle values in the complexes
studied.

Table 4. Comparison of structural data for alcohol dehydrogenase!'® and model zinc tri-tert-butoxysilanethiolates with 2-methylimidazole

as coligand: 5a, 5b, 5¢ and 5d.

ADHI Model complexes
PDB sym- IHET HLD MGO 20HX IPIR 1YE3 5aldl 5pld] 5cdl 54l
boll!¢
O ligand OH @ ] DMSO [ H,O Methanol /  chelating /BuO  Ethanol / che- chelating
chelating lating tBuO  /BuO
BuO
Resolution 1.1 2.1 1.8 1.8 1.57 1.59 0.84 0.84 0.84 0.84
[A]
Bond [A]
Zn-S 2.28 2.19 2.31 223 2.24 221 Znl-S1 2.2792(8) 2.2773(5) 2.2826(11) 2.2815(5)
2.26 223 2.27 2.19 223 Znl-S2 2.2851(7) 2.2910(5) 2.2818(12) 2.2719(5)
Zn-S 2.29 2.20 2.31 232 2.27 242 Zn2-S3 2.2831(8) - 2.2632(11) 2.2891(5)
2.30 2.30 2.34 2.25 2.29 Zn2-S4 2.2709(8) - 2.2908(12) 2.2845(5)
Zn—O 2.12 2.12/2.05 2.15 2.26 2.10 2.11 Znl1-01 - 2.3722(13) — 2.5632(13)
2.11 2.19/2.04 2.18 213 2.15 Znl1-O4/Znl- 2.1359(19) 2.5761(14) 2.143(3) 2.3914(12)
013
Zn-Ogy, 462 501 470 468 468 498  Zn2-07 25832(19) - 2512(3) 2.5320(13)
4.70 4.96 4.80 4.70 4.52 Zn2-010 2.4034(19) - 2.460(3) 2.3856(12)
Zn-N 209 221 210 214 204 205  Znl-Nl 2.004(2) 2.0093(17) 1.987(13) 2.0103(16)
2.11 223 2.11 2.02 2.06 Zn2-N3 2.006(2) - 1.998(3)¢ 2.0113(16)
Angle [°]
SZn-S 133.0 1215 122.1 130.2 1282 1293  S1-Znl-S2 120.35(3) 129.50(2) 121.64(4) 130.170(19)
1328 1293 125.0 1294 129.2 S3-7Zn2-S4 125.69(3) - 128.80(4) 128.459(19)
O-Zn-N 85.6 88.7/94.3 91.0 93.8 914 101.3  Ol-Znl-N1 - 100.02(6) - 94.29(5)
83.6 83.3/90.8 91.8 94.2 90.9 04/013-Znl-N1  94.36(9) 94.36(6) 89.6(3)¢! 101.14(5)
O7-Zn2-N3 88.01(8) - 96.86(12) 92.60(5)
O10-Zn2-N3  97.95(8) - 93.56(12) 99.97(5)
0-Zn—Ogy, 167.1  161.5/163.3 164.5 166.8 1646 1556 Ol-Znl-0O4 - 165.26(5) - 164.29(4)
1646  153.6/159.8 163.1 166.8 164.5 07-Zn2-010 171.59(6) - 168.95(9) 167.02(4)

[a] Pentafluorobenzyl alcohol. [b] 2,3-difluorobenzyl alcohol. [¢] N-1-methylhexylformamide. [d] This work. [e] Only one part of the

disordered molecule is given.
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171.59(6)°, Table 4]. These findings support the idea of
Ryde that Glu-68 can be, at least intermittently, bonded to
zinc.[12b]

Vibrational Spectra

We analysed the positions of the NH and OH stretching
bands in the FTIR spectra of 1-6¢, which was not easy
as these bands strongly overlap and some of the crystals
(especially 1) quickly lose solvating alcohol. In order to lo-
cate the NH--O and OH--S stretching bands, FTIR ATR
spectra of tri-zert-butoxysilanethiol/methanol (molar ratio
1:1) and 2-methylimidazole/methanol (molar ratio 0.25:1)
mixtures were measured. The results — together with the
suggested assignments of the IR bands — are shown in Fig-
ures 10 and 11. In the systems studied, the NH--X stretch-
ing modes are found at =3200 cm'and are redshifted rela-
tive to the OH--X bands, which are located in the range
3310-3480 cm .

0.04

absorbance
=4
f=3
%)

0.00

3500 3400 3300
wavenumber [cm-1]

3600 3200

Figure 10. FTIR ATR spectrum of tri-terz-butoxysilanethiol/meth-
anol mixture.

v(OH) CH30 Me I\(H---(PCHg,
BI7em! Ny TNy
0.081
x NS 3188 cm™!
3
s
=]
£ 0.04
£

3300 3100

wavenumber [cm-1]

3500

Figure 11. FTIR ATR spectrum of 2-methylimidazole/methanol
mixture.

The relevant regions of the spectra obtained for the com-
plexes are shown in Figures 12, 13 and 14. The full range
(4000-700 cm™!) FTIR solid state spectra of the studied
compounds are available as Supporting Information (Fig-
ures S16-S27). The calculated analytical components of the
spectra together with the suggested assignment are pre-
sented in Table 5. Deconvolutions of the spectra are avail-
able as Supporting Information (Figures S5-S15). The spec-
tra of 5b, 5d, 6a, 6b and 6¢ (Figure 12) have very similar
shapes in the OH and NH stretching region. Broad but
3652
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well-resolved OH (OH--S) and NH (NH--O) stretching
bands can easily be discerned. Their maxima are listed in
Table 5. On the other hand, there are no well-defined OH
stretching bands in the spectra of 1 and 4, presented in Fig-
ure 13. This apparent contradiction to the crystal structure
data of 1 can be resolved if we assume that the methanol
that had been detected in the crystals of 1 by low-tempera-
ture X-ray diffraction experiments is very weakly bound
and is almost entirely lost during the preparation for the
FTIR measurements; the crystals are broken into very thin
fragments.

3400 ' 3200 3000

wavenumber [cm'l]

3600

Figure 12. FTIR spectra of 6b, 5d, 6¢, 5b and 6a (from the bottom)
in the OH and NH stretching region.

absorbance

3600

3400 3200 3000

wavenumber [em-1]
Figure 13. FTIR spectra of 1 (upper spectrum) and 4.

The influence of the hydrogen-bond types and lengths on
the location of the IR bands is best illustrated by compari-
son of the spectrum of 5b with that of 5¢ (Figure 14). Ex-
change of OH-*:S by OH--O results in a redshift of the OH
stretching band, as could be expected from the relative
strengths of these hydrogen bonds (Figure 14, Table 5). The
same can be stated for the NH---S and NH---O interactions;

Eur. J. Inorg. Chem. 2009, 3644-3660
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Figure 14. FTIR spectra of 5b (solid line) and 5¢ (dashed line) in

absorbance

3550 3450 3350 3250 3150 3050
wavenumber [cm™1]

the OH and NH stretching region.

the NH stretching bands are located at 3234 cm™! for 5¢
and at 3209 cm! for 5b, and the shift is in concordance

Table 5. Analytical components of FTIR bands of 1-6¢ in the OH

and NH stretching region.

Metal  Alcohol Imid- Component in OH/ Assignment
azole NH stretching region

fem™]

1 Cd methanol H 3400 (v. br., w) OH - undefined?
3330 (v. br,, w) OH - undefined?
3214 (br., vs) NH - undefined

2a  Cd methanol ~ 2-methyl 3311 cm ™ (v. br, m)  OH-O
3236 cm! (br., s) NH--S
3171 em! (br,, s) NH~O

2b Cd ethanol 2-methyl 3450 cm™ (v. br, m)  OH — undefined
3390 cm! (br., m) OH - undefined
3315em™! (v. br, w)  OH~O
3227 em! (br., vs) NH-S

3 Cd methanol  2-ethyl 3305cm ! (br,, s) OH~-S
3250 cm ! (br., w) NH - undefined
3189 cm ! (br,, vs) NH-O

4 Zn No? H 3401 em ! (v. br., vw)  OH — undefined?
3316cm ™! (v. br, w)  OH — undefined?
3219 cem ™! (br, s) NH--S

5a Zn methanol ~ 2-methyl 3298 cm ! (v. br, 5) OH~O
3248 ecm! (br., w) NH-S
3173 em ! (br., vs) NH-O

5b Zn ethanol 2-methyl 3451 cm™! (v. br, m)  OH — undefined?
3350 cm ! (br, s) OH - undefined?
3209 cm! (v. br., s) NH-~O
3185cm ™! (br., w) NH-O

Zn ethanol 2-methyl 3314 cm ' (br., vs) OH-O

3235cm ! (br,, vs) NH-S

5d Zn 2-propa-  2-methyl 3364cm™! (v. br,vs)  OH-S

nol

3236 cm ! (br,, m) NH — undefined
3185cm ™! (br, s) NH-O

6b  Zn ethanol 2-ethyl 3397cm ! (v. br, m)  OH — undefined
3359 em ™! (br, w) OH~S
3285cm ! (br,, m) NH — undefined
3181 em ™! (br, 5) NH-O

6c Zn 2-propa-  2-ethyl 3370 cm! (v. br., vs)  OHS

nol

3247 cm ! (br., m) NH — undefined
3189 cm ! (br., s) NH-O
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with the expected strengths of the interactions (NH:-S
weaker than NH---O).

According to the Badger-Bauer relationship, the fre-
quency shift is proportional to the enthalpy of hydrogen
bonding involving hydroxy compounds.l'”? Comparison of
the vou frequencies for free alcohol molecules in the gas
phase, liquid alcohol and S;NZn-bound alcohol that forms
an O-H--O hydrogen bond is presented in Table 6. It can
be concluded that complexation of alcohol to zinc induces
rather small changes in the OH++O bond strength (ad-
ditional Avoy = 49 or 46 cm™'), thus it has little influence
on the formation of a strong hydrogen bond, which is very
likely to precede alcohol deprotonation in the ADH-medi-
ated reaction.!'8

Table 6. Comparison of voy frequency of alcohol hydroxy group
in the systems studied.

System Vou [em™] Avop [em™]
methanol (free)'%2 3681

methanol (liquid film)!°¢] 3347 334
methanol in 5al®! 3298 383(49)
ethanol (free)!!°®! 3636

ethanol (liquid film)!1%] =3360 =276
ethanol in 5S¢l 3314 322(46)

[a] This work.

NMR Spectra

The 'H- and '3C NMR solution spectra of the zinc com-
plexes 4, Sa and 6a show that all these derivatives are kinet-
ically stable on the NMR timescale in CDCl3, but undergo
slow ligand-exchange processes in CD;OD (see NMR spec-
troscopic data in the Experimental Section). For example,
the '3C NMR spectrum of 4 in CDCly shows three signals
in the aromatic region with similar chemical shifts (117,
127.6 and 136.9 ppm) as those in the solid-state NMR spec-
tra of the cadmium complexes (e.g. Figure 15). The 'H
NMR spectrum of the same solution displays three distinct
signals at 7.15, 7.47, 8.02 ppm attributable to the protons
at the aromatic ring. Both findings indicate that the ex-
change of protons between the nitrogen atoms of imidazole
is stopped or slowed down as a result of complexation to
zinc. In contrast, the '"H NMR spectrum of the same com-
pound in CD;0D displays only two signals — a sharp singlet
at 0 = 8.30 ppm and a very broad one at § = 7.34 ppm —
and the corresponding 1*C NMR spectrum exhibits, in ad-
dition to a sharp resonance at 6 = 139.0 ppm, two very
broad signals at 128 and 117 ppm, respectively. This indi-
cates a moderately slow exchange process. The '*C- and 'H
NMR solution spectra of the analogous cadmium complex
1 in CD;0D exhibit only a single broad ('*C) or sharp ('H)
signal for the imidazole C4, C5 or H4, HS5 atoms, respec-
tively, which is in accord with an increased exchange rate.
As a switchover of protons between the two N-donor sites
cannot occur as long as the ligand remains coordinated to
the metal, the observed dynamics can be regarded as proof
for the occurrence of ligand dissociation, and thus of ki-
netic instability, of the N-donor moieties, and the rate of
3653
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this process is apparently higher in the Cd complexes than
in the Zn complexes.

a)

)

ppm 120 100 80 = 60 40 = 20

*
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N
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9,
N

Wwwh iy M:me
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Figure 15. Experimental CP/MAS spectra of 1: (a) '3C NMR (spin-
ning rate 7 kHz); (b) ?°Si NMR (spinning rate 1.5 kHz; (c) ''*Cd
NMR (spinning rate 13 kHz).

The addition of an increasing amount of imidazole or 2-
methylimidazole to [D4]MeOH solutions of 1 and 2a in-
duced a continuous change in '3Cd chemical shift
(Table 7). As in previously published studies,”%"! these re-
sults confirm the presence of an equilibrium between a mix-
ture of a (probably dimericl®)) cadmium thiolate and imid-
azole and the corresponding heteroleptic adduct in solu-
tion; the formation of the latter occurs with increasing imid-
azole or 2-methylimidazole concentration.

Table 7. ''3Cd NMR shifts for 1, 2a and 3 in CD;OD solution and
in the solid state.

Imidazole Imidazole con- ''3Cd NMR !'3Cd NMR
derivative centration [M] shift [ppm]®  shift [ppm]®
Solution Solid state
1 H 0 395 453
0.2 433
0.4 442
0.8 451
2a  2-methyl 0 405 441, 436, 433,
428
0,5 429.5
1 434
2 439
4 443
3 2-ethyl — - 428, 418

[a] Relative to 0.1 M Cd(ClOy),.

The cadmium compounds 1, 2a and 3 were also studied
by solid-state NMR spectroscopy. The '3C-, 2°Si- and ''3Cd
solid-state NMR spectra of 1, 2a and 3 presented in Fig-
ures 15a—c, 16a—c and 17a—c are well in accord with the
crystal structure. The single crystallographically indepen-
dent molecule of 1 gives rise to two 2°Si NMR signals, and
the presence of two crystallographically independent mole-
3654

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cules of 2a and 3 results in the presence of four distinguish-
able 2°Si NMR signals. As expected, the '*Cd NMR spec-
trum of 1 displays a single resonance, whereas two signals
with similar isotropic chemical shifts are observed for 3
(Figures 15c, 17c, Table 8). The individual spinning side-
bands in the '3Cd spectra of 2a display a unique, asymmet-
ric lineshape, which results from a superimposition of at
least four overlapping components arising from crystallo-
graphically nonequivalent specimen (Figure 16c) with
chemical shifts of —225 (441), —230 (436), —233 (433) and
~238 (428) ppm [the numbers in parentheses are the ''3Cd
chemical shifts relative to 0.1 M Cd(ClOy),]. As deconvol-
ution was unfeasible, the data were processed by applying
extensive line broadening prior to FT, in order to collapse
the observed line profile into a single averaged spinning
sideband manifold. The isotropic and anisotropic chemical
shift values that were calculated from these data (listed in
Table 8) must thus be considered to represent average values
of all crystallographically nonequivalent specimens present.
We believe that the observed complication of the spectra
arises again from the loss of methanol that has been de-
tected as the first coordination sphere ligand of the cad-
mium ion during the X-ray diffraction studies. However,
whereas the samples used in these experiments had been
prepared by quickly transferring crystalline complexes di-
rectly from the cold mother liquor into a cold stream of
nitrogen, the samples for the solid-state NMR measure-
ments were finely ground at room temperature, and it ap-

a)

ppmld0 120 100 80 60 ' 40 20

ppm 30 40  -50 60 70 80 90

C)m

ppm-220 -250
*
M,
w WW A
|
ppm 100 -100 2300 -500 -700

Figure 16. Experimental CP/MAS spectra of 2a: (a) '3C NMR
(spinning rate 7 kHz); (b) 2°Si NMR (spinning rate 1.5 kHz; (c)
113Cd NMR (spinning rate 13 kHz).
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pears highly likely that loss of the weakly bound methanol
ligands occurred during this procedure. This assumption is
further in accord with the observation that no signal for the
methanol carbon was observed in the solid-state '3C NMR
spectra of all three cadmium complexes.

a)

A

ppm 120 100 80 60 ' 40 20

ppm 200 0 200 400 ' -600  -800

Figure 17. Experimental CP/MAS spectra of 3: (a) '*C NMR (spin-
ning rate 7 kHz); (b) 2°Si NMR (spinning rate 1.5 kHz; (c) ''*Cd
NMR (spinning rate 13 kHz).

The ''3Cd chemical shift value in the solid state is the
same as that reached at a maximum concentration of the
added N ligand in solution (Table 7). One of the isotropic
"13Cd chemical shifts of solid 2a (§ = 441 ppm) as well as
the ''3Cd NMR chemical shift of a methanol solution of
2a (0 = 443, in the presence of a large excess of 2-methyl-
imidazole) are very close to that of the !'*Cd-substituted
LADH-NAD™ complex (5 =442 ppm).[?3l The change in the
113Cd chemical shift from 451 ppm in 1 to 418 ppm in 3
follows the order of increasing basicity of the N ligands:
imidazole (pK;, = 7.01) < 2-methylimidazole (pK;, = 6.15)
< 2-ethylimidazole (pK, = 6.00); all pK values are from
the literature.?”) The isotropic shifts J;y,, the values of the
principal components J;; and the anisotropy parameters 2
=0, — 633 and K = (623 — 0is0)/(511 — J33) of the '13Cd shield-

European Journal
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ing tensors are gathered in Table 8. Large ©Q values, which
are similar for all of the cadmium compounds studied, indi-
cate a low symmetry of the coordination environment of
the cadmium ion (see ref.l’% for discussion). The complete
13C- and ?°Si NMR spectroscopic data for the cadmium
complexes are listed in Tables S3 and S4 in the Supporting
Information.

HF and DFT Calculations — Enthalpies of Deprotonation as
a Relative OH Acidity Measure

Our aim was to examine the extent to which zinc com-
plexation of the alcohol facilitates its stepwise dehydrogena-
tion in the enzyme alcohol dehydrogenase. First the ab ini-
tio RHF method was employed with use of effective core
potentials of Stevens, Basch, Krauss, Jasien and Cundari
(SBKICQ) for all heavy atoms,?!l together with the SBKJC
basis set as implemented in the GAMESS package./*?! Sub-
sequently, DFT calculations were performed with the hy-
brid B3LYP functional, by using the same pseudopotentials
and basis set. The alcohol deprotonation enthalpy in vacuo
has been calculated as the reference state. The experimental
value for this process is known as 1579.5 kJ/mol?3! and is
compared with the calculated deprotonation enthalpies for
a molecule of ethanol that is hydrogen bonded to the oxy-
gen atom in S-methylated tri-fert-butoxysilanethiol and
with the ethanol molecule in complex 5¢, which we consider
as an accurate structural model for the ADH active site.

The calculated enthalpies AH for the deprotonation of
EtOH calculated at the ab initio and DFT levels are: (a)
AH, = 1649.87 kJ/mol (HF) and 1612.6 kJ/mol (DFT) for
ethanol in vacuo; (b) AH, = 1581.47 kJ/mol (HF) and
1535.8 kJ/mol (DFT) for ethanol hydrogen bonded to S-
methylated tri-zert-butoxysilanothiol; (¢) AH. = 1241.2 kJ/
mol (HF) and 1438.66 kJ/mol (DFT) for the ethanol mole-
cule in Sc.

Deprotonation of the zinc-bound alcohol is probably the
first step, preceding hydride transfer, during the alcohol de-
hydrogenation catalysed by LADH.** The difference be-
tween AHy, and AH, represents the contribution of the zinc
ion to a decrease in the deprotonation enthalpy of ethanol
in our model systems. Quantum mechanical calculations
indicate the decrease is by about 20% (340.2 kJ/mol) for
HF or by even only 10% (173.94 kJ/mol) for DFT. Thus,
the contribution of the zinc ion to the decrease in the over-
all energy barrier for dehydrogenation does not seem to be
very great, and this effect alone cannot explain the effi-

Table 8. Isotropic ''3Cd chemical shifts J;,,, values of the principal components J;, and anisotropy parameters Q and x of the ''3Cd

magnetic shielding tensors.

§iso[a] 4 1[a] 522["1] (533[2‘] Q K

-213.3 (453) 345 (1011) —175 (491) —810 (—144) 1155 0.10
2alb! —229.3 (438) 288 (954) -209 (457) —767 (—101) 1055 0.06
3 —237.5 (428.5) 253 (919) —126 (540) —839 (-173) 1118 0.27

—247.8 (418) 260 (926) —146 (520) —858 (-192) 1092 0.31

[a] 6'13Cd values vs. CdMe, (= = 22.193175 MHz); values in parentheses denote chemical shifts vs. 0.1 M Cd(ClOy),; (see Experimental
Section). [b] Averaged over the line profile, which results from superposition of unresolved resonances of different crystallographically

nonequivalent specimens.
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ciency of LADH. It is certainly a part of the working ma-
chinery and other important contributions come from: (i)
the closure of LADH domains to separate the active site
from bulk water!!®!; (ii) a proton relay system — the net of
hydrogen bonds helps to remove the proton from the
alcohol molecule complexed to the zinc ion, and hydrogen
bonds within this system are probably much stronger than
those present in our model;['¥! (iii) the NAD™ docking sys-
tem, the molecule is properly oriented towards the alcohol-
ate in the active site — there are hydrophilic amino acids,
which form hydrogen bonds with NAD™, and hydrophobic
residues behind the nicotinamide ring, which push the ring
towards CI1 of the substrate to allow hydride tunneling.!*!
By taking the degree of complexity of this system into
account, it seems rather obvious that “cutting” the zinc—
alcohol complex and the first coordination sphere ligands
from LADH is not enough to obtain an efficient catalyst.

HF and PM6 Calculations — Comparison of the Stabilities
of Zinc, Cadmium and Mercury Complexes with Oxygen,
Nitrogen and Sulfur Ligands

The stability constants of heteroleptic zinc and cadmium
complexes in solution were not tested experimentally. How-
ever, on the basis of a qualitative comparison of the NMR
spectra obtained from solutions of 1 and 4, a higher sta-
bility for the zinc complexes should be expected. In order
to compare quantitatively the different 12 group metals in
this respect, we determined the theoretical enthalpies for
metal ion exchange and formation of zinc, cadmium and
mercury complexes with model sulfur, nitrogen and oxygen
ligands. Quantum mechanical calculations at the ab initio
SBKJCP?!22 and semiempirical PM6 Hartree-Fock levell?®!
were applied. The results (see Supporting Information) indi-
cate almost uniformly, and in accordance with the NMR
spectroscopic data, that the zinc complexes should be the
most stable species among the 12 group metal complexes.

Conclusions

We have studied a series of zinc and cadmium heterolep-
tic complexes resembling the active centre of alcohol dehy-
drogenase. Their solid-state structures, alcohol binding
capabilities, FTIR and NMR spectra, and stability in solu-
tion have been investigated. The conclusions are: (i) Zinc
and cadmium tri-zerz-butoxysilanethiolates with 2-methyl-
imidazole as a coligand are capable of alcohol binding, and
the binding is reversible. Structural parameters obtained for
methanol and ethanol coordinated to zinc and cadmium in
a coordination environment that strictly resembles the
active site of ADH indicate that cadmium ions easily ac-
commodate more than four ligands in the first coordination
sphere and tend to form at least pentacoordinate com-
plexes. The geometry of the zinc complexes with a coordi-
nated alcohol is between tetrahedral and trigonal bipyrami-
dal. It is possible that the differences between the coordina-
tion of zinc and cadmium in the studied models resemble
those between native and cadmium-substituted LADH. (ii)
3656
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Comparison of the obtained model complexes with crystal
structures of various ADHs suggests that metal ion in the
ADH active site is — at least temporarily — pentacoordinate.
The geometry of the zinc ion may be approximated as a
trigonal bipyramid; the alcohol (water) and the Glu-68 car-
boxylate oxygen atom occupy apical positions. (iii) It is pos-
sible to identify NH--S, NH--O, OH-+S and OH--O
stretching modes in the FTIR spectra of the complexes
studied. Complexation of methanol or ethanol to the zinc
ion influences the strength of hydrogen bonds formed by
the alcohol molecule; however, the presence of an appropri-
ate acceptor is more important. (iv) The solid-state ''*Cd
NMR shift of the five-coordinate cadmium complex 2a
with a CdNO,S, coordination core is almost identical to
that of cadmium-substituted alcohol dehydrogenase in a
complex with NAD™, which suggests that the distribution
of electron density must be very similar in both species. (v)
Quantum mechanical calculations indicate a 10-20% de-
crease in the enthalpy of ethanol deprotonation because of
complexation with Zn?*. (vi) On the basis of the NMR
spectroscopic studies and calculations at the Hartree—Fock
level, it is concluded that with this configuration of ligands,
the zinc complexes are more stable than the cadmium and
mercury complexes.

Experimental Section

X-ray Diffraction Studies: Diffraction data were recorded on a
KUMA KM4 diffractometer with graphite-monochromated Mo-
K, radiation, equipped with a Sapphire 2 CCD camera (Oxford
Diffraction). Numerical absorption corrections were applied. The
structure was solved by direct methods and refined with the
SHELX97 program package *7! by using full-matrix least-squares
refinement based on F2. All non-hydrogen atoms were refined an-
isotropically. Hydrogen atoms were usually refined in geometrically
idealised positions with isotropic temperature factors 1.2 or 1.5
times the equivalent isotropic temperature factors Ugq of their at-
tached atoms. Crystal data, description of the diffraction experi-
ment and details of the structure refinement are presented in
Table 9. There are pronounced differences between the displace-
ment parameters determined for an alcohol molecule complexed to
the metal or trapped in the crystal lattice by hydrogen bonds. Uj;
parameters for the latter indicate high mobility of the molecule
even at low temperatures (120 K). Problems encountered during
the refinement procedure of the cadmium complex 2a can most
probably be explained by the partial “escape” of methanol mole-
cules from the voids they occupy. To overcome this problem, we
applied the same procedure that had previously been used for anal-
ogous manganese tri-fert-butoxysilanethiolate complexes [ by set-
ting the occupancy factor of methanol to 0.5. This strategy allowed
a stable solution to be found, but the picture obtained in this way
certainly implies an averaging procedure since the methanol mole-
cules are most probably absent in some of the voids. By comparing
the structures of over 15 tri-zert-butoxysilanethiolates with those
presented here,1! we conclude that the static disorder of the crystal
structure is the intrinsic feature of complexes with metal-bound
alcohol molecules. CCDC-622858, -692140, -692141, -692142,
-692143, -692144, -692145, -692146, -692147 and -692148 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 9. Crystal data and structure refinement for the complexes studied.

European Journal
of Inorganic Chemistry

1 2a 3 4 5a
Empmcal formula ngHézch20752si2 Cl 1 5H252Cd4N8027SgSig C30H66CdN207SZSi2 C27H58N20682Si22ﬂ C58H1 28N4014S4Si4Zn2
Formula weight 771.50 3110.05 799.55 692.42 1476.98
Crystal dimensions [mm] 0.34<0.23X0.19 0.243 X 0.193 X 0.097 0.198 X 0.096 X 0.003 0.264 % 0.178 X 0.038
Crystal system orthorhombic monoclinic monoclinic monoclinic monoclinic
Space group Pna2, P2,/n P2/n P2)/c P2,/n
a[A] 17.5326(7) 18.5319(11) 19.5068(4) 16.2192(4) 18.5515(3)
b[A] 8.6735(3) 26.8287(8) 24.7335(4) 8.6472(2) 26.4480(5)
c[A] 26.7413(10) 18.9517(7) 19.6700(3) 29.7324(9) 18.7446(3)
a [ 90 90 90 90 90
AN 90 117.619(5) 115.804(2) 113.470(2) 115.206(2)
7] 90 90 90 90 90
Volume [A3] 4066.5(3) 8348.8(7) 8543.9(3) 3825.00(17) 8321.3(2)
Pealed. Mg/m?] 1.260 1.237 1.243 1.202 1.179
Z 4 2 8 4 4
20max [°] 50.08 50.1 50.1 52 50.1
Completeness to Oy, [70] 99.9 99.6 98.4 99.8 99.8
Radiation (4 [A]) Mo-K,, (0.71073) Mo-K,, (0.71073) Mo-K,, (0.71073) Mo-K,, (0.71073) Mo-K,, (0.71073)
Scan mode Q Q Q Q Q
Temperature [K] 120(2) 1202) 120(2) 120(2) 120(2)
Reflections collected/unique  24758/7131 14730/11969 14901/12811 7507/5535 14705/12047
Data/restraints/parameters ~ 7131/1/400 14730/0/756 14901/6/896 7507/0/379 14705/0/815
Absorption coefficient 0.737 0.718 0.704 0.85 0.787
[mm ']
Transmission min/max 0.802/0.901 0.785/0.865 0.807/0.931 0.737/0.936
Absorption correction analytical analytical analytical analytical analytical
Final R indices [/>20(1)] Ry =0.0425 Ry =0.0498 Ry = 0.0426 Ry =0.0353 Ry =0.0416
wR, = 0.1043 wR, = 0.1312 wR, = 0.11 wR, = 0.812 wR, = 0.1107
R indices (all data) Ry =0.0429 Ry = 0.0667 Ry =0.0519 R; = 0.0554 Ry = 0.057
wR, = 0.1045 wR, = 0.1471 wR, = 0.1213 wR, = 0.991 wR, = 0.123
Residual electron density 2.683/-0.633 1.654/-1.501 1.278/-0.859 0.686/-0.61 2.250/~0.701
A7)
5b 5c 5d 6a 6b
Empirical formula C30HgsN>O4S,- CsgH26N4O01384S14Zn,  C3;HegN,O5S,S1,Zn C30HgsN>05S,S1,Zn C31HggN>O4S,S1,Zn
Si,Zn
Formula weight 752.52 1458.97 766.54 752.52 766.54
Crystal dimensions [mm] 0.19x0.14 X 0.1 0.282 % 0.116 X 0.059 0.309 X 0.177 X 0.075 0.25%0.130.02 0.24%0.17%0.05
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic
Space group P2)/c Pl P2/c P2,/c P2/c
alAl 9.5688(3) 14.1422(5) 19.7802(4) 9.6726(3) 19.5467(4)
b Al 24.3130(7) 16.1544(6) 24.4923(5) 24.5723(8) 24.6223(5)
c[A] 19.8441(5) 19.6673(6) 19.7996(4) 19.7595(7) 19.9683(4)
a [ 90 85.811(3) 90 90 90
LI 113.946(2) 72.166(3) 115.100(2) 116.573(3) 116.623(2)
71 90 80.470(3) 90 90 90
Volume [A3] 4219.3(2) 4217.0(3) 8686.4(3) 4200.3(3) 8591.5(3)
Peated. Mg/m?)] 1.185 1.149 1.172 1.19 1.185
V4 4 2 8 4 8
20max [°] 50.08 50.1 51 50.1 50.1
Completeness to Oy« 99.8 95.1 99.8 98.8 99.1
Radiation (4 [A]) Mo-K,, (0.71073) Mo-K,, (0.71073) Mo-K,, (0.71073) Mo-K,, (0.71073) Mo-K,, (0.71073)
Scan mode Q Q Q Q Q
Temperature [K] 120(2) 120(2) 120(2) 120(2) 120(2)
Reflections collected/inde-  7461/6609 14220/10312 46673/15382 7365/6194 15085/12741
pendent
Data/restraints/parameters ~ 7461/0/429 15382/0/855 7365/0/418 15085/0/853
Absorption coefficient 0.777 0.775 0.756 0.781 0.764
[mm ]
Transmission min/max 0.795/0.861 - 0.827/0.925 0.809/0.96 0.774/0.843
Absorption correction analytical none analytical analytical analytical
Final R indices [/>20(1)] R; = 0.0349 Ry =0.0553 R; = 0.0358 Ry = 0.0471 Ry = 0.0357
wR, = 0.0935 wR, = 0.1367 wR, = 0.0917 wR, = 0.1263 wR, = 0.0884
R indices (all data) Ry = 0.0421 Ry = 0.0871 Ry = 0.0480 R; = 0.0592 Ry = 0.0469
wR, = 0.101 wR, = 0.1572 wR, = 0.0988 wR, = 0.1404 wR, = 0.0972
Residual electron density 0.702/-0.488 0.966/-1.02 0.724/-0.544 1.444/-0.545 0.672/-0.478
leA7]
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FTIR Studies: The FTIR spectra of crystalline samples were mea-
sured with a Momentum microscope connected to a Genesis 11
spectrometer (Mattson). FTIR ATR spectra of tri-tert-butoxysil-
anethiol/methanol and imidazole/methanol mixtures were recorded
on a Nicolet 8700 FTIR spectrometer. The OH and NH stretching
regions were analysed by using the commercial programs GRAMS/
32 (Galactic Industries Corporation, Salem) and RAZOR (Spec-
trum Square Associates, Ithaca) run under GRAMS/32. All peaks
in the analysed region of the experimental spectra were approxi-
mated with the product of Gaussian and Lorentzian peak func-
tions.

Solid-State NMR Studies: Solid-state CP/MAS-NMR spectra were
recorded on a Bruker Avance 400 MHz NMR spectrometer with
spinning speeds of 1.5 (*°Si), 7 (**C) and 11-14 kHz (''3Cd). Cross
polarisation with a ramp-shaped contact pulse and mixing times
between 1.8 and 5 ms was used for signal enhancement. Chemical
shifts were referenced to external TMS ('H, 2°Si) or CdMe, (& =
22.193175 MHz, ''3Cd), respectively; cadmium formate was used
as a secondary standard for the ''*Cd NMR measurements. The
113Cd chemical shifts were also recalculated with respect to 0.1 M
Cd(ClIOy,), as a standard by using the formula:*®! §[Cd(ClO,),] =
O('13Cd) + 666. The position of the isotropic lines in the ''3Cd
NMR spectra was verified by comparing line positions in spectra
recorded with different spinning speeds. Anisotropic ''*Cd shift pa-
rameters were determined by fitting the intensity profiles of the
spinning sideband manifolds by using a simplex fit algorithm pro-
vided with the TOPSPIN 1.3 spectrometer software.

Solution NMR Studies: 'H-, '3C-, 2°Si- and '*Cd spectra of the
cadmium compounds were obtained at the Institut fiir Anorganis-
che Chemie, University of Karlsruhe, with a Bruker Av400 spec-
trometer. 'H- and '3C spectra of the zinc compounds were mea-
sured on a Gemini 200 spectrometer. 'H-, 1*C- and >°Si NMR spec-
tra were referenced to TMS. ''3Cd NMR spectra were referenced
to external 0.1 m Cd(ClOy,), in D,O as a secondary standard, and
recalculated by using CdMe, (£ = 22.193175 MHz, ''3Cd) as a
reference.

Computational Details: The ab initio Hartree-Fock and DFT
SBKJC pseudopotential calculations?! were performed with the
GAMESS (version 22) package.l*?l The crystallographic structure
was used to obtain a starting geometry where possible; otherwise,
the final geometry from a previous PM6 calculation was used. Sem-
iempirical Hartree—Fock PM6 calculations were performed with
the MOPAC 2007 (version 7.155 w) package.[*%

Substrates and Solvents: Tri-zert-butoxysilanethiol, (zBuO);SiSH,
was obtained by alcoholysis of SiS,.??! Zinc acetylacetonate (melt-
ing point 126 °C) was prepared from ZnO, and freshly distilled
acetylacetone as described previously.?) Cadmium tri-zert-butoxys-
ilanethiolate Cd,(RS);: CdCl,:2.5H,O (0.92 g, 4 mmol) was dis-
solved in water, and triethylamine (5.8 mL, 42 mmol) and tri-zert-
butoxysilanethiol (4.24 mL, 14 mmol) were added to the solution.
The reaction mixture was vigorously shaken for 5min. The re-
sulting precipitate of Cd,(RS), was separated by filtration, dried
and recrystallised from hexane. M.p. 208 °C. Yield: 30%. Solvents
were purchased from Sigma-Aldrich (GC 99.9% purity grade).

Complexes: The yield of all the syntheses was approximately 20—
30%. Each time, the first crop of crystals was collected, and no
effort was undertaken to optimise the conditions of the reactions
or crystallisation to increase the yields of reactions.

[Cd{SSi(O7Bu)3},(C5;H4N,)|*CH30H (1): Cd,(RS)4 (0.5 mmol) was
dissolved in a solution of imidazole (2 mmol) in MeOH (15 mL).
The resulting solution was filtered, an equal volume of acetonitrile
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was added, and the reaction mixture was stored at —18 °C. After
24 h, colourless plates of 1 formed. M.p. 210-211°C (dec.).
C53H4,CdN,04S,Si, (771.5): caled. C 43.59, H 8.10, N 3.63, S 8.31;
found C 43.73, H 8.06, N 3.81, S 8.55. IR (single crystal): ¥ = 3178
(br. m, sh.), 3134 (m, br.), 3061 (m), 3031 (vw), 2978 (vs), 2931 (s),
2906 (s), 2871 (s), 2604 (w), 2273 (w), 1740 (w), 1716 (w), 1699 (w),
1683 (vw), 1671 (w), 1653 (vw), 1620 (w, br.), 1557 (vw), 1541 (m),
1536, 1506 (m), 1473 (s), 1440 (m), 1390 (vs), 1368 (vs), 1361 (vs,
sh.), 1331 (m), 1239 (vs), 1187 (vs, br.), 1147 (m), 1099 (m), 1070
(vs, sh.), 1036 (vs, br.), 1025 (vs, sh.), 983 (s), 945 (m, sh.), 915 (m),
866 (w) 839 (m, sh.), 821 (s), 802 (s), 756 (s) cm'. 'H NMR
(400 MHz, CD;0D): 0 = 1.40 [s, 54 H, C(CHs);], 4.61 (s, 1 H,
NH), 725 (s, 2 H, CH), 8.04 (s, 1 H, CH) ppm. *C NMR
(100.6 MHz, CD5;0D): 0 = 30.66 (s, C—CHs, tri-tert-butoxysilane-
thiol), 73.70 (s, C—CH3, tri-tert-butoxysilanethiol), 121.47 (s, N-C-
C-N), 136.39 (s, N-C-N) ppm. Solid-state NMR results are de-
scribed in the text.

{Cd[(zBu0);SiS],(C4HsN,)}-CH;OH{Cd|(rBuO);SiS],(C4HsN,)-
(CH50H)} (2a): Cd,(RS),; (0.5 mmol) was dissolved in a solution
of 2-methylimidazole (4 mmol) in MeOH (15 mL). The resulting
solution was filtered, an equal volume of acetonitrile was added,
and the reaction mixture stored at —30 °C. Colourless plates of 1
formed within 24h. M.p. 224-225°C (dec. to CdS).
CsgH 25CdyN4014S4Si, (1572): caled. C 44.34, H 8.21, N 3.57, S
8.16; found C 44.65, H 8.10, N 3.69, S 8.31. IR (single crystal):
Supporting Information. 'H NMR (400 MHz, CD;0D): § = 1.39
[s, 54 H, C(CH>)3], 2.67 (s, 3 H, C-CH3), 7.17 (s, 2 H, CH) ppm.
BC{'H} NMR (100.6 MHz, CD;0D): § = 12.75 (s, C-CHj;, 2-
methylimidazole), 30.67 (s, C-CHs, tri-tert-butoxysilanethiol),
73.60 (s, C-CHs, tri-tert-butoxysilanethiol), 146.07 (s, N-C-N)
ppm. 'H NMR (200 MHz, C4Dy): 6 = 1.56 [s, 54 H, C(CH3)3], 2.59
(s, 3H, C-CH3), 6.18 (s, 1 H, CH) 7.73 (s, 1 H, CH) ppm. 3C{'H}
NMR (50.29 MHz, C¢Dg): 0 = 14.44 (s, C-CHj;, 2-methylimid-
azole), 32.26 (s, C—CHs, tri-tert-butoxysilanethiol), 74.54 (s, C-
CH3, tri-tert-butoxysilanethiol), 117.8 (s, N-C-C-N), 146.75 (s,
N-C-N) ppm. 'H NMR (200 MHz, CDCls): § = 1.32 [s, 54 H,
C(CH;)3], 2.74 (s, 3 H, C-CH3;, 2-methylimidazole), 3.48 (s, 3 H,
CH;, methanol) 7.15 (s, 2 H, CH) ppm. C{'H} NMR
(50.29 MHz, CDCly): 6 = 14.54 (s, C-CHj;, 2-methylimidazole),
31.93 (s, C—CHs;, tri-tert-butoxysilanethiol), 51.14 (s, CH3, meth-
anol), 74.47 (s, C—CHys, tri-tert-butoxysilanethiol), 146.92 (s, N-C—
N) ppm. Solid-state NMR results are described in the text. IR (so-
lid state): Supporting Information.
{Cd[(rBuO);SiS],(C4HN,)}C,HsOH (2b): This was prepared as
described for 2a with the use of ethanol instead of methanol.
Colourless plates. M.p. 206-208 °C (dec. to CdS). IR (solid state):
Supporting Information.

{Cd[(rBu0);SiS],(CsHgN,)}CH3;0H (3): Cd,(RS),4 (0.5 mmol) was
dissolved in a solution of 2-ethylimidazole (4 mmol) in MeOH
(15 mL). The resulting solution was filtered, an equal volume of
acetonitrile was added, and the reaction mixture was stored at
—30 °C. After 24 h colourless plates of 1 formed. M.p. 184-191 °C
(dec. to CdS). C30HgCdN,0O5S5Si, (799.55): caled. C 45.06, H
8.32, N 3.50, S 8.02,; found C 45.51, H 8.47, N 3.60, S 8.05. IR
(single crystal): Supporting Information. 'H NMR (200 MHz,
CD;OD): ¢ = 1.29 (t, 3 H, CHj;, 2-ethylimidazole), 1.37 [s, 54 H,
C(CH»)3], 3.1 (g, 2 H, CH,, 2-ethylimidazole) 4.9 (s, 1 H, NH)
ppm. C{'H} NMR (50.29 MHz, CD;0D): § = 13.68 (s, CH,~
CHj;, 2-ethylimidazole), 22.74 (s, CH,~CHj;, 2-ethylimidazole),
32.35 (s, C—CHs;, tri-tert-butoxysilanethiol), 75.26 (s, C—CH3s, tri-
tert-butoxysilanethiol), 121.5 (s, N-C-C-N), 151.5 (s, N-C-N)
ppm. Solid-state NMR results are described in the text. IR (solid
state): Supporting Information.
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Zinc Complexes: The syntheses are described only for the methanol
solvates. The ethanol and 2-propanol solvates 5b, 5¢, 5d, 6b and 6¢
were prepared with the use of the corresponding alcohol instead of
methanol.

{Zn|(rBu0O);SiS],(C3H4N,)} (4): Zn(acac), (2 mmol) was suspended
in warm methanol (15 mL), and tri-zert-butoxysilanethiol (6 mmol)
was added. The contents of the flask were gently shaken until the
solution was clear. Imidazole (2 mmol) in methanol (5 mL) was
then added. The solution was filtered, and acetonitrile (5 mL) was
added. After the solution was stored at —18 °C, colourless, needle-
like crystals of 4 were obtained after approximately 24 h. M.p.
218 °C (dec.). C57Hs59N,0¢S,Si,Zn (693.50): caled. C 46.83, H 8.44,
N 4.04, S 9.26; found C 46.80, H 8.46, N 4.03, S 9.21. IR (single
crystal): Supporting Information. '"H NMR (200 MHz, CDCls): ¢
=1.36 [s, 54 H, C(CH3)3], 7.15 (s, 1 H, N-CH-CH-NH), 7.47 (s,
1 H, N-CH-CH-NH), 8.02 (s, 1 H, N-CH-NH) ppm. 'H NMR
(200 MHz, CD;0OD): ¢ = 1.39 [s, 54 H, C(CH3)3], 7.34 [s, 2 H,
N(CH),N], 8.30 (s, 1 H, N-CH-NH) ppm. C{'H} NMR
(50.29 MHz, CDCls): 6 = 31.88 (s, C-CHj;), 31.94 (s, C-CH,;),
74.93 (s, C-CHs), 117.04 (s, N-C-C-NH), 127.61 (s, N-C-C-NH)),
136.90 (s, N-CH-NH) ppm. BC{'H} NMR (50.29 MHz,
CD;0D): 6 = 32.32 (s, C-CH3), 75.16 (s, C—-CH3), 117.5 (br. s, N—
C-C-NH), 128 (br. s, N-C-C-NH), 139.01 (s, N-CH-NH) ppm.
IR (solid state): Supporting Information.

{Zn[(Bu0);SiS],(C4H(N,)} - CH;OH{Zn[(BuO);SiS],(C4HeN,)-
(CH50H)} (5a): Zn(acac), (2 mmol) was suspended in warm meth-
anol (20 mL), and tri-tert-butoxysilanethiol (6 mmol) was added.
The contents of the flask were gently shaken until the solution was
clear. 2-Methylimidazole (4 mmol) in methanol (5 mL) was then
added to the reaction mixture. The solution was filtered, and aceto-
nitrile (5 mL) was added. The solution, placed at —18 °C, yielded
colourless, crystalline plates of 5a after approximately 24 h. M.p.
slow decomposition. CsgH,5N401454S1,Zn, (1476.98): caled. C
47.16,H 8.74, N 3.79, S 8.68; found C 47.43, H 8.76,N 3.90, S 8.68.
IR (single crystal): Supporting Information. 'H NMR (200 MHz,
CDCl,): 0 = 1.35[s, 54 H, C(CHs;)s], 2.83 (s, 3 H, C-CH3, 2-methyl-
imidazole), 3.51 (d, 3 H, CH;, methanol), 6.92 (s, 1 H, CH), 7.59
(s, 1 H, CH), 9.97 (s, 1 H, NH?, OH?) ppm. 'H NMR (200 MHz,
CD;0D): ¢ = 1.35 [s, 54 H, C(CH>)3], 2.76 (s, 3 H, CH3, 2-methyl-
imidazole), 7.12 [s, 2 H, N(CH),N] ppm. 3C{'H} NMR
(50.29 MHz, CDCls): 0 = 14.43 (s, C-CH3, 2-methylimidazole),
31.90 (s, C-CHj;, tri-tert-butoxysilanethiol), 51.28 (s, CHs, meth-
anol), 74.60 (s, C-CHs;, tri-tert-butoxysilanethiol), 74.93 (s, C—~CHs,
tri-tert-butoxysilanethiol), 115.22 (s, N-C-C-N), 128.54 (s, N-C—
C-N), 147.04 (s, N-C-N) ppm. '*C{'H} NMR (50.29 MHz,
CD;0D): ¢ = 14 (s, C—CHj;, 2-methylimidazole), 32.30 (s, C—CH;
tri-zert-butoxysilanethiol), 75.17 (s, C—CHa;, tri-tert-butoxysilane-
thiol), 118 and 124 (v br. and hardly visible s, N-C-C-N), 144 (s,
N-CH-NH) ppm. IR (solid state): Supporting Information.

{Zn|(tBuO);SiS],(C4H¢N,)}-C,HsOH (5b): (acetonitrile 50% v/v,
temperature of crystallisation —18 °C). M.p. 199-202 °C.
C30HgsN,04S,S1,Zn (752.52): caled. C 47.88, H 8.84, N 3.72, S
8.52; found C 47.76, H 8.81, N 3.73, S 8.47. IR (solid state): Sup-
porting Information.

{Zn|(tBuO);SiS](C4HgN2)}H{ Zn|[(1BuO);SiS],(C4HsN,)(C;HsOH)}
(5¢): (acetonitrile 20% v/v, temperature of crystallisation —30 °C).
M.p. 199-202 °C. CsgH 25N4013S,S1,Zn, (1459.04): calcd. C 47.75,
H 8.70, N 3.84, S 8.79; found C 46.47, H 8.68, N 3.87, S 8.81. IR
(solid state): Supporting Information.

{Zn|(rBuO);SiS|,(C4HgN,)}+CsH,OH (5d): Slow decomposition
above 200 °C. M.p. 234-235°C. C;3HgN>0S5Si,Zn (766.54):
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caled. C 48.57, H 8.94, N 3.65, S 8.37; found C 48.10, H 8.80, N
3.79, S 8.64. IR (solid state): Supporting Information.

{Zn|(Bu0);SiS],(CsHgN,)}*CH30H (6a): Zn(acac), (2 mmol) was
suspended in warm methanol (10 mL), and tri-zerz-butoxysilane-
thiol (6 mmol) was added. The contents of the flask were gently
shaken until the solution was clear. 2-Ethylimidazole (4 mmol) in
methanol (5 mL) was then added to the reaction mixture. The solu-
tion was filtered and acetonitrile (5 mL) was added. The solution,
placed at —18 °C, yielded colourless, crystalline plates of 6a after
approximately 24h. M.p. 200-203°C. C3oHgN,05S,Si,Zn
(752.52): caled. C 47.88, H 8.84, N 3.72, S 8.52; found C 48.00, H
8.90, N 3.86, S 8.49. IR (single crystal): Supporting Information.
'"H NMR (200 MHz, CDCl;): 6 = 1.32 [s, 54 H, C(CH3)3], 1.35
(triplet-like, 3 H, CHs;, 2-ethylimidazole), 3.28 (q, 2 H, CH,, 2-
ethylimidazole), 3.49 (s, 3 H, CH;, methanol), 4.38 (s, 1 H, OH),
6.94 (s, 1 H, NCHCHN), 7.54 (s, | H, NCHCHN), 10.08 (s, 1 H,
NH) ppm. 'H NMR (200 MHz, CD;0D): § = 1.34 [s, 54 H,
C(CHs3)3), 1.39 (s, 3 H, CHj;, 2-ethylimidazole), 3.26 (q, 2 H, CH,,
2-ethylimidazole), 4.90 (s, 3 H, CH;, methanol), 7.07 (s, 1 H,
NCHCHN), 7.50 (s, 1 H, NCHCHN) ppm. BC{'H} NMR
(50.29 MHz, CDCl3): 6 = 12.95 (s, CH,~CH3;, 2-ethylimidazole),
21.38 (s, CH,—CHy3;, 2-ethylimidazole), 31.92 (s, C-CHj;, tri-tert-bu-
toxysilanethiol), 51.23 (s, CH3, methanol), 74.46 (s, C—CHj;, tri-
tert-butoxysilanethiol), 74.93 (s, C—CHys, tri-tert-butoxysilanethiol),
115.32 (s, N-C-C-N), 128.27 (s, N-C-C-N), 151.92 (s, N-C-N)
ppm. BC{'H} NMR (50.29 MHz, CD;0OD): § = 13.30 (s, CH»-
CHs;, 2-ethylimidazole), 22.49 (s, CH,—CHj;, 2-ethylimidazole),
32.35 (s, C—CHj, tri-tert-butoxysilanethiol), 75.13 (s, C—~CHj, tri-
tert-butoxysilanethiol), 116 (s, N-C-C-N), 129 (s, N-C-C-N),
153.22 (s, N-C-N) ppm. IR (solid state): Supporting Information.

{Zn|(rBu0);3SiS],(CsHgN,)}-C,HsOH  (6b): M.p. 199-202 °C.
C31HggN,04S,S1,Zn (766.54): caled. C 48.57, H 8.94, N 3.65, S
8.37; found C 48.58, H 8.95, N 3.65, S 8.32. IR (single crystal):
Supporting Information. 'H NMR (200 MHz, CDCls): 6 = 1.25 (t,
6 H, CH; ethanol and 2-ethylimidazole), 1.34 [s, 41 H, C(CH3);],
1.35[s, 13 H, C(CH;)3], 3.32 (q, 2 H, CH,, 2-ethylimidazole), 3.75
(sex., 2 H, CH,, ethanol), 6.94 (s, 1 H, NCHCHN), 7.59 (s, 1 H,
NCHCHN), 9.54 (s, 1 H, NH) ppm. '*C{'H} NMR (50.29 MHz,
CDCls): 0 = 12.73 (s, CH,-CH3;, 2-ethylimidazole), 18.83 (s, CH,—
CHs;, ethanol), 21.38 (s, CH,—CHj;, 2-ethylimidazole), 31.92 (s, C—
CHys, tri-tert-butoxysilanethiol), 59.1 (s, CH,, ethanol), 74.59 (s, C—
CHys, tri-tert-butoxysilanethiol), 74.92 (s, C-CH3, tri-tert-butoxysil-
anethiol), 115.01 (s, N-C-C-N), 128.77 (s, N-C-C-N), 152.05 (s,
N-C-N) ppm. IR (solid state): Supporting Information.

{Zn|(rBu0);SiS],(CsHgN,)}-C;H,O0H  (6¢): M.p. 199-200 °C.
C3,H,0N,0,S,Si,Zn (780.60): calcd. C 48.57, H 8.94, N 3.65, S
8.37; found C 48.58, H 8.95, N 3.65, S 8.32. IR (solid state): Sup-
porting Information.

Supporting Information (see footnote on the first page of this arti-
cle): Additional experimental details such as structures, FTIR spec-
tra for all compounds, '*C- and 2°Si solid-state NMR shifts and
HF and PM6 calculation results are present.
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