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and Models for the Repair of DNA Alkylation Damage

by
Jonathan J. Wilker

Submitted to the Department of Chemistry
on September 18, 1996 in Partial Fulfillment of the
Requirements for the Degree of Doctor of Philosophy in Chemistry

ABSTRACT

We describe the alkylation reactions of various metal thiolate complexes. The
compounds [(CH3)4N]2[M(SC¢Hs)4] (M = Zn(Il), Co(ll), Cd(II), Hg(Il)),
[(CH3)4N][Zn(SCeHs)3(Melm)], (MeIm = 1-methylimidazole) [Zn(SCgHs)2(Melm)2],
[(C4Ho)4N][Hg(SCeHs)3], (CH3)4N(PFe), [(C4Hog)4N]2[Fe4S4(SCsHs)4l, [(C4Hg)4N]2-
[Fe4S4(SC2Hs)4], [(C2Hs)4N]3[FesS4(SC2Hs)4], and [(CoHs)4N]2[Fe(SCoHs)4] were all
reacted with the methylating agent (CH30)3PO. In all cases, methyl transfer was
observed, however the nature of products varied amongst the complexes examined.
Solution equilibria studies elucidated ion pairing of and ligand dissociation from
the parent complex [(CH3)4N]2[Zn(SCeHs)4] in dimethyl sulfoxide (DMSO) solution.
A dissociated thiolate was determined to be the nucleophile active in methyl
transfer. Kinetic studies revealed differences in the nucleophilicity and ligand
dissociation properties of the compounds studied. Syntheses and single crystal X-ray
structures of the new compounds [(CH3)4N][Zn(SCe¢Hs)3(Melm)], [Zn(SCeHs5s)2-
(MelIm);], and [Co(SCeHs)2(Melm);] are reported. Our results are discussed in the
context of protein repair of deoxyribonucleic acid (DNA) alkylation damage. We
propose a mechanism of alkylphosphotriester repair by the Escherichia coli Ada
protein.
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Alchemy, however, is a chaste prostitute, who has
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rich into paupers, the philosophers into dolts, and
the deceived into loquacious deceivers...

From Annalium Hirsaugensium Tomi II
by Johannes Trithemius, 1690.

Translated by Umberto Eco in Foucault’s Pendulum
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Alkyl Transfer to Metal Thiolates:
Kinetics, Active Species Identification, and Relevance to the DNA

Methylphosphotriester Repair Center of Escherichia coli Ada
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Abstract

The Ada protein of Escherichia coli employs a [Zn(S-cys)4]2- site to
repair deoxyribonucleic acid alkylphosphotriester lesions. The alkyl group is
transferred to a cysteine thiolate in a stoichiometric reaction. We describe a
functional model for this chemistry in which a thiolate of [(CH3)4N]2-
[Zn(SCeHs)4] accepts a methyl group from (CH30)3PO. The thiolate (CH3)4N-
(SCgHs) is also active in methyl transfer, but the thiol C¢HsSH fails to react.
These observations suggest that zinc binding of the cysteine responsible for
alkyl transfer in Ada prevents protonation by accessible solvent, maintaining
the residue in the active thiolate state. Conductivity measurements and
kinetic studies demonstrate that [(CH3)4N]2[Zn(SCgHs)4] forms ion pairs in
dimethyl sulfoxide (DMSO) solution, which exhibit negligible demethylation
activity relative to that of the solvated [Zn(SC¢Hs5)4]2- dianion. The ion
pairing equilibrium constant was determined to be Kip = 13 + 4 M-1, from
which the concentrations of the active [Zn(SC¢Hs)4]?- and the relatively inert
{[(CH3)aN][Zn(SCeHs)4]}- species could be estimated. The reaction of
[Zn(SC¢Hs5)4]2- with (CH30)3PO is overall second-order, first-order with
respect to each reagent. A second-order rate constant for this reaction, kzp,
was determined to be (1.6 + 0.3) x 102 M-1s-1. Ligand dissociation occurs in
both the tetrathiolate species [Zn(SC¢Hs)4]2- and the ion pair
{{(CH3)4N][Zn(SCsHs)4]}, as determined by TH NMR spectroscopy. From 1H
NMR spectral studies, an equilibrium constant for ligand dissociation from
{[(CH3)4N][Zn(SCsHs)4]}, KDissocIP, Was determined to be (1.0+£0.9) x 102 M.
This value was taken as a lower limit for the equilibrium constant for thiolate
dissociation from the [Zn(SCgHs5)4]2- dianion, Kpjssoc. From kinetic data and

this lower limit for ligand loss, all reactivity of [(CH3)4N]2[Zn(SCeHs)4] toward
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(CH30)3PO could be attributed to dissociated thiolate. Metal complexes
representing alternative zinc protein sites were examined for methyl transfer
ability. Pseudo-first-order rate constants provided the following trend:
[(CH3)4N]2[Zn(SCeHs)4] > [(CH3)4N][Zn(SCeHs)3(Melm)] > [Zn(SCgHs)z-
(Melm);]. These data suggest that [Zn(S-cys)4]2- is the optimal protein zinc
center for alkylphosphotriester repair. The reactivity of cobalt(Il) and
cadmium(Il) tetrathiolate analogs was also investigated. A mechanism for in
vivo alkylphosphotriester repair by the Ada protein involving a transiently

dissociated cysteine thiolate is proposed.
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Introduction

Proteins capable of repairing DNA alkylation damage occur in most
organisms.!> One of the best studied examples is the Ada protein of
Escherichia coli. Ada is responsible for repair of O6-alkylguanine, O4-alkyl-
thymine, and the Sp diastereomer of alkylphosphotriesters.*® The lesions are
repaired by stoichiometric and irreversible transfer of the offending alkyl
group to cysteine residues of the protein.#6-12 Separate active sites are present
for mending the two alkylation damage types.*1011 Base alkylation is
repaired in the C-terminal portion of Ada by Cys321,”1112 which is embedded
in the sequence Asn-Xg-Pro-Cys-His-Arg-Val-Xg-Tyr-X13/14-Glu, conserved by
all known Of-alkylguanine transferases.!> Phosphate damage is repaired by
alkyl transfer to Cys69,1%11 one of four cysteine residues bound to a zinc ion
in the N-terminus of Ada 81416

The use of a [Zn(S-cys)4]2- site to repair alkylphosphotriesters raises
several questions for the inorganic chemist. Why is Cys69, the residue re-
sponsible for repair, coordinated to zinc? Why does the ligand environment
of this zinc ion comprise four cysteine residues? When the cysteine thiolate
accepts an alkyl group from an alkylphosphotriester, is it coordinated to zinc
or transiently dissociated? How does the nucleophilicity of a metal thiolate
compare to that of the analogous thiolate alone? Why was zinc selected over
other metal ions?

Previously, we used [(CH3)4N]2[Zn(SCeHs5)4] to mimic the [Zn(S-cys)4]2-
site of Ada and (CH30)3PO to represent a DNA methylphosphotriester lesion
in a functional model system.!” Methyl transfer from (CH30)3PO to a thiolate
of [(CH3)4N]2[Zn(SC¢Hs)4] occurred in deuterated dimethyl sulfoxide (DMSO-
d6) solution, but zinc was not required for this reaction. Methyl transfer from

(CH30)3PO to benzenethiolate, (CH3)4N(SCgHs), readily took place. The anal-
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ogous thiol, C¢HsSH, however, was unreactive toward (CH30)3PO. We con-
cluded that zinc coordination of Cys69 maintains this residue as a thiolate ac-
tive in alkylphosphotriester repair, preventing protonation and inactivation
by accessible water.

In the present report, we further analyze the reaction between
[(CH3)4N]2[Zn(SC¢Hs)4] and (CH30)3PO in DMSO. Included in this analysis
are the order dependencies of each reagent to provide an overall rate
equation, characterization of ion pairing and ligand dissociation, and analysis
of whether or not the thiolate accepting a methyl group from (CH30)3PO.is
bound to zinc. The methyl transfer properties of cobalt(Il) and cadmium(II)
analogs are also explored, and the general nucleophilic character of free

versus metal-bound thiolates is discussed.

Experimental

General. All procedures were carried out under an argon or nitrogen
atmosphere using standard Schlenk and glove box techniques. Solvents were
dried, degassed, and distilled according to standard procedures.!®1° NMR
spectra were recorded at 25 = 1 °C on Varian Unity 300 and VXR-500
instruments. All 31P{1H} NMR spectra were recorded on samples with
phosphorus concentrations of 211 mM. For solubility reasons, all NMR
spectra were taken in DMSO-d6. The parent complex [(CH3)4N]2[Zn(SCgHs)4]
was synthesized according to a literature procedure.?’ The compounds
[(CH3)4N][Zn(SCgH5)3(Melm)] and [Zn(SC¢Hs)2(Melm)z] were prepared as
reported previously.!”

Kinetics. All kinetic runs were performed under pseudo-first-order
conditions with the concentration of thiolate or metal thiolate in excess over

(CH30)3PO to prevent more than one equivalent of methyl transfer. Reaction
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kinetics were monitored by 1H NMR spectroscopy in DMSO-d6 at 24.5 ( 0.6)
°C. Typical IH NMR parameters for kinetic studies included 4 scans per
spectrum, 40 second relaxation delay between scans, and 60 spectra per
experiment. The total time of data collection was 6 h. Solution volumes
were standardized by using calibrated 1 mL volumetric flasks. Concentrations
of reactants and products were determined by referencing peak integrals to the
methyl resonances of (CH3)4N* counterions, the concentration of which was
determined from starting material quantities and known solution volumes.
Rate constants were determined by curve fitting (CH30)3PO concentration-
versus-time plots with a standard, integrated expression for first-order
decay.21 Pseudo-first-order rate constants (Table 1.1) were determined in
triplicate, and the reported values are averages of the three kinetic runs with
errors reflecting one standard deviation.

Conductivity. Conductivity measurements were recorded on a Fisher
Scientific Model 09-326 conductivity meter equipped with a platinum elec-
trode. The instrument response was calibrated with NIST conductivity cali-
bration standards of KCl purchased from Fisher Scientific. All solution tem-
peratures were 24 + 1 °C.

(CH3)4N(SC¢Hs). Benzenethiol (13.3 g, 121 mmol) was added to an
ethanol (50 mL) solution of (CH3)4N(OH)-5H20 (21.8 g, 120 mmol). The
solvent was removed under vacuum to yield a colorless solid that was
recrystallized from boiling acetonitrile. TH NMR (DMSO-d6): & 3.08 (s, 12 H,
(CH3)N+), 6.40 (t, 1 H, p-H), 6.64 (t, 2 H, m-H), 7.00 (d, 2 H, o-H). Anal. Calcd
for C1oH17NS: C, 65.52; H, 9.35; N, 7.64. Found: C, 65.83; H, 9.66; N, 7.91.

[(CH3)4N]2[Co(SCgHs)4l. This compound was prepared by modification
of a literature procedure.22 A methanol (40 mL) solution of Co(NO3)2-6H20
(8.74 g, 30.0 mmol) was added to a methanol (80 mL) solution of C¢HsSH (22.9



34

g, 208 mmol), (C2Hs)3N (21.0 g, 208 mmol), and (CH3)4NCl (7.50 g, 68.3 mmol)
over 45 min with stirring. Addition of isopropanol (45 mL) and overnight
storage at -20 °C provided green crystals (9.08 g, 14.1 mmol, 47%) that were
collected by filtration, washed with isopropanol, and dried in vacuo. Anal.
Calcd for C3pHy4N2S4Co: C, 59.69; H, 6.89; N, 4.35. Found: C, 59.21; H, 6.88; N,
4.28.

[(CH3)4N12[Cd(SCeHs)4l. A literature synthesis was modified to obtain
this complex.zo Benzenethiol (8.91 g, 80.9 mmol), (C4Hg)3N (12.5 g, 124 mmol),
and (CHj3)4NCl (5.51 g, 50.3 mmol) were combined in methanol (175 mL). To
this solution was added Cd(NO3)2-4H70 (2.58 g, 8.36 mmol) in methanol (25
mL) over 2 h. Normal butanol (125 mL) was added over 10 min and the reac-
tion solution was stored at -20 °C overnight. The resulting colorless crystals
were collected, washed with n-C4H9OH, and dried in vacuo. These crystals
were recrystallized from CH3CN (50 mL), collected by filtration, washed with
n-C4H9OH, and dried in vacuo. 1H NMR (DMSO-d6): & 3.05 (s, 24 H,
(CH3)N*), 6.62 (t, 4 H, p-H), 6.75 (t, 8 H, m-H), 7.36 (d, 8 H, o-H). Anal. Calcd
for C3pH44N,S4Cd: C, 55.11; H, 6.36; N, 4.02. Found: C, 55.02; H, 6.33; N, 4.02.

Results

Reaction of [(CH3)4N]2[Zn(SCeHs)4] with (CH30)3PO. As shown by time
dependent 1H NMR spectroscopy in Figure 1.1, a 1:1 mixture of [(CH3)4N]2-
[Zn(SCe¢Hs5)4] and (CH30)3PO in DMSO-d6 reacts quantitatively to form
CH3SCgHs, (CH30)2PO27, and {Zn(SCgHs)3)-. The CH3SCgHs product is not
coordinated to zinc because its 1H NMR resonances are identical to those of
an authentic sample. The zinc-containing reaction product retains three
bound thiolates, which are equivalent by 1H NMR spectroscopy. The 31P{1H}
NMR peak of (CH30)2POz3" is broad (Avy/2 = 60 Hz) relative to that of a gen-
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uine sample of (NH4)[(CH30)2PO3] (Avy/2 = 5.1 Hz). Owing to the high freez-
ing point of DMSO-d6 (18 °C), we were unable to cool the NMR sample signif-
icantly. Heating the reaction solution, however, sharpens 31P{IH} NMR lines
of the (CH30)2PO3" product. From these results, we conclude that (CH30)»-
POy is in dynamic equilibrium between zinc-bound and free states. Scheme
1.1 depicts the reaction between [(CH3)4N]2[Zn(SC¢Hs)4] and (CH30)3PO.
Attempts to crystallize the zinc-containing reaction product from DMSO solu-
tions for single crystal X-ray structural analysis afforded only crystals of
[(CH3)4N]2[Zn(SCeHs)a).

A kinetic analysis was undertaken to understand better methyl transfer
from (CH30)3PO to [(CH3)4N]2[Zn(SCeHs)s]. - As shown in Figure 1.2, the reac-
tion is first-order in (CH30)3PO. By maintaining the (CH30)3PO concentra-
tion at a constant value of 8.5 mM and varying [(CH3)4N]2[Zn(SCgHs)4] from
30.0 to 181, mM we obtained data for a plot of pseudo-first-order rate constant
(kobs) versus [(CH3)4N]2[Zn(SC¢Hs)4] concentration (Figure 1.3). The leveling
off at high concentrations of [(CH3)4N]2[Zn(SC¢Hs)4] suggested the formation
of {[(CH3)4N][Zn(SCeHs)4]}- ion pairs.

Ion Pairing. The conductivity of [(CH3)4N]2[Zn(SCe¢Hs)4] in DMSO
solution further indicated the presence of ion pairing, as revealed by
curvature in the plot with increasing [(CH3)4N]2[Zn(SCgHs)4] concentration
(Figure 1.4). In order to evaluate the effect of ion pairing on the reaction of
[(CH3)4N]2[Zn(SCgHs)4] with (CH30)3PO, we performed kinetic studies in the
presence of added (CH3)4N(PFg) to increase the concentration of the ion
paired species {[(CH3)4N][Zn(SC¢Hs)4]}-. The kops values were diminished
relative to those obtained in analogous runs without added (CH3)4N(PFg)

(data not shown).
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A model was formulated to describe the effect of ion pairing on the
methyl transfer reaction. This model separates the reactivity of [Zn(SCeHs)4]2-
from that of the ion paired species {[(CH3)4N][Zn(SCeHs5)4]}". As shown in
Scheme 1.2, the model proposes that [Zn(SCgHs)4]2- is competent to react with
(CH30)3PO but the less charged {[(CH3)4N][Zn(SC¢Hs)4]}- is not. This
assumption is consistent with the observation that the reaction of
[Zn(SCeHs)3(Melm)]- with (CH30)3PO has a pseudo-first-order rate constant
an order of magnitude lower than that of [Zn(SCgHs)4]2- (Table 1.1).

We designate the concentration of [Zn(SC¢Hs)4]%, solvated but not ion
paired, as [{Zn(SCgHs)4}2 ]free; the concentration of (CH3)4N* not involved in
ion pairing as [(CH3)4N*]ree; and the concentration of ion paired zinc species
as [{[(CH3)4N][Zn(SCeHs)4]}7]. The equilibrium constant for ion pairing, Kip, is

defined in eq 1.1 and the total zinc in eq 1.2. The observed pseudo-first-order

[{(CH3)4l[Zn(SC¢Hs5) 4]} ] (1.1)
[{Zn(SCeH5)4* Niree [(CH3)sN gree

[Zn2+*]iot = [{Zn(SCeHs)4}2 Jtree + [{[(CH3)4N][Zn(SCsHs)4]}]  (1.2)
rate constant for the reaction of [(CH3)4N]2[Zn(SCgHs)4] with (CH30)3PO, kobs,
is the product of the true second-order rate constant, kzn, and
[{Zn(SCeHs5)4}2 1free (eq 1.3). Egs 1.1-1.3 can be rearranged to provide an

kobs = kzn [{Zn(SC6H5)4}2']free (1.3)

expression for [(CH3)4N*]ree in terms of kzn, kobs, K1p, and [Zn2+]iot (eq 1.4,
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k7o [Zn%*). - k
[(CH)a Nl = Z0lZ0 ot~ Kobs (14
KIP kobs

derived in Appendix Al.1). From eq 14, it is clear that a plot of [Zn2+]iot/kobs
versus [(CH3)4N+]gree yields a slope of Kip/kzn and an ordinate intercept of
1/kzn. This plot thus affords both Kip and kzn if the (CH3)4N *¢ree
concentrations are known.

The (CH3)sN*ree concentrations were obtained by the following
iterative procedure. For each [(CH3)aN]2[Zn(SCgHs)4] concentration at which
a kinetic run was performed (Figure 1.3), an initial guess of [(CH3)4N*]ree was
made. Plotting [Zn2+]iot/kobs Versus [(CH3)4N*]gree provided a rough estimate
of the ion pairing equilibrium constant, Kip, and the second-order rate
constant, kzn, from eq 1.4. By using eqs 1.1 and 1.2, substitution and
rearrangement afforded an expression for [(CH3)4N*]free in terms only of Kip
and [Zn2+]iot (eq 1.5, derived in Appendix Al.2). The initial Kip value was

1/2
Kpp [Zn®*)got - 1% ((KIP [Z0%* Jiot)? + 6Kip [Zn** ]yt + 1)

2 Kp

[(CH3)4N*Jgree =

(1.5)

used in eq 1.5 to estimate the (CHj3)4N*free concentrations. Replotting
[Zn2+]40t/ kobs Versus [(CH3)4N+]¢ree yielded superior Kip and kzn values. This
process was repeated until the [(CH3)4N*]¢ree, Kip, and kzn values converged.
The final iteration of such a [Zn2+]iot/kobs Versus [(CH3)4N*]gree plot is shown
in Figure 1.5. From the ordinate intercept, we obtained a second-order rate

constant for the reaction of [Zn(SCgHs)4]2- and (CH30)3PO of (1.6 + 0.3) x 10-2
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M-1s-1 (Table 1.2). This plot also afforded an ion pairing equilibrium constant,
Kip, of 13 + 4 M-1 (Table 1.2).

With this value of Kip, the exact concentration of [{Zn(SCe¢Hs)4}2 Ifree
available for reaction with (CH30)3PO is known for any starting
[(CH3)4N]2[Zn(SCeHs5)4] concentration. A plot of kobs versus [{Zn-
(SCeHs)4}2"]free concentration provided the reaction order dependence on
[{Zn(SCeHs)4}2 free- As shown in Figure 1.6, this plot gave a straight line with
an intercept at the origin. From the plot, we conclude that the reaction of
[Zn(SCe¢Hs)4]2- and (CH30)3PO is first-order with respect to [{Zn(SCgHs)4}2 Jfree
concentration. With the order dependencies of both reagents known, we
arrived at the final rate equation for the reaction of [(CH3)4N]2[Zn(SC¢Hs)4]
and (CH30)3PO, eq 1.6.

_d[{Zn(SCgHs)4}* ]

it = kzn [{Zn(SCeHs)4}7] [(CH30)3PO]  (1.6)

Ligand Dissociation. We next address the question of whether the

active species is a zinc-bound or free thiolate. Eq 1.7 describes situations in

kobs = kzn [{Zn(SCeH5)4}2 Jgree + kPhs [CeH5S] (17)

which the observed reactivity of [(CH3)4N]2[Zn(SC¢Hs)4], parameterized by
kobs, can be ascribed exclusively to zinc-bound thiolate, completely dissociated
thiolate, or a combination of the two. In this equation, the second-order rate
constant for reaction of dissociated benzenethiolate is kphs. To discern the
relative contributions of [Zn(SCe¢Hs5)42 Jree and CgHsS- to the [(CH3)4N]o2-

[Zn(SCgHs)4] reactivity, the concentrations of each species are required.
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Figure 1.7 displays the aromatic region of the IH NMR spectra of
(CH3)4N(SCeHs), [(CH3)aN]2[Zn(SCeHs)4], [(CH3)4N][Zn(SCgHs)3(Melm)], and
[Zn(SCeHs)2(Melm)z] in DMSO-d6. For (CH3)4N(SCgHs), the peaks are sharp
with well resolved spin-spin coupling. For [(CH3)4N]2[Zn(SC¢Hs)4], however,
they are broad and display almost no splitting. The spectra of [(CH3)4N][Zn-
(SCe¢Hs)3(Melm)] and [Zn(SCgHs)2(Melm)z] are sharper and have better re-
solved spin-spin coupling. Ligand dissociation accounts for the line broaden-
ing trend of [Zn(SCeHs)4]%" > [Zn(SCHs)3(Melm)]- > [Zn(SCgHs)2(Melm)a].
The [Zn(SCeHs)4]2- dianion is expected to dissociate a thiolate ligand more
readily than [Zn(SCe¢Hs)3(Melm)]-. Neutral [Zn(SCgHs)2(Melm)] is even less
likely to dissociate such a ligand. The results in Figure 1.7 indicate that the
rate of ligand dissociation, as measured by line widths, increases with
increasing thiolate content of the complexes. Since the exchange is fast on the
1TH NMR time scale, we cannot determine from these data alone the extent of
ligand dissociation by integrating peaks associated with the zinc-bound and
dissociated benzenethiolate. On the other hand, the rapid exchange permits
us to discount ligand dissociation as a rate-determining step in the reaction of
[(CH3)4N]2[Zn(SCgHs)4] with (CH30)3PO, owing to the low rate constants of
methyl transfer (Table 1.1).

Scheme 1.3 depicts the consequences of ligand dissociation on the reac-
tion of non-ion paired [Zn(SC6H5)4]2' with (CH30)3PO. Free benzenethiolate
will react with (CH30)3PO as indicated (Table 1.1). Although the identity of
the zinc species following thiolate dissociation is unknown, solvent binding
to the empty coordination site is likely. The resulting zinc species will have
one less negative charge compared to [Zn(SCe¢Hs)a]%. We assume reactivity of

the solvated species [Zn(SC¢Hs5)3(DMSO)]- to be negligible relative to



40

[Zn(SCgHs)4]% and CgHsS-. The extent of ligand dissociation is defined by an

equilibrium constant, Kpjssoc, given in eq 1.8.

K _ [{Zn(SC¢H5)3(DMSO)} "] [C¢HsS™]
Dissoc = 2—
[{Zn(SCeHs)4}" ltree

(1.8)

Combined Effects of Ion Pairing and Ligand Dissociation. In order to
define completely the reactivity of [(CH3)4N]2[Zn(SC¢Hs)4] in DMSO,
knowledge of both ion pairing and ligand dissociation processes is required.
The extent of [Zn(SCsHs)3(DMSO)]- ion pairing will be significantly less than
that of [Zn(SCeHs)4]2- owing to the reduced charge. In addition, the ion paired
product {[(CH3)4N][Zn(SC¢Hs)4]}- can dissociate a thiolate ligand. Scheme 1.4
depicts these possibilities. With [(CH3)4N*]ree representing the concentration
of tetramethylammonium ion not involved in ion pairing, the equilibrium
constant for ligand dissociation from the ion paired complex

{[(CH3)4N][Zn(SCeHs)4]}-, KDissoclIP, is given by eq 1.9. Dissociation of the

Kppesoup = LZn(SCeHs)5(DMSO) ] [CeH5S'] (CH3uN'lgee (1,
e [{[(CH3)4NI[Zn(SC¢Hs)4]}]

anionic benzenethiolate ligand will occur more readily from [Zn(SCgH5)4]2-
than {[(CH3)4N][Zn(SCgHs)4]}- because of its greater negative charge. The
equilibrium constant for dissociation from [Zn(SCeH5)4]%", KDissoc, Will

therefore be greater than from {[(CH3)4N][Zn(SC¢Hs)4]}", KpissocIP (€q 1.10).

Kpissoc > KDissocIP (1.10)
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As depicted in Scheme 1.4, addition of (CH3)4N* to a solution of
[Zn(SCeHs)4]2- will shift the ion pairing equilibrium toward {[(CH3)4N]-
[Zn(SCeHs)4]}. Addition of CgHsS™ to a DMSO solution containing the ligand
dissociated complex [Zn(SCg¢Hs)3(DMSQO)]- will convert this complex into the
two forms of zinc tetrathiolate, [Zn(SC¢Hs5)4]2- and {[(CH3)4N][Zn(SCsH5)4]}".
In order to drive experimentally these solution equilibria toward the ion
paired tetrathiolate, {[(CH3)4N][Zn(SC¢Hs)4]}-, both (CH3)4N+ and C¢H5S-, in
the form of (CH3)4N(SCg¢Hs5), were added to DMSO-dé solutions of
[(CH3)4N]2[Zn(SC¢Hs)4] at varying ratios. While keeping the concentration. of
[(CH3)4N]2[Zn(SC¢Hs)4] constant at 50.0 mM, we introduced varied quantities
of (CH3)4N(SCeHs), affording solutions with (CH3)4N(SCgHs) to
[(CH3)4N]2[Zn(SCgHs)4] ratios of 1:1, 5:1, 7.5:1, and 10:1. The IH NMR spectra
of these solutions are shown in Figure 1.8.

Peak broadening persists in (CH3)4N(SCgHs) and [(CH3)4N]2-
[Zn(SCgHs)4] mixtures with ratios of 1:1, 5:1, 7.5:1, and 10:1. The spectra of
these mixtures, however, exhibit two sets of benzenethiolate resonances. For
exainple, the 5:1 solution displays one set of phenyl proton resonances at 6.41
(para), 6.66 (meta), and 7.01 (ortho) ppm and another at 6.61 (para), 6.74 (meta),
and 7.44 (ortho) ppm (Figure 1.8C). The separation into two discrete
resonance sets, in addition to a slightly enhanced degree of peak splitting, is
most pronounced at the higher ratios (Figure 1.8C, D). When (CH3)4N(PFg)
was added to a solution of [(CH3)4N]2[Zn(SC¢Hs)4] to increase the amount of
ion paired zinc tetrathiolate, the benzenethiolate 1TH NMR resonances become
somewhat sharper than in a solution of [(CH3)4N]2[Zn(SCeHs)4] alone (data
not shown). This sharpening is due to increased amounts of ion paired
complex and less ligand dissociation from this ion paired complex than the

[Zn(SCeHs)4]2- dianion (eq 1.10). We therefore assign the two sets of benzene-
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thiolate resonances in [(CH3)4N]2[Zn(SCeHs)4] solutions with added (CH3)4N-
(SCgHs) to {[(CH3)4N][Zn(SCeHs)4]} and CgHsS-. The upfield set of peaks have
similar shifts to those of (CH3)4N(SCgHs) and are so assigned.

From the concentrations of {[(CH3)4N][Zn(SCg¢Hs)4]}- and CgH5S- ob-
tained from integrating the 1H NMR peaks, a value for the ligand dissociation
equilibrium constant from the ion paired complex, KpissocIP (eq 1.9), was com-
puted. The [{Zn(SCgHs)3(DMSO)}-] and [(CH3)4N*]¢ree concentrations were ob-
tained in the following manner. The desired [(CH3)4N*]¢ree value is given by

eq 1.11, in which both [(CH3)4N+]total and [{[(CH3)4N][Zn(SC¢Hs)4]}] are

[(CH3)4N*Itree = [(CH3)4N*ltotal - [{[(CH3)4N1[Zn(SCeHs)a]}] (1.11)

known quantities. Under the conditions of added (CH3)4N(SCgHs), the
[{Zn(SCgHs)3(DMSO)}-] concentration is determined from eq 1.12, in which

[{Zn(SCeH5)3(DMSO)}] = [Zn?*}sotal - [{[(CH3)4N][Zn(SCsH5)al)]  (1.12)

[Zn2*)tota and [{[(CH3)4N][Zn(SCeHs)4]}-] are known. Note that this expression
does not include non-ion-paired zinc tetrathiolate, [{Zn(SCeHs)4}2 }¢ree, since
the appearance of separate ITH NMR resonances for {[(CH3)4N][Zn(SC¢Hs)4]}-
and CgHsS- in solutions of [(CH3)4N]2[Zn(SCe¢Hs)4] with added
(CH3)4N(SCg¢Hs) indicates that most of the zinc tetrathiolate is ion paired. If
such is not the case, the concentration of {[(CH3)4N][Zn(SCsHs)4]}- may be
overestimated, resulting in an underestimate of the KpigsocIp value (eq 1.9).
In any event, we now have all the concentrations required to compute
KpissocIP by eq 1.9 and, consequently, can set a lower limit for the desired

equilibrium constant for ligand loss from [Zn(SCeH5)42 Ifree, KDissoc (eq 1.10).
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Substitution of egs 1.11 and 1.12 into eq 1.9 provides an expression for

KpissocIp in terms of known quantities (eq 1.13). Measured concentrations of

(120" lota1 - [(N*ZnS4) ") [CeHsS T ([(CH3)aN* lyoar ~ [(N*ZnS) 7))
[(N*ZnSy)]
where [(N*ZnS,)] = [{{(CH3)4NIIZn(SCsHs)gll"] (1.13)

KpissoclP =

{[(CH3)4N1[Zn(SCeHs5)4]}- and [CeHsS-] from the solutions with (CH3)4N-
(5CgHs) to [(CH3)4N]2[Zn(SCgHs)4] ratios of 5:1, 7.5:1, and 10:1 were used in eq
1.13 to obtain three independent values of KpjssocIp. An average of these re-
sults, reflecting one standard deviation, provides a Kpjssocip Value of (1.0 £
0.9) x 10-2 M (Table 1.2).

Reactivity of [(CH3)4N12[Zn(SCgHs)4] Due to Dissociated C¢HsS-. With
this KpissocIP value, we have a lower limit for dissociation from the non-ion
paired zinc tetrathiolate species [Zn(SCgH5)42 lfree. Thus, Kpjssoc = (1.0 £ 0.9) x
10-2 M (Table 1.2). Pseudo-first-order kinetic studies of the reaction of
[(CH3)4N]2[Zn(SCeHs)4] with (CH30)3PO at 5.0 mM and 1.0 mM afford a rate
constant of (8.2 = 0.6) x 105 s'1 (Table 1.1). We now consider how much of
this reactivity might be due to dissociated benzenethiolate. From the lower
limit of Kpjssoc We can obtain a lower limit of benzenethiolate dissociated

from zinc. As shown in eq 1.14 and Scheme 1.3, the concentrations of

[C6H557]zn = [{Zn(SCeH5)3(DMSO)} ] (1.14)

dissociated benzenethiolate and [Zn(SCgHs)3(DMSO)]- are equal. This equality

and the expression for the concentration of starting zinc complex, [Zn2+]start
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(eq 1.15), can be substituted into eq 1.8, which defines Kpjssoc. Rearrangement
[Zn?+]start = [{Zn(SCeHs)a)}? Jfree + [{Zn(SCsHs)3(DMSO)}-] (1.15)

affords eq 1.16, derived in Appendix Al1.3. Note that [Zn2+]start is [Zn2+]iotal

1/2
_KDissoc * (KDissoc2 + 4 KDissoc [Znstart])

2

[CeHsS] = (1.16)

exclusive of the ion paired tetrathiolate, {[(CH3)4N][Zn(SCeHs)4]}-. The low,
5.0 mM concentration of [(CH3)4N]2[Zn(SC¢Hs)4] used in this analysis was
chosen to minimize ion pairing such that only [Zn(SC¢Hs)42 ]free and
[Zn(SCgH5)3(DMSO)]- concentrations were significant. By using the lower
limit for Kpjssoc and a Zn2+g;,rt concentration of 5.0 mM from the kinetic
runs of interest, a minimum [C¢HsS-]zn concentration of 3.7 £ 0.4 mM was
obtained. Relative to the starting [(CH3)4N]2[Zn(SC¢Hs)4] concentration of 5.0
mM, this lower limit is significant and warrants further examination.

Kinetic studies of the reaction between 5.0 mM (CH3)4N(SCgHs) and 1.0
mM (CH30)3PO provided a pseudo-first-order rate constant of (1.1 £ 0.3) x 104
s-1 (Table 1.1). Since the reaction of [(CH3)4N]2[Zn(SCgHs5)4] with (CH30)3PO is
second-order (eq 1.6), it is reasonable to assume that the reaction between
(CH3)4N(SCg¢Hs) and (CH30)3PO is also second-order and follows the rate law

shown in eq 1.17. With this assumption, the pseudo-first-order rate constant

_4CeHsS ]

T = kens [CeHsST] [(CH30)3PO] (1.17)
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for benzenethiolate, kopbs, depends upon the second-order rate constant (kphs)

and concentration of benzenethiolate ([C¢Hs5]), as indicated in eq 1.18. From

kobs = kphs [CeH557] (1.18)

the pseudo-first-order rate constant of (1.1 £ 0.3) x 10-4 s-1 (Table 1.1) and eq
1.18, the second-order rate constant for benzenethiolate reacting with
(CH30)3PO, kpns, is (2.2 £ 0.6) x 10-2 M-1s-1 (Table 1.2). From this value, the
3.7 £ 0.4 mM lower limit of benzenethiolate concentration derived from
[(CH3)4N]2[Zn(SCHs)4), and egs 1.7 and 1.18, we compute a calculated kobs
value, kcalc, of (8 £ 4) x 103 s'1 (Table 1.2). This calculated value compares
quite favorably with the measured pseudo-first-order rate constant of (8.2 +
0.6) x 10-5 571 for the reaction of 5.0 mM [(CH3)4N]2[Zn(SCg¢Hs)4] and 1.0 mM
(CH30)3PO (Table 1.1). We therefore conclude that dissociated thiolate is
accountable for all the measured reactivity of [(CH3)4N12[Zn(SCeHs)4l.
Scheme 1.5 summarizes the solution behavior of [(CH3)4N]2[Zn(SCgHs)4] with
respect to ion pairing, ligand dissociation, and reactivity with (CH30)3PO.
Metal Ion Variation. In order to address the question of why zinc may
have evolved for repair of alkylphosphotriesters by Ada, we explored the
reactivity of cobalt(Il) and cadmium(Il) tetrathiolate complexes. Both
[(CH3)4N]12[Co(SCeHs)4] and [(CH3)4N]2[Cd(SCeHs)4] react with (CH30)3PO.
Products from reaction with the cobalt complex are similar to those obtained
in a stoichiometric reaction of [(CH3)4N]2[Zn(SCgHs)4] with (CH30)3PO. The
thioether CH3SCgHjs is not coordinated to the cobalt center, as indicated by 1H
NMR resonances which were identical to those of a genuine sample. The
phosphate (CH30)2PO3>- appears to be in an equilibrium between metal-bound
and free states, as demonstrated by a broad (Avi,2 = 238 Hz) 31P{1H} NMR
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resonance similar to that observed in the zinc reaction. As indicated in Table
1.1, [(CH3)4N]2[Co(SCgHs5)4] exhibits a I;seudo-first-order rate constant
significantly less than that of [(CH3)4N]2[Zn(SCeHs)4].

Products for a 1:1 reaction between [(CH3)4N]2[Cd(SCgH5)4] and
(CH30)3PO are slightly different than for the zinc and cobalt complexes.
Again, the methylated product CH3SCgHs is not coordinated to the
{Cd(SC¢Hs)3}- product moiety according to 1H NMR spectroscopy. A sharp
(Av1/2 = 3.6 Hz) 31P{1H} NMR product peak, however, differs from the broad
resonances observed following the zinc and cobalt reactions. This sharp peak
establishes that (CH30)2PO3" is not in an equilibrium between cadmium-
bound and dissociated states. Currently, we cannot determine whether
(CH30),PO3" is coordinated to cadmium or free. The 113Cd NMR spectrum of
a 510 mM [(CH3)4N]2[Cd(SCe¢Hs)4] solution in DMSO-d6 exhibits a peak at 569
ppm, in good agreement with literature values for similar complexes.2>24 A
113Cd NMR spectrum following a stoichiometric reaction between 510 mM
[(CH3)4N]2[Cd(SCgHs)4] and 510 mM (CH30)3PO, however, displays no signal.
This lack of signal in a 113Cd NMR spectrum has precedence and is often at-
tributed to exchange broadening.?4-26 The cadmium form of the methyl-
phosphotriester repair active 10 kDa N-terminal fragment of Ada (Cd-N-
Adal0) also displays no 113Cd NMR resonance after alkylphosphotriester
repair.8 As is the case with the cobalt tetrathiolate complex, reaction of

[(CH3)4N]2[Cd(SCeHs5)4] and (CH30)3PO proceeds with a pseudo-first-order rate
constant less than that of [(CH3)4N]2[Zn(SCgHs)4] (Table 1.1).

Discussion
Mechanism of Demethylation of Trimethylphosphate by Zinc Model

Complexes; Comparison to Ada. The present results illustrate methyl
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transfer from a phosphotriester to a zinc thiolate model in a reaction that
mimics Ada repair of DNA methylphosphotriesters. Repair of methyl-
phosphotriesters in Ada, therefore, is probably an intrinsic property of the
[Zn(S-cys)4]?- moiety, unlike Ada repair of alkylated base lesions such as OS-
methylguanine and O%-methylthymine, which requires a structurally com-
plex system of amino acid residues hydrogen bonded to the substrate.!?
Products of the reaction between [(CH3)4N]2[Zn(SCgHs)4] and (CH30)3PO are
not completely analogous to those found in the protein system, however.
The methylated thiolate CH3SC¢Hs does not remain coordinated, whereas
methylated Cys69 is apparently metal-bound in both the zinc and cadmium
forms of Ada.8® The phosphate product (CH30),POy" is partially coordinated
in the model, whereas the protein presumably releases the repaired substrate
to permit genome binding for transcriptional regulation.?’-3!

The reaction between [(CH3)4N]2[Zn(SCgH5)4] and (CH30)3PO is second-
order, first-order with respect to each reagent, with a rate constant of (1.6 £ 0.3)
x 10-2 M-1s-1 at 24.5 (£ 0.6) °C (Table 1.2). By comparison, Ada repair of a
methylphosphotriester lesion occurs in aqueous buffer at 4 °C with a second-
order rate constant of 2.8 x 102 M-1s-1.32 1t is not surprising that the protein ef-
fects methyl transfer with a rate constant higher than that of a model com-
plex. Proteins evolve to provide optimal substrate binding, orientation, and
transition state stabilization.333¢ In addition, there are many differences be-
tween the protein and our synthetic analogs. In this study, we employed
aromatic thiolates, which are less basic than the aliphatic cysteine residues of
Ada.3% Solvent differences (H20 versus DMSO) a-nd the energetics of (CH3-
O)3PO rather than a DNA methylphosphotriester are additional factors which
contribute to kinetic differences between the protein and model chemistry.

NMR investigations of the active 10 kDa N-terminal Ada protein
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fragment containing the [Zn(S-cys)4]2- center (N-Adal0) revealed that the
residue responsible for alkylphosphotriester repair (Cys69) is bound to
zinc.1%13 The cadmium-substituted form of this protein fragment, however,
exhibited no 1H-113Cd scalar coupling involving the B-protons of Cys69.314 By
contrast, such scalar coupling was observed for the three other cysteine
ligands of zinc (Cys38, Cys 42, and Cys72). Reactions of N-Adal0 with the
methylating agent CH3l demonstrated that, not only is Cys69 more nucle-
ophilic than the other cysteine ligands, but Cys69 is the most nucleophilic site
in the protein fragment.36 Our model studies indicate that metal-bound
thiolates must have rate constants for methyl transfer less than that of free
thiolate (Table 1.1). Combining these results with those for the protein
fragment, we propose a repair mechanism for Ada involving the Cys69
residue in equilibrium between coordinated and free states. The zinc-bound
state prevents protonation while the transiently dissociated state presents a
thiolate nucleophile to the alkylphosphotriester lesion for alkyl transfer. This
mechanism is consistent with a proposal in which the Cys69 thiolate is in
equilibrium between a zinc-bound state and one hydrogen bonded to the
proximal (~3.2 A) backbone amide N-H of GIn73.36 In such a case, the
thiolate "in flight" between the zinc and the amide hydrogen may serve as
the repair active nucleophile.

Recently, a zinc-dependent alkyl transfer reaction was discovered in E.
coli cobalamin-independent methionine synthase, which catalyzes methio-
nine formation from methyltetrahydrofolate and homocys’ceine.37 Methyl-
ation of the homocysteine sulfur appears to require transient thiolate binding
of this substrate to zinc in the enzyme. The present results strongly support
the proposal®” that the probable role of zinc in this system is to create or

preserve a thiolate nucleophile for methylation.
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Other Zinc Thiolate Complexes. The reactivity of complexes
representing [Zn(S-cys)4]%, [Zn(S-cys)3(N-his)]-, and [Zn(S-cys)2(N-his);] pro-
tein sites has also been explored. All three compounds, [(CH3)4N]2[Zn-
(SCeHs)4], [(CH3)4N][Zn(SCeHs)3(Melm)], and [Zn(SCgHs)2(Melm);], react with
(CH30)3PO to yield products analogous to those found in the parent
[(CH3)4N12[Zn(SCeHs)4] system. Pseudo-first-order rate constants of these
reactions follow the trend [(CH3)4N]2[Zn(SC¢Hs)4] > [(CH3)4N] [Zn(SCg¢H5)3-
(MeIm)] > [Zn(SCeHs)2(Melm);] (Table 1.1). The low rate constant for reaction
of [Zn(SCeHs)2(Melm),] indicates that [Zn(S-cys)2(N-his);] sites possess a very
low level of nucleophilicity. This lack of reactivity is consistent with the use
of the [Zn(S5-cys)2(N-his);] center for structural purposes and may account in
part for the prominence of this motif in nature 3841

Sharp and well resolved IH NMR peaks (Figure 1.7) and low
conductivity readings (Figure 1.4) for the neutral complex
[Zn(SCeHs)2(Melm),] indicate little benzenethiolate dissociation. If, as
suggested, all reactivity of [(CH3)4N]2[Zn(SCgHs)4] is due to a dissociated
thiolate, the lesser degree of ligand dissociation from [(CH3)4N][Zn(SCg¢Hs5)3-
(Melm)] should yield a lower level of reactivity toward trimethylphosphate.
Such is indeed the case, as indicated by the low kops value in reaction with
(CH30)3PO (Table 1.1). If the dianionic [Zn(S-cys)4]?- protein center can
dissociate a ligand readily, as suggested for Ada, a [Zn(S-cys)3(N-his)]- site
would be less likely to do so. Thiolate loss from the [Zn(S-cys)2(N-his),]
would be even more unlikely. Our results suggest that, if the three cysteines
of Ada other than Cys69 were to be mutated to histidine residues, rate
constants for alkylphosphotriester repair would diminish as the number of

histidine ligands increased.
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Comparison to Cobalt and Cadmium Analogs. The selection of zinc by
Ada as the metal ion of choice for alkylphosphotriester repair site could have
occurred for a variety of reasons.3338 Redox active ions such as cobalt(Il) and
iron(II) would be poor choices owing to the possibility of redox damage to the
DNA substrate or protein. The present results show that metal ions other
than zinc may be less adept at methylphosphotriester repair. In particular, the
cobalt(Il) and cadmium(II) complexes [(CH3)4N]2[Co(SCgsHs)4] and [(CH3)4N]2-
[Cd(SCeHs)4] react with (CH30)3PO with rate constants lower than that of the
zinc analog [(CH3)4N]2[Zn(SCgHs)4] (Table 1.1). Thus, not only is zinc redox
inactive, it may also provide a higher rate constant for alkylphosphotriester
repair than other metal ions. The cadmium form of N-AdalQ repairs a
methylphosphotriester lesion with a second-order rate constant one quarter
the value of the zinc form.3> A similar trend is observed with model
chemistry, methyl transfer to [(CH3)4N]2[Cd(SCgHs)4] occurring with a pseudo-
first-order rate constant almost one third that of the zinc complex
[(CH3)sN]2[Zn(SCeHs)4] (Table 1.1). We interpret these differences in
reactivity to varying degrees of ligand dissociation. Cadmium exhibits a
higher affinity for sulfur donors than zinc, as evidenced by literature binding
constants for thiourea.??3 An analogous heightened ability of cadmium to
bind the benzenethiolate ligand will result in less dissociated ligand and,
hence, decreased reactivity. Cobalt(Il) ions also display higher thiourea
binding constants than zinc.4243 This finding correlates well with our data,
in which the rate constant of methyl transfer for the cobalt complex
[(CH3)4N]2[Co(SCeHs)4] is less than that found for the analogous zinc complex.

The sulfur-based reactions of metal thiolate complexes have been
studied extensively.44-50 Comprehensive reactant and product characteri-

zations were completed in such studies, but the exact identities of reactive
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species have remained elusive. To the best of our knowledge, the present
investigation is the first in which the reactivity of a simple thiolate is
compared to that of its metal complexes. Although ligand dissociation makes
direct comparisons between metal-bound and free thiolate difficult, our
kinetic results reveal the general trend that metal complexes have decreased
reactivity, and hence less nucleophilicity, than the metal-free counterpart.
The proposed phenomenon of metal-enhanced nucleophilicity is not
observed in our work.1>4% Coordination to a metal ion withdraws electron

density from the sulfur and reduces thiolate nucleophilicity.

Conclusions

A functional model for Ada repair of alkylphosphotriester DNA dam-
age has been developed in which methyl transfer occurs from (CH30)3PO to
[(CH3)4N]2[Zn(SC¢Hs)4]. The simple thiolate (CH3)4N(SCgHs) is also capable
of methyl transfer, whereas the thiol C¢HsSH is inactive. From these obser-
vations, we infer that zinc binding of Cys69, the Ada residue responsible for
alkylphosphotriester repair, prevents protonation and maintains this residue
in the repair-active thiolate state. Conductivity, kinetic, and 1TH NMR exper-
iments show that the complex [(CH3)4N]2[Zn(SCeHs)4] forms ion pairs in
DMSO solution with an equilibrium constant for ion pairing, Kip, of 13+ 4
M-1 (Table 1.2). The reaction between solvated [Zn(SCgHs)4]2- and (CH30)3PO
is a second-order process, first-order with respect to each reagent and exhibits
a second-order rate constant, kzn, of (1.6 + 0.3) x 10-2 M-1s-1 (Table 1.2). The
zinc tetrathiolates [Zn(SCe¢Hs)4]?- and {[(CH3)4N][Zn(SCgHs)4]}- undergo
appreciable degrees of ligand dissociation. Addition of (CH3)4N(SCgHs5) to
solutions of [(CH3)4N]2[Zn(SC¢Hs)4] both increased the formation of ion pairs

with the zinc tetrathiolate dianion and drove the dissociation equilibria
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toward the bound states increasing the concentration of
{[(CH3)4N][Zn(SC¢Hs5)4]}~. Examination of these solutions by 1TH NMR
spectroscopy yielded an equilibrium constant for dissociation from
{[(CH3)4N][Zn(SCeHs5)4l}, KDissoctp, of (1.0 £ 0.9) x 10-2 M. This equilibrium
constant is the lower limit for the equilibrium constant for ligand loss from
[Zn(SCeH5)4]2", KDissoc. By using this lower limit, the reactivity of
[(CH3)4N]2[Zn(SC¢Hs)4] was ascribed completely to dissociated benzenethio-
late.

Metal complexes representing alternative protein sites were examined
for reactivity with (CH30)3PO. Pseudo-first-order rate constants provided the
following trend: [(CH3)4N]2[Zn(SC¢Hs)4] > [(CH3)4N][Zn(SCeHs)3(Melm)] >
[Zn(SCgHs)2(Melm);]. These data suggest that [Zn(S-cys)4]2- is the optimal
zinc center for alkylphosphotriester repair and that [Zn(S-cys)2(N-his)z] sites
lack an appreciable degree of nucleophilicity. Cobalt and cadmium
tetrathiolate complexes also react with (CH30)3PO, but with rate constants less
than that of the zinc analog. These differences in reactivity of the metal
thiolate complexes are attributed to varied degrees of thiolate dissociation.

Based upon our results and published studies on the protein, we
propose a mechanism for alkylphosphotriester repair in Ada where a
transiently dissociated Cys69 ligand is the nucleophile responsible for
accepting an alkyl moiety from the DNA alkylphosphotriester lesion. The
zinc-bound state prevents protonation and deactivation of the cysteine
thiolate nucleophile. Finally, our kinetic data indicate that metal thiolate
moieties display generally decreased nucleophilicity relative to that of free

thiolates.
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Table 1.1. Pseudo-First-Order Rate Constants for Reactions of

Benzenethiolate and its Metal Complexes with (CH30)3P0.#

compound k(s1)
[(CH3)4N]2[Zn(SCeH5)4] (8.2+0.6) x 10-
[(CH3)4N][Zn(SCeHs)3(Melm)] (6+1)x 106
[Zn(SCeHs)2(Melm),] <5x108
(CH3)4N(SCsHs) (1.1£0.3) x 104
[(CH3)sN]2[Co(SCeHs)4] (4+1)x10°
[(CH3)4N]2[Cd(SCeHs5)4] (3+1)x10°

4 Reactions were carried out with 5.0 mM thiolate or metal complex and 1.0
mM (CH30)3PO in DMSO-d6. With the exception of [Zn(SCgHsz)2(Melm)3], all
rate constants shown are an average of three kinetic runs. Error estimates

reflect one standard deviation.
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Table 1.2. Summary of Equilibrium and Rate Constants Discussed in the Text.

constant value

kzn (1.6 £0.3) x 102 M-15-1
Krp 13+4 M1

KpissocIP (1.0+09)x 102 M
Kpissoc >(1.0+£09)x102M
kphs ‘ (22£0.6) x 102 M-15°1

kcalc (8+4)x 10551
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Figure 1.1. Aliphatic region 1H NMR spectral changes used to follow the stoi-
chiometric reaction of [(CH3)4N]2[Zn(SCgHs)4] and (CH30)3PO inrDMSO-d6.
The reaction was run under pseudo-first-order conditions with excess
[(CH3)4N]2[Zn(SC¢Hs)4]. The asterisk indicates a signal arising from 13C-1H

coupling of the (CH3)4N* counterion.



61

6.4: ) -5.0
5.6 g 60;
% : 8 7.0
\J 4.85‘ 2 -8.0;
LE) 4.0 & -9.0;
2 325 5':10.0;
o ] LY E— -
Om 2.45
T 1.6
~ 0.8
0.0 Fr—r—rrrrr T
0 50 100 150 200

Figure 1.2. (CH30)3PO concentration versus time plot for a typical kinetic run
of the reaction between [(CH3)4N]2[Zn(SCgHs)4] and (CH30)3PO. Pseudo-first-
order conditions with [(CH3)4N]2[Zn(SCeHs)4] in excess were employed. The
data are fit to a first-order decay. The inset displays the natural log of

(CH30)3PO concentration plotted against time. These data are fit to a line.
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Figure 1.3. A kops versus [(CH3)4N]2[Zn(SCeHs)s4] concentration plot. The

at 85 mM and

(CH30)3PO concentration remained constant

[(CH3)4N]2[Zn(SCgHs)4] concentration was varied over the range indicated.
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Figure 1.4. Conductivity versus concentration plots of [(CHz3)4N]2[Zn(SC¢Hs5)4]
(top), (C4H9)4N(PF¢) (top), [(CH3)4N][Zn(SC¢Hs)3(Melm)] (bottom),
[Zn(SCgHs)2(Melm)3] (bottom), and (CH3)4N(SCgHs) (bottom) in DMSO.
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Figure 1.5. Final iteration of the [Zn2+]iot/kobs Versus [(CH3)4N+gree] plots
with a linear curve fit. The inverse ordinate intercept affords a second-order

rate constant, kzy, of (1.6 £ 0.3) x 10-2 M-1s-1. The slope of Kip/kzn yields an

ion pairing equilibrium constant, Kip, of 13 + 4 M-1.
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Figure 1.6. A kops versus [{Zn(SCgHs)4}2-]ree concentration plot with a linear
curve fit indicating a first-order dependence of the reaction between

[(CH3)4N]2[Zn(SCg¢Hs5)4] and (CH30)3PO on [{Zn(SCeHs5)4}2 ]free concentration.
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Figure 1.7. Aromatic region 1H NMR spectra of (CH3)4N(SC¢Hs),
[(CH3)4N12[Zn(SC¢Hs)4], [(CH3)4N][Zn(SCsHs)3(Melm)], and [Zn(SCeHs)2-
(Melm);] in DMSO-dé.
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Figure 1.8. 1H NMR spectra of 50.0 mM [(CH3)4N]2[Zn(SCg¢Hs)4] (A), 50.0 mM
(CH3)4N(SCgHs) and 50.0 mM [(CH3)4N]2[Zn(SC¢Hs)4] (1:1 ratio) (B), 250 mM
(CH3)4N(SCgHs) and 50.0 mM [(CH3)4N]2[Zn(SCeHs)4] (5:1 ratio) (C), 376 mM
(CH3)4N(SCg¢Hs) and 50.0 mM [(CH3)4N]2[Zn(SCeHs)4] (7.5:1 ratio) (D), 500 mM
(CH3)sN(SC¢Hs) and 50.0 mM [(CH3)4N]o[Zn(SC¢Hs)4] (10:1 ratio) (E), and 50.0
mM (CHs)sN(SCgHs) (F) in DMSO-d6.
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Appendix A1.1  Derivation of eq 1.4,

2+
[(CH3)4N+]free = an [Zn ]tot - kObS
Kyp kobs

Appendix A1.2  Derivation of eq 1.5,

Kp [20% ot - 1% ((Kp [Z0%Tio)? + 6Kpp [0 oy + 1
2 Kpp

)1/ 2
[(CH3)4N*lgree =

Appendix A1.3  Derivation of eq 1.16,
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2
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Appendix A1.1 Derivation of eq 1.4.

an [Zn2+]tot - kobs
KIP kobs

[(CH3)4 N+]free =

kobs = kzn [{Zn(SCsH5)4}% Jtree (A1.1.1)

[Zn2+]tot

kobs = kzn [(Zn(SCeH5)4)* e 207 (Al12)
[Zn2*]tot = [{Zn(SCeH5)4}* ltree + [{[(CH3)aN][Zn(SCeHs)4l}] (A1.1.3)
o T e+ BT 1

_ _ [(CHg)y]IZn(SCeH5)sll] AL13)

{Zn(SCeHs5)4}* Ttree [(CH3)aN"Jgree

[{[(CH3)sN1[Zn(SCeHs)al}] = Kip [{Zn(SCeH5)4}? Itree [(CH3)aN*lfree  (A1.1.6)

kzn 1Z0(SCeH5)4)* liree [Z0°" Jiot

k. = _

°PS = {Zn(SCeHs)a)? lree + Kip [1Zn(SCsH5)g}* Tiree [(CH3)aN" liree
(A1.1.7)

2 .
kobs = kzn [Zn +]t°t+ (A1.1.8)
1 + Kpp [(CH3)4 N Jgree
2+ _
[(CH3)sN Jiree = 120120 Jtot = Kobe (A119)

KIP kobs
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Appendix A1.2 Derivation of eq 1.5.

(CHp) N = S ot 12 [ [fo?:t)z * 6K (2l + 1)
P = [{Zn(é{é:gs)):}]gzlrfl(siﬁgfi?)gI\}]f Al
[ZnZ+]iot = [{Zn(SCeHs)4}* ]free + [{[(CH3)aN][Zn(SCeHs)4]}] (Al.2.2)
[{Zn(SCsHs)a}? Itree = [Zn?*]tot - [{[(CH3)4N][Zn(SCeHs)all] (A1.2.3)
7 iz [{(lc{gz;fz]fé?;gi;-]ﬁ][<CH3)4N+]ﬁee o
(BN e = 3 [anqt[ij.H;E]ﬁ?éii{f;ﬂ(};@s)d}—]} A2
[(CH3)4N*]total = [(CH3)4N*]free + [{[(CH3)4N][Zn(SCeHs5)4]} ] (Al.2.6)
[(CH3)4N"*]free = [(CH3)4N*]total - [{{(CH3)4N][Zn(SCeHs)4l}"] (Al2.7)
[(CH3)aN*Jtotal = 2 [Zn?+]tot » (A1.2.8)
[(CH3)4N*]free = 2 [Zn?*]tot - [{[(CH3)4N][Zn(SCsHs)4} ] (A1.2.9)

[{[(CH3)aN][Zn(SCeH5)4]}] = 2 [Zn?*]tot - [(CH3)aN]free (A1.2.10)



76

2 [Zn®* oy - [(CH3)gN* Jiree
Kip [Z0**lot - Krp {2 [Z0%* ot - [(CH3)4NIree )

[(CH3)4N¥Jgree =
(A1.2.11)
[(CH3)4N*ltree = [N*]free (A1.2.12)

2120 ot = N Jiree = [N*Iree {Kip[Z0®* Jtot = Kip (2120 ot = [N"Jiee )}

(A1.2.13)

2 [Zn2+]tot - [N*]ree =
Kip [Zn?*]1or [N*]free -2 Kip [Zn2+]o [N*]free + Kip ([N*]free)?  (A1.2.14)

Kip(IN"Jgree)? + [N*Iiree (Kip[Zn?*Jtot — 2Kip[Zn* ot + 1) - 2AZn* Jyop =0

(A1.2.15)
K1p (IN*]free)? - (Kip [Zn?*]tot 1) [N*]¢ree - 2 [Zn2+]got = 0 (A1.2.16)

1/2
. Kpp [Zn% ) - 12 ((-Kpp [Z0%* ot + D* + 4 Kpp (2 [Zn*]yoy)

(A1.2.17)

1/2
Kip [Z0%* ot - 1 % ((Kpp [Z0**]ior)? + 6 Kpp [Z0%* oy + 1)

N+
[ ]free 2 KIP

(A1.2.18)
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Appendix A1.3 Derivation of eq 1.19.

—Kpissoc (KDissoc2 + 4 Kpissoc [ZNgtart]

)1/2

HS ] =
[CeHsS] 7

[{Zn(SC¢Hs)3(DMSO)} ] [CoHsS]
[{Zn(SCeHs)4}*]

KDissoc =

[CeH557] = [{Zn(SCeH5)3(DMSO)} ]

[CeHsS T
[{Zn(SCeHs)4)}> "]

Kpissoc =

[Zn2*]start = [{Zn(SCeHs5)4}?] + [{Zn(SCeHs)3(DMSO)}]

[{Zn(SCeHs)4}2] = [Zn2+]start - [CeH5S]

[CeH5S T
[Zn** |ggart - [CeH5S']

KDissoc =

[C6HSS']2 = KDissoc [Zn2+]start - Kpissoc [CeH557]

[CeH557]2 + Kpissoc [C6HsS] - KDissoc [Zn2*]tart = 0

2 2+
—Kpissoc T (KDissoc + 4 Kpjssoc [Zn"" ]start

)1/2

[CeHsST] = 5

(A1.3.1)

(A1.3.2)

(A1.33)

(A1.3.4)

(A1.3.5)

(A1.3.6)

(A137)

(A13.8)

(A1.3.9)
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Abstract

In this chapter, we provide the syntheses and single crystal X-ray structures of
three new thiolate complexes. The compound [(CH3)4N][Zn(SCe¢Hs)3(MeIm)] (MeIm
= 1-methylimidazole) was prepared to mimic a protein [Zn(S-cys)3(N-histidine)]-
site. Synthesis of [Zn(SC¢Hs)2(Melm);] was accomplished to obtain a suitable model
for the zinc finger protein moiety [Zn(S-cys)2(N-his)2]. The cobalt species
[Co(SCgHs)2(Melm),] was prepared and shown to be isomorphous and isostructural
with the zinc analog. Structural comparisons are made with zinc thiolate

compounds reported previously.
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Introduction

In Chapter 1, we described a functional model for repair of DNA alkylation
damage by the [Zn(S-cysteine)4]2- site of Escherichia coli Ada. The
tetrakis(benzenethiolato)zinc(Il) complex [Zn(SCgHs)4]2- was used to mimic the zinc
center in Ada and (CH30)3PO represented a DNA alkylphosphotriester lesion.
Facile methyl transfer in DMSO solution afforded [(CH3)4N]2{Zn(SC¢Hs5s)3-
[(CH30)2PO3]} and CH3SCgHs reaction products. We chose [(CH3)4N]2[Zn(SCgHs)4]
owing to its simplicity. To date, there are no known examples of isolated
tetrakis(alkylthiolato)zinc(II) complexes. '

Given the alkyl transfer activity of the [Zn(S-cys)4]?- center in Ada, we
wondered whether alternative zinc thiolate protein sites such as [Zn(S-cys)3(N-
histidine)]- and [Zn(S-cys)2(N-his)2] would be similarly capable of
alkylphosphotriester repair. In order to explore this possibility in models, we
needed complexes analogous to [(CHz3)4N]2[Zn(SC¢Hs)4] which mimicked [Zn(S-
cys)3(N-his)]- and [Zn(S-cys)2(N-his)z] centers.

The most relevant available complexes were [(C3H7)4N]{Zn[S-2,3,5,6-(CH3)4-
CeH]3(MeIm)}? (MeIm is 1-methylimidazole), {Zn[S-2,3,5,6-(CHz)s-C¢H]2(Melm),},3
and [Zn{S-2,4,6-[C(CH3)3]-CgHa}2(Melm);]?, depicted in Figure 2.1. These compounds
had the correct number of thiolates and Melm to represent the metal-binding side
chain of histidine. The tetrathiolate analogues were lacking, however. To explore
the relative reactivity of complexes in a series [Zn(SR)4-x(Im)x](2-X)-, we required that
all members have the same thiolate ligand. Potential steric effects arising from the
bulky alkyl groups of the ligands -S-2,3,5,6-(CH3)4-C¢H and -S-2,4,6-[C(CH3)3]-C¢H2
are likely to alter the nucleophilicity in these known zinc compounds relative to the
thiolates of [(CH3)4N]2[Zn(SCgHs)4]. Thus, we attempted to explore the alkyl transfer
properties in the [Zn(SR)4-x(Im)x](2-¥)- series by synthesis of [(CH3)4N][Zn(SCg¢Hs)3-
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(Melm)] and [Zn(SCgHs)2(Melm)z]. The cobalt complex [Co(SCgHs)2(Melm),] was

prepared as well.

Experimental

General. All procedures were carried out under argon or nitrogen
atmosphere using standard Schlenk and glove box techniques. NMR spectra were
recorded at 25 + 1 °C on a Varian Unity 300 instrument.

[(CH3)4N]1[Zn(SCg¢Hs)3(MeIm)]. Anhydrous ZnCl, (27.5 mmol) was dissolved
in a methanol (55 mL) solution of C4HsSH (83.1 mmol) and Li metal (83.1 mmol).
After stirring for 3 h, MeIm (27.9 mmol) was added and stirring was continued for
2.5 h. Crystalline (CH,),NCI (27.8 mmol) was dissolved in the reaction solution and
n-C,H,OH (50 mL) was added over a 25 min period. The solution was kept at -20 °C
overnight. Crystals (23.9 mmol, 87%) were collected by filtration, washed with n-
C,HyOH and dried in vacuo. 1H NMR (DMSO-d,): 83.06 (s, 12 H, (CH,) 4N"'), 3.61 (s,
3 H, -CH,), 6.71 (t, 3 H, p-H), 6.84 (s, 1 H, imid H-5), 6.85 (t, 6 H, m-H), 7.11 (s, 1 H,
imid H-4), 7.37 (d, 6 H, 0-H), 7.60 (s, 1 H, imid H-2). Anal. Caled for C,,H,,N,S,Zn:
C, 56.87; H, 6.06; N, 7.65. Found: C, 56.74; H, 6.03; N, 7.58.

[Zn(SCgHs)2(MeIm)z]. The compound [Zn(SC6H5)2(MeIm)2] was prepared by
modification of a literature procedure for {Zn[S—2,3,5,6-(CH3)4-C5H]z(MeIm)z}.3
Anhydrous ZnCl, (13.6 mmol) was added to an ethanol (250 mL) solution of
CcHgSH (27.7 mmol) and Li metal (31.1 mmol). After 2 h stirring, Melm (37.6
mmol) was added and stirring was continued for 15 min. Ethanol was removed in
vacuo to yield a white, dry solid. Addition of toluene (250 mL) and refluxing for 2 h
resulted in a cloudy solution which was filtered while hot. Slow cooling afforded
colorless crystals which were filtered and dried in vacuo. The filtrate was stored at
-20 °C overnight to yield a second crop of crystals which were collected by filtration
and dried in vacuo. Total yield was 11.1 mmol, 82%. 1H NMR (DMSO-d6): & 3.66 (s,
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6 H, -CH,), 6.80 (t, 2 H, p-H), 6.87 (s, 2 H, imid H-5), 6.92 (t, 4 H, m-H), 7.20 (s, 2 H,
imid H-4), 7.29 (d, 4 H, 0-H), 7.73 (s, 2 H, imid H-2). Anal. Calcd for C,,H,,N,S,Zn:
C, 53.63; H, 4.95; N, 12.51. Found: C, 54.02; H, 4.91; N, 12.56.

[Co(SCeHs)2(Melm)z]. This compound was prepared in a manner similar to
that described for [Zn(SCgHs)2(Melm)z]. Anhydrous cobalt(I) chloride (424 mg, 3.27
mmol) was dissolved in an ethanol (50 ml) solution of thiophenol (724 mg, 6.57
mmol) and lithium metal (51.5 mg, 7.42 mmol). After 2 hours of stirring, 1-
methylimidazole (742 mg, 9.04 mmol) was added and stirred for 15 minutes.
Ethanol was removed in vacuo to yield a dark green, dry solid. Addition of toluene
(50 ml) and refluxing for two h resulted in a dark green, cloudy solution which was
filtered while hot. The filtrate was brought to a boil, sealed in the flask and wrapped
in cotton for slow cooling. Dark green, tabular crystals (175 mg, 0.396 mmol, 12%)
were collected by filtration, washed with pentane and dried in vacuo. Anal. Calcd
for CooH22N4S2Co: C, 54.41; H, 5.02; N, 12.69. Found: C, 54.03; H, 4.89; N, 12.45.

X-ray Crystallography. Data collection and reduction were performed as
previously described.’ Briefly, data were collected on an Enraf-Nonius CAD-4F
kappa geometry diffractometer with graphite-monochromatized MoKa radiation (A
= 0.71069 A). An Enraf-Nonius FR558-S liquid nitrogen cryostat was used to
maintain crystal temperature at 199 K. SHELXS-86° and the TeXsan’ package of
programs were used to solve the structures. Table 2.1 summarizes crystallographic
information for the three complexes discussed.

[(CH3)4N]1[Zn(SCgHs)3(Melm)]. A rectangular block measuring ca. 0.22 X 0.23 X
0.37 mm and was mounted on a quartz fiber with vacuum grease. Data were
collected by employing the w-26 scan technique. No appreciable decay was observed
during data collection as evidenced by periodic measurements of three standard
reflections. The positions of all non-hydrogen atoms were refined anisotropically.

Hydrogen atom positions were calculated.
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[Zn(SCgHs)2(Melm)s]. Crystals suitable for X-ray study were grown by pentane
diffusion into a chloroform solution of [Zn(SC¢Hs)2(Melm)2]. The crystal chosen for
analysis, an irregular block measuring ca. 0.25 X 0.28 X 0.32 mm, was mounted on a
quartz fiber with vacuum grease. Data were collected by employing the ®-26 scan
technique. No appreciable decay was observed during data collection as evidenced
by periodic measurements of three standard reflections. The positions of all non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were found.

[Co(SCeH5)2(Melm);]. Crystals suitable for X-ray study were grown by pentane
diffusion into a chloroform solution of [Co(SC¢Hs)2(Melm)z]. The crystal chosen for
analysis, an irregular block measuring ca. 0.20 X 0.25 X 0.40 mm, was mounted on a
quartz fiber with vacuum grease and paratone oil. Data were collected by employing
the ®-20 scan technique. No appreciable decay was observed during data collection
as evidenced by periodic measurements of three standard reflections. The positions
of all non-hydrogen atoms were refined anisotropically. All hydrogen atoms were

found.

Results

Figure 2.2 displays an ORTEP diagram of the [Zn(SC¢Hs)3(Melm)]- anion.
Geometry about the zinc is that of a distorted tetrahedron. The average Zn-S bonds
are 2.317(2) A in length. The single Zn-N bond is 2.072(5) A. Averaged angles are S-
Zn-S at 113.82(7)° and S-Zn-N at 104.8(2)°. Table 2.2 provides the positional
parameters with B(eq), and anisotropic thermal parameters are in Table 2.3. All
bond lengths are displayed in Table 2.4. Tables 2.5 and 2.6 show bond and torsion
angles for this complex.

The structure of [Zn(SCgHs)2(Melm);] also exhibits a distorted tetrahedral
structure about the zinc. Figure 2.3 shows an ORTEP diagram of this complex. The
averaged Zn-S bond length is 2.2914(7) A and the averaged Zn-N bond length is
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2.039(2) A. The S-Zn-N angle averaged to 104.49(7)°. The S-Zn-S angle is 128.47(4)°
and the N-Zn-N angle is 109.8(1)°. The positional parameters with B(eq) are given
in Table 2.7. Table 2.8 shows the anisotropic thermal parameters. Bond lengths are
provided in Table 2.9. Bond and torsion angles are provided in Tables 2.10 and 2.11.
The cobalt compound [Co(SCeHs)2(Melm)2] is both isomorphous and
isostructural with the zinc analog [Zn(SC¢Hs)2(Melm)z]. An ORTEP diagram of
[Co(SCeHs)2(Melm)z] is shown in Figure 2.4. The S-Co-S angle is 126.66(4)° and the
N-Co-N angle is 112.9(1)°. The S-Co-N angles average to 104.38(6) A. Thus, the
geometry about the cobalt center is that of a distorted tetrahedron. The average Co-S
bond length is 2.2741(6) A and the average Co-N bond length is 2.019(2) A. Table 2.12
provides the atomic positional parameters and B(eq). The anisotropic thermal
parameters are given in Table 2.13. Tables 2.14 and 2.15 display the bond lengths and

angles. Torsional angles are provided in Table 2.16.

Discussion

The desired compounds [(CH3)4N][Zn(SCgHs)3(Melm)] and
[Zn(SC¢Hs)2(Melm);] were prepared in high yield and purity in addition to the
cobalt analog [Co(SCeHs)2(Melm)z]. These are the first mononuclear thiolate
complexes of these metals not employing bulky or chelating ligands. Previously,
sterically bulky thiolates were used to preserve the mononuclear nature of the

complexes.>

Better mimics of [Zn(S-cys)3(N-his)]- and [Zn(S-cys)2(N-his)z] protein
centers will encompass monodentate, aliphatic thiolate ligands such as -SCyHs. At
the moment, no isolated examples exist.

The new compound [(CH3)4N][Zn(SC¢Hs)3(Melm)] has bond lengths and
angles rather similar to the literature compound [(C3H7)4N]{Zn[S-2,3,5,6-(CH3)s4-
C6H]3(Me1m)}.2 These bonds and angles are compared in Table 2.17. Such

similarities are somewhat surprising in light of the fact that the -CH3 groups in the 2
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and 6 positions of the -5-2,3,5,6-(CH3)4-CgH ligand are expected to create a degree of
steric crowding about the metal center relative to the smaller -SC¢Hs ligands of
[(CH3)4N][Zn(SCeHs)3(Melm))].

Bond lengths and angles of [Zn(SC¢Hs)2(Melm)y] are significantly different
from those in the compounds {Zn[S-2,3,5,6-(CH3)4-C¢H]2(Melm)s} and [Zn{S-2,4,6-
[C(CH3)3]-C¢Ha)2(Melm)z], reported previously. Tables 2.17 includes the geometrical
parameters about the zinc atoms for these three compounds. Most interesting is the
128.47(4)° S-Zn-S angle of [Zn(SC¢Hs)2(Melm)2] relative to the smaller angles of
109.46(8)° for {Zn[S-2,3,5,6-(CH3)4-C¢H]2(MeIm)z} and 115.5(1)° for [Zn{S-2,4,6-
[C(CH3)3]-CeH2}2(Melm)2]. Additionally, the 109.9(1)° N-Zn-N angle of
[Zn(SCeHs)2(Melm),] is larger than those of {Zn[S-2,3,5,6-(CH3)4-CsH]2(Melm)z} and
[Zn{S-2,4,6-[C(CH3)3]-CeH2}2(Melm)2] at 101.9(2)° and 101.7(4)°. We have no
satisfactory explanation for this trend at the moment.

The cobalt(Il) complex [Co(SC¢Hs)2(Melm)z] is isomorphous and isostructural
with its zinc analog, [Zn(SC¢Hs)2(MeIm)2]. Small differences in bond lengths and
angles between these two compounds provide a nice comparison of zinc(ll) and
cobalt(Il) binding differences under similar conditions. Table 2.17 details these
variations. In general, the bond lengths are 0.02 A shorter for the cobalt complex.
The S-M-S angle is 2° smaller for cobalt and the N-M-N angle is 3° larger for zinc.
These structural differences are small and reflect the smaller 0.72 A covalent radius
of four-coordinate cobalt(Il) compared to the 0.74 A radius of four-coordinate
zine(IT).2

With the compounds [Zn(SR)4-x(Im)x](2-X)- in hand, we are now able to
examine structural trends in bond lengths and angles. Table 2.17 provides bond
length and angle data for [(CH3)4N]2[Zn(SC6H5)4],9 [(CH3)4N][Zn(SCg¢Hs5)3(Melm)],
and [Zn(SCsHs)2(Melm)z2]. An approximate 0.03 A decrease in average Zn-S bond

length results from a decreasing number of thiolate ligands. The average Zn-N
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bond lengths are also 0.03 A shorter with fewer thiolates present. We attribute these
differences to the effects of charge compensation. The [Zn(SC¢Hs)4]2- dianion
requires less electron density from each ligand relative to the other, less charged
species resulting in longer metal-ligand bond lengths. The S-Zn-S angles also
display a trend increasing in the order [(CH3)4N]2[Zn(SC¢H5s)4] <
[(CH3)4N][Zn(SCeHs)3(MeIm)] < [Zn(SCe¢Hs)2(Melm)y] at 109.5°, 113.83(7)°, and
128.47(4)°. These data can be rationalized by shorter bond lengths in the less charged
species bringing the ligands closer to one another and forcing them apart, providing

the larger S-Zn-S angles.

Conclusions

We have prepared and characterized new model complexes representing
[Zn(S-cys)3(N-his)]- and [Zn(S-cys)2(N-his)2] protein centers. These compounds have
sterically undemanding ligands and, as such, are likely to have structural
characteristics closer to the biological sites than any models reported previously. X-
ray crystallographic studies of these compounds revealed structural trends in the
[Zn(SR)4-x(Im)y](2X)- series. Shorter bond lengths and increased S-Zn-S angles with
decreasing number of thiolate ligands were observed. We ascribed these results to

charge differences in the complexes.
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Table 2.1. Crystallographic Information for [(CH3)4N][Zn(SCeHs)3(Melm)],
[Zn(SC¢Hs)2(Melm);], and [Co(SCeHs)2(Melm);]

[(CH3)4N][Zn(S- [Zn(SCgHs)2- [Co(SCeHs)2-

CeHs)3(Melm)]  (Melm)o] (Melm)y]
Formula Cp6H33N3S3Zn  CpoH2oN4S2Zn CpoH2oN4S7Co
Formula weight 549.16 447.95 441.49
Crystal system monoclinic monoclinic monoclinic
Space group P21/n Q/c Q2/c
a, A 10.330(5) 12.372(2) 12.397(2)
b, A 25.758(2) 18.703(2) 18.691(3)
c, A 10.580(1) 9.329(2) 9.290(1)
B, degrees 102.00(1) 100.60(2) 100.961(8)
V, A3 2754(2) 2121.7(6) 2113.5(5)
Z 4 4 4
dcalc, g cm3 1.325 1.396 1.387
T, K 199 199 199
Data collection range 3 <26<51 3<20<55 3<20<55
deg
Data limits +h+ktl +h+kxl +h+ktl
Number of data 5753 3273 3619
collected
p-Factor? 0.031 0.030 0.030
R(merge)? 0.050 0.025 0.018
Number of observed 2574 1894 1854

unique data‘

Number of parameters 298 123 127
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Data/parameter ratio 8.6 15.4 14.6
Abs coefficient, cm-1 114 13.7 10.2
Trans. coefficient, 0.4758/0.9944 0.8898/1.0000 0.9215/1.000

min/max
R4 0.048 0.036 0.033
Rw?® 0.055 0.040 0.040
Largest shift/esd, final 0.000 0.000 0.000
Largest peak, e-/A3 0.619 0.393 0.258

@Used in the calculation of o(F2). bR(merge) = Z"j=1Z™M;-1 | (F2)~Fij21 /Eni-1m x (F2)
where n = number unique reflections observed more than once, m = number of
times a given reflection was observed, and (F;2) is the average value of F2 for
reflection i. ¢Observation criterion I > 36(I). 4R = [E| | Fol-1Fc| | /Z1Fo1]1/2, €Ry, =
[Ew(IFol-1Fc1)2/Zy | Fo12]1/2, where w = 1/62(F) and o(F) = [A252(C + 4B) +
(pI)2]1/2/(2F,LpTD). A is an attenuation factor, S is the scan rate, C is the total
number if integrated counts, B is the sum of the left and right backgrounds, Lp is a
term to correct for Lorentz and polarization effects, T is the transmission coefficient,

and D is a decay correction factor.



Table 2.2. Positional parameters and B(eq) for [(CH3)4N][Zn(SCgHs)3(Melm)]4
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atom X y z B(eq)?
Zn(1) 0.02776(7) 0.85541(3) 0.20119(7) 2.45(3)
5(1) -0.1270(2) 0.79319(7) 0.1139(2) 3.14(8)
5(2) 0.2181(2) 0.83700(7) 0.1254(2) 3.25(8)
5(3) 0.0795(2) 0.87720(7) 0.4180(2) 2.84(7)
N(1) -0.0670(5) 0.9209(2) 0.1130(5) 2.6(2)
N(2) -0.1517(5) 0.9994(2) 0.0946(5) 3.3(3)
N(3) -0.0108(5) 0.2257(2) 0.2643(5) 29(3)
C(1) -0.0632(6) 0.7316(3) 0.1700(6) 2.5(3)
C(2) 0.0346(6) 0.7252(3) 0.2825(6) 2.7(3)
CE) 0.0729(7) 0.6761(3) 0.3257(6) 3.4(3)
C() 0.0175(7) 0.6325(3) 0.2614(7) 3.5(3)
C(5) -0.0776(7) 0.6385(3) 0.1491(7) 3.7(3)
C(6) -0.1161(6) 0.6874(3) 0.1046(6) 3.2(3)
C?) 0.3383(6) 0.8861(3) 0.1660(6) 2.9(3)
c®) 0.4372(7) 0.8903(3) 0.0959(7) 4.0(4)
C() 0.5343(8) 0.9272(4) 0.1225(9) 5.6(5)
C(10) 0.5343(8) 0.9622(4) 0.221(1) 6.0(5)
C(11) 0.4385(7) 0.9583(3) 0.2937(8) 4.8(4)
C(12) 0.3413(6) 0.9210(3) 0.2661(7) 3.4(3)
C(13) -0.0664(6) 0.8961(3) 0.4641(6) 2.8(3)
C(14) -0.0638(7) 0.9379(3) 0.5494(7) 3.6(3)
C(15) -0.1741(8) 0.9526(3) 0.5943(8) 4.8(4)
C(16) -0.2882(7) 0.9258(4) 0.5577(8) 4.7(4)



C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
H(1)
H(2)
H(3)
H(4)
H(5)
H(6)
H(7)
H(8)
H(9)
H(10)
H(11)
H(12)
H(13)
H(14)
H(15)
H(16)
H(17)

-0.2961(7)
-0.1871(7)
-0.1269(7)
-0.1797(7)
-0.0858(6)
-0.190(1)
-0.1181(9)
0.1181(8)
-0.0355(8)
-0.0037(7)
0.0745
0.1393
0.0440
-0.1164
-0.1808
0.4376
0.6014
0.5995
0.4396
0.2753
0.0165
-0.1702
-0.3631
-0.3777
-0.1949
-0.1301
-0.2276
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0.8863(3)
0.8714(3)
0.9299(3)
0.9776(3)
0.9637(3)
1.0507(3)
0.1871(3)
0.2017(4)
0.2700(3)
0.2448(3)
0.7547
0.6723
0.5989
0.6088
0.6910
0.8668
0.9286
0.9887
0.9816
0.9191
0.9565
0.9816
0.9348
0.8686
0.8436
0.9060
0.9933

0.4722(9)
0.4257(7)
-0.0145(6)
-0.0255(6)

0.1748(6)

0.1293(8)
0.2335(7)
0.2574(7)
0.1730(7)
0.3988(6)
0.3287
0.4020
0.2935
0.1029
0.0268
0.0269
0.0733
0.2378
0.3634
0.3166
0.5772
0.6505
0.5923
0.4441
0.3656
-0.0836
-0.1024

5.0(4)
3.7(3)
3.7(3)
3.8(3)
2.9(3)
5.7(5)
5.2(4)
5.2(4)
4.5(4)
3.5(3)
32
4.1
42
45
3.8
48
6.7
7.2
5.7
41
44
5.8
5.7
6.0
44
44
45
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H(18) -0.0562 0.9686 0.2652 35
H(19) -0.1125 1.0699 0.1668 6.8
H(20) -0.2354 1.0681 ©0.0541 6.8
H(21) -0.2455 1.0478 0.1898 6.8
H(22) -0.2000 0.2031 02368 6.2
H(23) -0.1215 0.1736 0.1492 6.2
H(24) -0.1017 0.1596 0.2945 6.2
H(25) 0.1363 0.1741 0.3179 6.2
H(26) 0.1143 0.1886 0.1727 6.2
H(27) 0.1861 0.2270 0.2770 6.2
H(28) 0.0665 0.2692 0.4205 42
H(29) -0.0849 0.2610 0.4042 42
H(30) 0.0119 0.2164 0.4571 42
H(31) -0.0398 0.2578 0.0875 5.4
H(32) 0.0344 0.2945 0.1949 5.4
H(33) -0.1169 0.2861 0.1783 5.4

4Estimated standard deviations in the least significant figure are given in
parentheses. See Figure 2.2 for the atom labeling scheme. Beq = (4/3)[a2B11 + b2B22

+ c2B33 + 2ab cos(y)B12 + 2ac cos(B)B13 + 2bc cos(o)B23]
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Table 2.3. Anisotropic thermal parameters for [(CH3)4N][Zn(SC¢Hs)3(Melm)]?

atom U11 U22 U33 U12 U13 U23
Zn(1) 0.0310(4) 0.0345(5) 0.0272(4) 0.0024(4) 0.0049(3)  0.0015(4)
S(1) 0.035(1)  0.044(1)  0.036(1)  -0.0036(8) -0.0029(7) -0.0019(9)
S(2) 0.039(1)  0.047(1)  0.040(1)  0.0034(8) 0.0140(8)  -0.0068(9)
S(3) 0.0312(9) 0.050(1)  0.0249(9) 0.0019(8) 0.0021(7)  -0.0000(8)
N(1) 0.034(3)  0.042(4)  0.023(3) 0.008(3)  0.006(2)  0.007(3)
N(2) 0.047(4)  0.039(4)  0.039(4) 0.0053)  0.004(3)  0.013(3)
N(@3) 0.051(4)  0.036(4)  0.026(3) 0.001(3) 0.016(3)  -0.001(3)
C(1) 0.029(3)  0.040(4)  0.030(4)  -0.009(3) 0012(3)  -0.003(3)
C@) 0.034(4)  0.041(5)  0.026(4) -0.010(3) 0.007(3)  -0.007(3)
C@) 0.046(4)  0.052(6) 0.031(4)  0.003(4) 0010(3)  0.005(4)
C4) 0.051(4)  0.041(5)  0.043(4)  -0.002(3) 0.014(3)  -0.003(4)
C() 0.049(4)  0.045(5)  0.046(4)  -0.007(4) 0.0053)  -0.011(4)
C(6) 0.032(4)  0.057(5)  0.030(4)  -0.005(3) 0.002(3)  -0.011(4)
C®) 0.033(4)  0.042(5) 0.034(4) 00093)  0.003(3)  0.015(3)
C(8) 0.0404)  0.068(6) 0.045(5)  0.001(4)  0.014(4)  0.009(4)
C©) 0.056(5)  0.092(8)  0.073(7)  -0.006(5) 0.033(5)  0.007(6)
C(10) 0.052(5)  0.071(7)  0.107(9)  -0.018(5)  0.023(5)  0.010(6)
C(11) 0.044(5)  0.065(6) 0.072(6)  -0.003(4) 0.011(4)  -0.013(5)
C(12) 0.030(4)  0.052(5) 0.046(4) 0001(3)  0.004(3)  0.002(4)
C(13) 0.038(4)  0.046(5) 0.023(3)  -0.003(3) 0.004(3)  0.003(3)
C(14) 0.042(4)  0.061(6)  0.0354)  -0.008(4) 0.009(3)  -0.011(4)
C(15) 0.067(5)  0.068(6)  0.053(5)  -0.004(5) 0.025(4)  -0.019(5)
C(16) 0.054(5)  0.069(7)  0.064(6)  0.000(4)  0.031(4)  -0.010(5)
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C(17) 0.047(5)  0.049(6)  0.098(7)  -0.008(4)  0.024(5)  -0.022(5)
C(18) 0.040(4)  0.037(5) 0.067(5  -0.005(3) 0.017(4)  -0.014(4)
C(19) 0.051(4)  0.063(6)  0.024(4)  0.005(4)  0.0053)  0.003(4)
C(20) 0.047(4)  0062(6) 0.031(4)  0003(4)  0.001(3)  0.020(4)
C(21) 0.050(4)  0.036(5)  0.0234) 0.0033) 0.0033)  0.007(3)
C(22) 0.104(7)  0.046(6)  0.064(6)  0.030(5)  0.017(5)  0.016(5)
C(23) 0.089(6)  0.062(6)  0.043(5)  -0.020(5) 0.007(4)  0.002(4)
C(24) 0.073(6)  0085(7)  0.046(5)  0.032(5)  0.029(4)  0.004(5)
C(25) 0.070(5)  0.053(6) 0.052(5)  0.005(4)  0.021(4)  0.018(4)
C(26) 0.049(4)  0.055(5)  0.032(4)  -0.004(4) 0.016(3)  -0.007(4)

aThe anisotropic temperature factors are of the form exp[-2n2(a*2U11h2 + b™2U2k?2 +
c*2U3312 + 2a"*"Uqhk + 2a*c*Upshl + 2b*c*Upskl)]. Estimated standard deviations in
the least significant figure are given in parentheses. See Figure 2.2 for the atom

labeling scheme.
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Table 2.4. Intramolecular distances (A) for [(CH3)4N][Zn(SCeHs)3(MeIm)]?

atom atom distance atom atom distance
Zn(l)  S(1) 2.316(2) C(10)  H®) 0.950
Zn(l)  S(2) 2.321(2) c(11))  C12  1.38(1)
Zn(l)  S@3) 2.314(2) C(11)  H() 0.950
Zn(l)  N(1) 2.072(5) C(12)  H@0)  0.950
S(1) C(1) 1.773(7) C(13)  C(14)  1.40109)
5(2) C(7) 1.761(7) C(13)  C(18)  1.384(9)
5(3) C(13)  1.747(7) C(14)  C@15) 137709
N(1) C(19)  1.382(%8) C(14  H@IL 0950
N(1) CQ1)  1316(8) Cc(15)  C(16)  1.35(1)
N(2) C(20)  1.364(9) Cc(15)  H(12) 0951
N(2) CQ1)  1.337@) c(l6) C(17)  1.35(1)
N(2) C(22)  145(1) C(16)  H@3) 0950
N(@3) C(23)  1.474(9) Cc(17)  Cas) 137309
N(3) C(24)  1.484(8) C(17)  H@14) 0950
N(@3) C(25)  1.48209) C(18)  H(@5 0951
N(3) C(26)  1.493(8) C(19) C@U)  1.34(1)
C(1) C(2) 1.401(8) C(19)  H(16) 0950
c() C(6) 1.384(9) C(0) H@17) 0950
C@) C(@3) 1.374(9) C(1)  H@8) 0950
CQ) H(1) 0.950 C(2)  H@9) 0950

C@3) C4) 1.374(9) C(22) H(20) 0.949
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C(@3) H(2) 0.949 C(2) HQ1) 0951
C@) C(5) 1.38(1) C(23) H@22) 0949
C@) H(3) 0.950 C(3) H(3) 0950
C(5) C(6) 1.37(1) C(23)  H(24) 0949
C(5) H(4) 0.951 C(24) H(5) 0949
C(6) H(5) 0.950 C(24)  HQ6) 0950
C@) C(@8) 1.386(9) C(4) HQ7) 0951
C@) C(12)  1.38509) C(5) H@E) 0949
C(8) C(©) 1.37(1) C(25  H(32) 0951
C(8) H(6) 0.950 C(25) H(33) 0950
C() C(10)  1.37(1) C(26) H@8) 0951
C(O) H(7) 0.950 C(6) H(9) 0950
C(10) C(11)  1.38(1) C(26) H(30) 0949

4Estimated standard deviations in the least significant figure are given in

parentheses. See Figure 2.2 for the atom labeling scheme.
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Table 2.5. Intramolecular bond angles (deg) for [(CH3)4N][Zn(SC¢Hs)3(MeIm)]?

atom  atom atom  angle atom  atom  atom _ angle
S(1)  Zn(l) S  106.56(7) C(5) C6) HGE)  119.10
S(1)  Zn(l) S(3)  124.14(7) C(7) C®  H®) 11880
S(1)  Zn(1) N@1)  99.3(2) C(9  C@B  HE) 11882
S2)  Zn(1) S@B)  110.75(7) C® CO H@ 12010
S2)  Zn(l) N@1)  111.4(1) C(10) CO) H@ 12013
S3)  Zn(l) N(@1)  103.8(2) C(9  Ca0) HE) 12043
Zn(l) S(1) C(1)  108.0(2) C(11) C@0) H®) 12046
Zn(l) S@Q2) C»  11202) C(10) C@1) HO)  119.66
Zn(l) S(3)  C(13)  108.0(2) C(12 Cany HE 1197
Zn(l) N(1) C@19) 130505) C(7) C@2 H®A0) 119.49
Zn(l) N(1) C@Ql)  124.3(4) C(11) C(12) H@0) 11951
C(19)  N(1) C@1)  105.2(6) C(13) C@4 H®A1) 119.08
C0) N(@2) C@1) 106.8(6) C(15) C(4) H@A1) 119.07
C20) N2 C2) 1265(6) C(14) C@5 H®2) 12011
Cl) N@2) C22) 126.6(6) C(16) C@5 H@2) 12015
C23) N@B) C@4) 1104(7) C(15) C(16) H(13) 119.84
C23) N@B) C@5 110.8(6) C(17) C(16) H@3) 119.94
C@23) N@B) C@6) 108.6(5) C(16) C(17) HQ4) 119.73
C4) N@B) C@25 1089(5) C(18) C(17) H(@4) 119.63
C(4) N@) C@26) 108.5(5) C(13) C@8) H@5 11925

C(25 N@) C@26) 109.6(6) C7) C(18) H(15) 119.25



S(1)
S(1)
C@2)
C(1)
C@2)
C@)
C4)
C(Q)
5(2)
S(2)
C@®)
C@)
C(®)
C()
C(10)
C@)
S(3)
5(3)
C(14)
C(13)
C(14)
C(15)
C(16)

C(Q)
C(1)
C(Q1)
C(2)
C@)
C4)
C(5)
C(6)
C@)
C@)
C)
C(®)
C©)
C(10)
C(11)
C(12)
C(13)
C(13)
C(13)
C(14)
C(15)
C(16)
C@7)

C(2)
C(6)
C(6)
C@3)
C@4)
C(®)
C(6)
C(5)
C(8)
C(12)
C(12)
C©9)
C(10)
C(11)
C(12)
C(11)
C(14)
C(18)
C(18)
C(15)
C(16)
C(17)

C(18)

122.8(5)
119.2(5)
117.9(6)
119.8(6)
121.7(6)
118.9(7)
119.9(7)
121.7(6)
119.2(6)
123.7(5)
117.1(7)
122.4(8)
119.8(7)
119.1(8)
120.6(8)
121.0(7)
119.4(5)
124.5(6)
116.0(6)
121.8(7)
119.7(8)
120.2(7)

120.6(7)
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N(1)
C(20)
N(2)
C(19)
N(1)
N(2)
N(2)
N(2)
N(2)
H(19)
H(19)
H(20)
N(3)
N(3)
N(@3)
H(22)
H(22)
H(23)
N(3)
N(3)
N(3)
H(25)

H(25)

C(19)
C(19)
C(20)
C(20)
C(21)
C(21)
C(22)
C(22)
C(22)
C(22)
C(22)
C(22)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(24)
C(24)
C(24)
C(24)

C(24)

H(16)
H(16)
H(17)
H(17)
H(18)
H(18)
H(19)
H(20)
H(21)
H(20)
H(21)
H(21)
H(22)
H(23)
H(24)
H(23)
H(24)
H(24)
H(25)
H(26)
H(27)
H(26)

H(27)

125.37
125.34
126.56
126.44
124.20
124.13
109.48
109.38
109.41
109.57
109.49
109.50
109.44
109.41
109.45
109.54
109.49
109.49
109.47
109.48
109.40
109.56

109.48
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C(13) C@18) C(17) 121.5(7) H(26) C(24) HQ7) 10943
N(1) C@19 C@0) 109.3(6) N@3) C@25 HEl) 10954
N@2) C@0) C(19) 107.0(6) N@3) C@25 H@E2) 10943
N(1) CQ1) N@)  111.7() N@) C@5 HE3) 10941
C(1) C@  H1) 12015 H(31) C(25) HE2) 109.49
C@) C@  H1) 12002 H(31) C@5 HE3) 10956
C CPB HE@ 11911 H(32) C(@25 H@E3) 109.39
C4 C@B HEQ 11924 N@3) C@6) H@8) 109.44
CB) C@4  H@ 12054 N@3) C@6 HQ9) 10947
C65) C@  H@E 12057 N@3) C@6 H@E0) 109.50
C4 C(G) H@) 12004 H(28) C(6) H(29) 109.46
C6) C(G) H@) 12002 H(28) C(26) H@E0) 109.49
C) C@6 HE) 11916 H(29) C(26) H@B0) 109.46

4Estimated standard deviations in the least significant figure are given in

parentheses. See Figure 2.2 for the atom labeling scheme.
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Table 2.6. Torsion or conformation angles (deg) for [(CH3)4N] [Zn(SCeHs)3(Melm)]4

@M @ B3 (4 angle ) @ B (49 angle
Zn(l) S(1) C(1) C@) 22.2(5) N(1) Zn(l) S(1) C(1) 177.12)
Zn(1) S(1) C@1) C() -161.2(4) N(1) Zn(1) S@2) C7) 648(3)
Zn(l) SQ) C(7) C@) -159.3(5) N(1) Zn(l) S(3) C@3) 55.0(3)
Zn(l) S@2) C7) C@12) 21.3(6) N(1) C(19) C(0) N(2) 0.9(8)
Zn(l) S(B) C(13) C(14) -140.9(5) N(1) C@1) N@2) C(0) 1.6(8)
Zn(l) S(3) C(13) C(A8) 415(7) N(1) CQ1) N@2) C@22) 179.9(7)
Zn(l) N(1) C(19) CQ0) 177.7(5) N(2) C@1) N(1) C@19) -1.0(8)
Zn(l) N(1) C@1) N(2) -178.8(4) C(1) C@ C@B) C@ o)
S(1) Zn(1) S2) CE) 172.1(2) C(1) C@6) CG) C@) -1(1)
S(1) Zn(1) SB) C(3) -56.6(3) C C1) C@6 CGE 1.79)
S(1) Zn(1) N(1) C@9) -47.2(6) C2 C@B C@ CG 1)
S(1) Zn(1) N(1) C(1) 130.1(5) C3) C@ C@1 CE -1309)
S(1) C(1) C@ CE) 1753(5 C(3) C@ CG) CE -1(1)
S(1) CQA) C@E) CE) -175.00) C(7) C@8 CO Ca10) -1(1)
S(2) Zn(1) S(1) CQ) 613(2) C(7) C(12) C@11) C(10) 1(1)
S(2) Zn(1) S(3) CA3) 174.7(2) C@8 C(7) C@12) cal oQ)
S(2) Zn(l) N(1) C(19) 64.8(6) C@8) CO9) C@10) Cal 2(1)
S(2) Zn(1) N(1) C@1) -117.9() CO C@B C7 Ca12) oQ)
S(2) C@) C@® CO -179507) C(9 C(10) Cal) Ca2) -21)
S(2) C() C(12) CAl) 179.5(6) C(13) C(14) C(15) C(16) 1(1)

S(3) Zn(1) S(1) C@1) -69.1(2) C(13) C(18) C(17) C(16) 0(1)
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S(B) Zn(1) S(2) C(7) -50.3(2) C(14) C(13) C(18) C@17) -2(1)
S(3) Zn(1) N(1) C@19) -175.9(5) C(14) C(15) C(16) C(17) -3(1)
S(3) Zn(1) N(1) C(21) 1.3(5) C(15) C(14) C(13) C(18) 1(1)
S(3) C(13) C(14) C(15) -176.5(6) C(@15) C(16) C(17) C(18) 3(1)
S(3) C(13) C(18) C(17) 175.7(6) C(19) C(20) N(2) C(21) -1.5(8)
C(19) C(20) N(2) C(22) -179.9(7) C(20) C(19) N(1) C(21) 0.0(8)

4The sign is positive if when looking from atom 2 to atom 3 a clockwise motion of

atom 1 would superimpose it on atom 4. Estimated standard deviations in the least

significant figure are given in parentheses. See Figure 2.2 for the atom labeling

scheme.
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Table 2.7. Positional parameters and B(eq) for [Zn(SC¢Hs)2(Melm);]?

atom X y z B(eq)®
Zn(1) 0 0.21485(2) 1/4 1.86(2)
S(1) -0.11294(6) 0.16158(4) 0.05733(7) - 2.32(3)
N(1) -0.0977(2) 0.2775(1) 0.3515(2) 2.2(1)
N(2) -0.2445(2) 0.3333(1) 0.3945(3) 2.3(1)
C() -0.2005(2) 0.1050(1) 0.1369(3) 1.9(1)
C@2) -0.3130(3) 0.1025(2) 0.0774(3) 2.6(1)
C@3) -0.3817(3) 0.0544(2) 0.1280(4) 3.1(1)
C@4) -0.3409(3) 0.0079(2) 0.2404(4) 3.2(1)
C(5) -0.2308(2) 0.0109(2) 0.3030(4) 3.0(1)
C(6) -0.1608(2) 0.0593(2) 0.2531(3) 2.4(1)
C(?) -0.0765(3) 0.3039(2) 0.4919(3) 2.6(1)
C@) -0.1671(3) 0.3385(2) 0.5193(3) 2.9(1)
C(9) -0.1999(2) 0.2963(2) 0.2970(3) 2.3(1)
C(10) -0.3550(3) 0.3635(2) 0.3708(4) 3.3(1)
H(1) -0.337 0.139 -0.010 34
H(2) -0.465 0.053 0.090 34
H(3) -0.400 -0.020 0.289 34
H(4) -0.205 -0.018 0.390 34
H(5) -0.076 0.056 0.296 34
H(6) -0.005 0.288 0.559 34
H(7) -0.180 0.357 0.624 34
H(8) -0.237 0.286 0.199 34
H(9) -0.405 0.351 0.285 34
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H(10) -0.355 0.418 0.379 34
H(11) -0.402 0.344 0.437 34

%Estimated standard deviations in the least significant figure are given in
parentheses. See Figure 2.3 for the atom labeling scheme. ?Beq = (4/3)[a2B11 + b2B22

+ ¢2B33 + 2ab cos(Y)B12 + 2ac cos(B)B13 + 2bc cos(o)B23).
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Table 2.8. Anisotropic thermal parameters for [Zn(SCeHs)2(Melm)2]4

atom U1l U22 U33 U12 U13 U23

Zn(1)  00219(2) 0.0282(3) 0.0213(2) 0 0.0060(2) -0.0000
S(1) 0.0275(4) 0.0414(4) 0.0195(3) -0.0060(3) 0.0051(3) -0.0001(3)
N(1) 0.028(1) 0.032(1) 0025(1) 0.001(1) 0.0091) 0.001(1)
N(2) 0.029(1) 0.031(1) 0032(1) 0006(1) 0.012(1)  0.003(1)
c() 0.028(1) 0026(1) 0023(1) -0.001(1) 0.009(1) -0.006(1)
C@) 0.032(2) 0.040(2) 0027(1) -0.003(1) 0.005(1) -0.001(1)
C@) 0.028(2) 0.048(2) 0042(2) -0.006(1) 0.008(2) -0.007(2)
C(4) 0.044(2) 0032(2) 0051(2) -0.007(1) 0.026(2) -0.004(2)
C() 0.044(2) 0.034(2) 0.040(2) 0.006(1) 0.018(1)  0.007(1)
C(6) 0.028(2) 0.033(2) 0.033(2) 0.0041) 0.009(1)  0.001(1)
C() 0.0352) 00332 0030(2) -0.000(1) 0.004(1) -0.007(1)
C(@8) 0.042(2) 0036(2) 0031(2) 0.004(1) 0.009(1) -0.008(1)
C©) 0.031(2) 0.0352) 0.0231) 0.002(1) 0.009(1) 0.002(1)

C(10) 0.032(2) 0.048(2) 0.048(2) 0.011(2) 0.016(2)  0.007(2)

4The anisotropic temperature factors are of the form exp[-2r2(a*2U11h? + b*2Upk?2 +
c*2U3312 + 2a"b*Up2hk + 2a*c*Ujshl + 2b*c*Uzskl)]. Estimated standard deviations in
the least significant figure are given in parentheses. See Figure 2.3 for the atom

labeling scheme.
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Table 2.9. Intramolecular distances (A) for [Zn(SCgHs)2(Melm);]e

atom  atom  distance ADC(") atom  atom  distance ADC(")
Zn(1) S(1) 2.2916(7) 1 C(5) C(6) 1.390(4) 1
Zn(1)  S(1) 2.2912(7) 2 C(7) C(8) 1.359(4) 1
Zn(1) N(1) 2.038(2) 1 C@4) C(5) 1381(55) 1
Zn(1) N(1) 2039(2) 2 C(5) C(6) 1.390(4) 1
S(1) C(1) 1.773(3) 1 C(7) C(8) 1359(4) 1
N(1) C(7) 1.378(4) 1 C@2) H(1) 1.059 1
N(1) C@O)  132004) 1 C@ HQ2  1.024 1
N(2) C(8) 1.368(4) 1 C@) H(3) 1.065 1
N(2) C9) 1.3403) 1 C(5) H4) 0.981 1
N(2) C(10) 1.458(4) 1 C(6) H(5) 1.051 1
C(@1) C@2) 1.401(4) 1 C(?) H(6) 1.024 1
C1) . C( 1.396(4) 1 C(8) H(7) 1.078 1
C(2) C(3) 1.378(4) 1 C9) H(8) 0.959 1
Cc@) C@ 138505 1 C(10) H®©9) 0948 1
C(4) C(5) 1.381(5) 1 C(10) H(10) 1.015 1

2Estimated standard deviations in the least significant figure are given in

parentheses. See Figure 2.3 for the atom labeling scheme.
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Table 2.10. Intramolecular bond angles (deg) for [Zn(SCgHs)2(Melm);]?

atom _ atom _ atom _ angle atom _ atom _ atom _ angle
S(1)  Zn(l) S(1)  12847(4) N(I) €O N@2  111.203)
S(1)  Zn(l) N@1) 106.61(7) c1) C@  H1) 11350
S(1)  Zn(1) N(1) 102380 C@ C@  HQ1) 12537
S(1)  Zn(1) N(1)  102.37(7) C2 C@E HE 12307
S(1)  Zn(1) N(1)  106.60(7) C4) C@E HEQ) 11637
N(1)  Zn(1) N(1)  109.8(1) C@ C@4) H@E) 11654
Zn(l) S(1)  C)  10526(9) C5) C@  HGE) 12281
Zn(l) NQ1) C@  1284(2) C4) C(G) H@ 11810
Zn(l) N(1) CO)  1256() C6) CGE)  H@E) 12078
C?) NQ1) CO 105822 cd) C@) HGE) 12125
C® N2 CO  107.6() Cs) C6) HpE) 11789
C8 N(@) Ca0) 1263(3) N(1) C( He 11811
CO N2 C@0) 126.1(3) C® C(  HE 13178
sS1) CA @ CR 11960 N2 C® HZ)  127.00
S(1)y C1)  CE 12240 C7) C® HZ) 12582
C@ C1  Ce6  1180@3) N(1) CO  H@) 12463
c1l C@ CE  121103) N(2) C@©) H@) 12418
C@e CB Cé  120503) N(2 C(10) H@) 11894
c@ C@ CG)  1192Q) N@2) C@0) H@10) 11261
C4) CB)  CE  120803) N(2) C@0) H(11) 11373

c1) C(6) C(5) 120.4(3) H(9) C(10) H@0) 106.93
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N(1) C(7) C(8) 109.2(3) H(9) C(10) H(11) 94.09
N(2) C(8) C(7) 106.2(3) H(10) C(10) H(11) 108.81

4Estimated standard deviations in the least significant figure are given in

parentheses. See Figure 2.3 for the atom labeling scheme.
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Table 2.11. Torsion or conformation angles (deg) for [Zn(SC¢Hs)2(Melm);]4

M@ (B _@ angle M@ ()@ angle
Zn(1) S(1) C(1) C(2 137.0(2 N(1) Zn(1) S(1) C@1) 179.5(1)
Zn(1) S(1) C(1) C(6) -46.6(2) N(1) Zn(1) N(1) C(7) -90.0(2)
Zn(1) S(1) C(1) C(2) 137.002) N(1) Zn(1) N(1) CO) 95.9(2)
Zn(1) S(1) C@1) C(6) -46.6(2) N(1) C7) C@B) N(2) 0.03)

Zn(1) N(1) C(7) C(8) -175.2(2) N(1) C@9 N(@2) C@B) -0.3(3)
Zn(1) N(1) C(® N(2) 1754(2) N(1) C(9) N(2) C(10) 178.9(3)

Zn(1) N(1) C(7) C(@8) -175.2(2) N(2) CO N(@1) C7) 0.2(3)

Zn(1) N(1) CO N(2) 1754(2) C(1) C@2 C@3) C@é) 0.8(5
S(1) Zn(1) S(1) C(1) 56.24(9) Ca) C@6 CB) Cé4 -1.00)
S(1) Zn(1) N(1) C(7) 159.8(2) C2 C@a) C@E COB) 274)
S(1) Zn(1) N(1) C(9) -14.32) C2 CB C@ CGB) 1005)
S(1) Zn(1) N(1) C7) 23.0(3) C3) C@2 C1) C6 -2.6(4)

S(1) 2Zn(1) N(1) C(9) -151.1(2) CB) C@) CB) C®6) -0905)
S(1) C(1) C(2) C(3) 174.0(2) C7) C(B) N(2) CO 0.2(3)
S(1) C@1) C) C(5) -173.8(2) C(7) C(B8) N(2) C(10) -179.0(3)

N(1) Zn(1) S(1) C(1) -65.3(1) C8) C(7 N@1) CO9 -0.1(3)

?The sign is positive if when looking from atom 2 to atom 3 a clockwise motion of
atom 1 would superimpose it on atom 4. Estimated standard deviations in the least
significant figure are given in parentheses. See Figure 2.3 for the atom labeling

scheme.
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Table 2.12. Positional parameters and B(eq) for [Co(SC¢Hs)2(Melm),]4

atom X y z B(eq)b
Co(1) 0 0.217172(24) -1/4 1.92(2)
S(1) 0.111669(48)  0.162561(35)  -0.059041(63) 2.37(2)
N(1) -0.09742(16)  0.27688(11) -0.14618(21)  2.25(8)
N(2) -0.24415(17)  0.33288(11) -0.10298(23)  2.39(8)
C(1) 0.20048(18) 0.10602(13) -0.13525(25) 2.09(9)
C@) 0.31274(20) 0.10364(15) -0.07403(28)  2.7(1)
C@) 0.38225(21) 0.05529(16) -0.12361(31)  3.1(1)
C@) 0.34186(23) 0.00827(14) -0.23561(33)  3.2(1)
C(5) 0.23146(23) .  0.01099(14) -0.30030(31)  3.0(1)
C(6) 0.16104(20) 0.05927(14) -0.25113(28)  2.6(1)
C@) -0.07625(21)  0.30385(15) -0.00492(27)  2.8(1)
C@) -0.16611(23)  0.33798(14) 0.02239(29) 3.0(1)
C) -0.19989(21)  0.29603(14) -0.20125(28)  2.4(1)
C(10) -0.35516(22)  0.36296(16) -0.12643(33)  3.4(1)
H(1) 0.339 0.144 0.002 2.7
H(2) 0.462 0.053 -0.074 19
H(3) 0.397 -0.033 -0.264 2.7
H(4) 0.193 -0.021 -0.386 27
H(5) 0.073 0.055 -0.300 2.7
H(6) -0.001 0.289 0.060 27
H(7) -0.181 0.357 0.122 19
H(8) -0.2418(23) 0.2828(15) -0.2923(32) 3.3(6)
H(9) -0.352 0.410 -0.110 19
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H(10) -0.398 0.336 -0.067 1.9
H(11) -0.389 0.353 -0.226 1.9

2Estimated standard deviations in the least significant figure are given in
parentheses. See Figure 2.4 for the atom labeling scheme. ”Beq = (4/3)[a2B11 + b2P22

+ c2B33 + 2ab cos(y)B12 + 2ac cos(B)B13 + 2bc cos(ar)B23]
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Table 2.13. Anisotropic thermal parameters for [Co(SC¢Hs)2(Melm);]4

atom U1l U22 U33 U12 U13 U23
Co(l) 0.02068(23) 0.03221(26) 0.02073(23) 0 0.00572(16) 0

S(1)  0.02683(31) 0.04328(37) 0.02024(29) 0.00552(25) 0.00524(23) 0.00046(23)
N(1) 0.0259(10) 0.0345(11) 0.0259(10) 0.00210(83) 0.00723(80) -0.00014(85)
N(2) 0.0277(10) 0.0345(12) 0.0312(11) 0.00516(87) 0.01191(86) 0.00244(87)
C(1) 0.0241(11) 0.0317(13) 0.0250(11) 0.00215(93) 0.00825(89) 0.00559(94)
C(2) 0.0273(12) 0.0441(15) 0.0306(13) 0.0029(11) 0.0040(10) 0.0031(11)
C(3) 0.0275(13) 0.0472(17) 0.0443(15) 0.0073(11) 0.0096(11) 0.0086(13)
C(4) 0.0402(15) 0.0334(14) 0.0524(17) 0.0073(11) 0.0198(13) 0.0057(12)
C(5) 0.0417(15) 0.0344(14) 0.0427(15) -0.0059(11) 0.0168(12) -0.0076(11)
C(6) 0.0291(12) 0.0365(14) 0.0334(13) -0.0054(10) 0.0100(10) -0.0021(11)
C(7) 0.0338(13) 0.0420(15) 0.0293(13) 0.0005(11) 0.0035(10) -0.0072(11)
C(8) 0.0412(15) 0.0413(15) 0.0320(14) 0.0018(12) 0.0111(12) -0.0068(11)
C(9) 0.0282(12) 0.0382(14) 0.0272(12) 0.0023(10) 0.00866(98) 0.0008(10)
C(10) 0.0370(14) 0.0479(16) 0.0471(16) 0.0137(13) 0.0186(12) 0.0070(13)

aThe anisotropic temperature factors are of the form exp[-2n2(a*2U11h2 + b*2Upk?2 +
c*2U3312 + 2a"Upohk + 2a*c*Upshl + 2b*c'Upskl)]. Estimated standard deviations in
the least significant figure are given in parentheses. See Figure 2.4 for the atom

labeling scheme.
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Table 2.14. Intramolecular distances (A) for [Co(SC¢Hs)2(Melm),]?

atom  atom _ distance ADC(") atom __atom _distance ADC(")
Co(l) S(1)  22741(6) 1 C4) CG)  1387(4) 1
Co(1) S(1)  22741(6) 55402 CE)  C6)  13924) 1
Co(l) N(1) 20192 1 C7  CB  13494) 1
Co(l) N(1)  2019(2) 55402 C) H@E) 1041 1
S(1)  C)  1.768Q2) 1 C@  HEQ 1015 1
N(1) C(7)  1383) 1 C4)  H@B 1103 1
N(1) C(O)  13253) 1 C(5) H@#) 1041 1
N2 C®  13693) 1 c6) HG) 1102 1
N2 CO  134203) 1 C(7)  HE) 1045 1
N@2) C10) 1464@3) 1 C HZ 1043 1
C(1) C@  14003) 1 C(9 H@B)  094(3) 1
C(1) C@6)  14003) 1 C(10) H@O 0892 1
CQ C@ 13874 1 C(10) H@0) 0973 1
C3) C@4 13814 1 C(10) H@11) 0956 1

9Estimated standard deviations in the least significant figure are given in

parentheses. See Figure 2.4 for the atom labeling scheme.
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Table 2.15. Intramolecular bond angles (deg) for [Co(SCgHs)2(Melm);]4

atom _ atom _ atom __ angle atom _atom _ atom __ angle
S(1)  Co(l) S(1)  126.66(4) N(1) CO N(@2 111.222)
S(1)  Co(1) N(1)  101.90(6) C(1) C@  HQ) 11403
S(1)  Co(l) N(@)  106.86(6) CB) C@  HQ) 12449
S(1)  Co(l) N(1)  106.86(6) C2 C@B H@ 11974
S(1)  Co(l) N(1)  101.90(6) C4 CB H@ 11979
N(1) Co(l) N@)  1129(1) C(3 C@4 H@E) 11856
Co(l) S@1) CI)  106.79(8) C6) C@ H@E) 12190
Co(l) N(I) C@  1292(2) C4) C(6) H@4) 12583
Co(l) N(1) C@O)  1255@2) C(6) C(6) H@4) 11348
CZ) N(1I) CO 105222 C(1) C6) HE) 12200
C® N CO  1075@2) C6) C6) HE) 11722
C@ N(2 C(10) 1263(2) N(1) C(7)  H®) 11622
CO N2 Ca0) 1262(2) C8) C(7)  H() 13363
S(1) C1) CQ 120202 N2 C@8 H@Z 12425
S(1)y Cca  CE)  1219(2) C(7) C@B  H7) 12853
CR) Cca CE  1178Q2) N(1) €O H®B) 127(2)
Cl) C@ C@B 121202 N2 C(9) H®B) 1212
CQ C@B C@ 12040 N(2) C(10) H@O  109.86
C@ C@ CG  1193Q2) N(2) C(10) H(10) 10835
C4 CGB  CE  1207(3) N(@2) C@0) H(11) 107.34

C(1) C(6) C®) 120.5(2) H(9) C(10) H(10) 115.33
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N@1) C7)  C@B8  109.6(2) HO) C10) HA1l) 11035

N@2) C@B8 C7 106402 H(10) C(10) H(11) 10525

4Estimated standard deviations in the least significant figure are given in

parentheses. See Figure 2.4 for the atom labeling scheme.
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Table 2.16. Torsion or conformation angles (deg) for [Co(SCeHs)2(Melm)3]?

M @2 B (@) angle 1) 2 B) (4 angle
Co(1) S(1) C(1) C@ 1361(2) N(1) Co(l) S(1) C(1) -62.8(1)
Co(l) S(1) C(1) C(6) -48.0(2) N(1) Co(1) N(1) C(7) -88.6(2)
Co(1) S(1) C(1) C@) 1361(2) N(1) Co(1) N(1) CO) 943(2)
Co(1) S(1) C(1) C(6) -48.0(2) N(1) C7) C® N(@2) -04(3)
Co(l) N(1) C() C@® -177.0(2) N(1) CO) N(2) C®) 0.1(3)
Co(l) N(1) CO) N(2) 177.3(2) N(1) CO9 N(2) C(10) 179.3(2)
Co(1l) N(1) C() C®) -177.0(2) N@2) CO9 N(1) C7 -03(3)
Co(1) N(1) C©O) N@©) 177.3(2) C(l) C2 CB C@) 02%4)
S(1) Co(1) S(1) C(1) 56.84(8) C(1) C) CGB) C@) 0.0@4)
S(1) Co(l) N(1) C@7) 25.6(2) C2) CA) C() CG) 1.6(4)
S(1) Co(l) N(1) CO) -151.4(2) C) CB C@) CG) 1504)
S(1) Co(l) N(1) C(7) 160.12) C(3) C2 C1) CE) -17(4)
S(1) Co(l) N(1) CO -169(2) CB) C@4) CE) C@6) -1.54)
S(1) C(1) C@ CE 1743(2) C(7) C® N(2) CO) 0203)
S(1) C(1) C@) CE) -1743(2) C(7) C®) N(2) C(0) -179.0(2)
N(1) Co(l) S(1) C(@1) 178.6(1) C@8) C(7) N(1) CO) 05(3)

4The sign is positive if when looking from atom 2 to atom 3 a clockwise motion of
atom 1 would superimpose it on atom 4. Estimated standard deviations in the least
significant figure are given in parentheses. See Figure 2.4 for the atom labeling

scheme.
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Table 2.17. Selected bond lengths and angles for thiolate complexes.

compound M-S (A) M-N (A) S-M-S (°) S-M-N (°) N-M-N (°)

[(CH3)4N][Zn(SCgHs)3- 2.317(2) 2.072(5) 113.82(7) 104.8(2) -
(Melm)]

[(CsHy)4N]- 23254) 206(1) 113.6(1) 1049(4) -
{Zn[S-2,3,5,6-(CH3)4-
CeH]3(Melm)}4

[Zn(SCgHs)o(Melm),]  2.2914(7) 2.039(2) 12847(4) 104.49(7)  109.8(1)

(Zn[S-2,3,5,6-(CHa)s-  2.300(2) 2.047(6) 109.46(8) 1132(2) 101.9(2)
CeHl2(Melm)y)?

[Zn{S-2,4,6-[C(CHs)s]- 2315(3) 2047(12) 1155(1) 109.73)  101.7(4)
CeHz}2(Melm);]¢

[Co(SCeHs)2(Melm)]  2.2741(6) 2.019(2) 126.66(4) 104.38(6) 2.019(2)

[(CH3)N4]2[Zn- 2.357(3) - 109.5 - -
(SCeHs)4la

2From reference 2. PFrom reference 3. From reference 4. 9From reference 9.
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N/CHS -
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[(C3H7)aN]{Zn[S-2,3,5,6-(CHz)s-CsH]3(Melm))?

[Zn{S-2,4,6-[C(CH3)3]-CeHz}2(MeIm),]*

Figure 2.1. [Zn(SR)3(Im)]- and [Zn(SR)2(Im)2] complexes known prior to the work

reported here.
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Figure 2.2. ORTEP diagram of the [Zn(SC¢Hs)3(Melm)]- anion showing the 50%

probability thermal ellipsoids for all non-hydrogen atoms.
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Figure 2.3. ORTEP diagram of [Zn(SC¢Hs)2(Melm)2] showing the 50% probability

thermal ellipsoids for all non-hydrogen atoms.
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Figure 2.4. ORTEP diagram of [Co(SCgHs)2(Melm),] showing the 50% probability

thermal ellipsoids for all non-hydrogen atoms.
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Methyl Transfer to Mercury Thiolates:

Effects of Coordination Number and Ligand Dissociation
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Abstract

Abstract: The complexes [(CH3)4N]2[Hg(SC¢Hs)4] and [(C4Ho)4N][Hg-
(SCeHs)3] demethylate (CH30)3PO as revealed by 1H, 31P{1H}, and 199Hg(1H}
NMR spectroscopy in DMSO-d6 solution. The products of the [Hg(SCgHs)4]%-
reaction are CH3SCgHs, (CH30)2PO2, and [Hg(SCeHs)3]-, whereas
[Hg(SCe¢Hs)3]- demethylates (CH30)3PO to yield CH3SC¢Hs and
{Hg(SCeHs5)2[(CH30)2P031}-. Kihetic and solution equilibria studies reveal
complete dissociation of a thiolate from [Hg(SCeHs)4]2-. This dissociated
thiolate is the nucleophile active toward (CH30)3PO. These results imply that
the metal center of the inactive mercury derivative of the Escherichia coli
Ada DNA alkylation repair protein comprises a three-coordinate [Hg(S-

cysteine)s]” moiety and an unbound, protonated cysteine (HS-Cys69).
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Introduction

DNA is exposed environmentally to nonenzymatic alkylating agents.
1-5 Resulting lesions such as Of-methylguanine and O%-methylthymine
disrupt traditional Watson-Crick base pairing and provide duplex DNA with
mismatched base pairs.%12 These mutations are responsible, ultimately, for
the deleterious effects of alkylating chemicals. To combat these processes,
most organisms have protein systems responsible for repairing alkylated and
mismatched DNA.26:13

One widely studied example is the Ada protein of Escherichia coli. By
direct transfer of the offending alkyl groups to cysteine residues within the
protein,!42! Ada repairs Ob-alkylguanine, O%-alkylthymine, and the Sp
diastereomer of alkylphosphotriesters.?022 Two different active sites confer
these repair capabilities upon the protein.}”1820 The alkylated base lesions
are repaired by Cys321 in the C-terminal domain of the protein,!41819 which
is part of an Asn-Xg¢-Pro-Cys-His-Arg-Val-Xg-Tyr-X13,/14-Glu consensus
sequence common to all known O6-methylguanine transferases.?3
Alkylphosphotriesters are repaired by Cys69 in the N-terminal domain of the

protein,17'18

15 124’

one of four cysteine residues which are bound to a zinc ion.
26 In addition to reversing phosphate damage, alkylation of Cys69 affects
a structural change in the protein that enhances genome affinity,1>:16:18:27-29
Binding of the Cys69-alkylated Ada to DNA is then responsible for inducing
production of gene products that are part of the cellular response to alkylation
damage.?>33 These resulting proteins include both Ada and other alkylation
repair proteins.20'22'30'?’8

Both direct biochemicall®/16:24-27.39.40 anq jnorganic modeling
studies?142 of the Ada [Zn(S-cys)4]?- site have elucidated the role of the metal

center in DNA repair and cellular regulation. We developed a functional
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small molecule mimic in which [(CH3)4N]2[Zn(SC¢Hs)4] represents the [Zn(S-
cys)4]?- protein site and (CH30)3PO represents a methylphosphotriester
lesion.#142 Qur results showed that both [Zn(SR)4]2- and RS- are active in
methyl transfer, whereas RSH is not. Equilibria studies showed ready
dissociation of a benzenethiolate ligand from [(CH3)4N]2[Zn(SC¢Hs)4] in
dimethyl sulfoxide (DMSO) solution. The nucleophile active in methyl
transfer was determined to be the dissociated thiolate.

Our studies coupled with protein work distinguishing the nature of
Cys69 from the three other zinc ligands®16-24-39 formed the basis for a
proposed mechanism of alkylphosphotriester repair by Ada. In this
mechanism, zinc coordination of Cys69 prevents protonation by accessible
solvent to preserve thiolate nucleophilicity. Transient dissociation of Cys69
from zinc enables 'a thiolate nucleophile to react with the
alkylphosphotriester lesion. Cys69 is in equilibrium between zinc-bound and
free states.

To understand further the chemistry of the [Zn(S-cys)4]2" center in Ada,
many metal substitution studies have been carried out. 1516242740 The
cadmium form of N-terminal Ada fragments exhibited both a structure
similar to the zinc form and methylphosphotriester repair capability.ls'l""z‘l'27
The second-order rate constant of methylphosphotriester repair by Cd-N-
Adal0 was one-quarter that of Zn-N-Adal10.2” A preliminary report of a
cobalt-substituted Ada fragment (Co-N-Adalé) exists, although details are not
currently available.!® Most recently, a mercury form of N-Adal7 was
prepared to examine the potential effects of mercury exposure on cellular
ability to repair alkylated nucleic acids. 2 Although the structure of Hg-N-
Adal7 appears similar to that of Zn-N-Adal7, no methylphosphotriester

repair activity was observed.
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We envision three possible explanations for the native structure and
inactivity of Hg-N-Adal7. First, the mercury cysteine thiolate center could be
three-coordinate, with Cys38, 42, and 72 acting as ligands. In such a situation,
Cys69 might be protonated and deactivated for methyl transfer. Second, Cys69
could be coordinated to mercury in a three-coordinate center, resulting in
diminished nucleophilicity and the observed lack of reactivity. Third, all four
cysteine residues (38, 42, 69, and 72) could bind mercury; which would also
decrease the nucleophilicity of Cys69.

In the present investigation, we have extended our functional model
system for methylphosphotriester repair by Ada to mercury thiolates. The
solution behavior and reactivity of the mercury thiolate complexes
[(CH3)4N]2[Hg(SCsHs)4] and [(C4Ho)4N][Hg(SCeHs)z] with (CH30)3PO were
investigated. The results afford insight into the nature of the mercury

cysteine site of Hg-N-Adal7.

Experimental

General. Owing to the photosensitivity of mercury compounds, all
procedures were performed in a reduced light environment. Solutions were
manipulated in a darkened hood and reaction flasks were covered with
aluminum foil. All manipulations were carried out under argon by using
standard Schlenk techniques. Solvents were degassed with argon. DMSO-d6
was dried, degassed, and distilled according to standard procedures.*3
Analytical NMR spectra were recorded at 25 + 1 °C on Varian Unity 300, Unity
Plus 300, and VXR-500 instruments. All 31P{1H} and 199Hg{1H} (at 53.707
MHz) NMR spectra were recorded on samples of 211 mM concentration. The

compound [(C4Hg)4N][Hg(SCgHs)3] was synthesized according to a literature
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4 and characterized by elemental analysis and 1H NMR

procedure?
spectroscopy.

Kinetic Studies. Kinetic runs were performed under pseudo-first-order
conditions with 5.0 mM metal thiolate and 1.0 mM (CH30)3PO. Reactions
were monitored by 1TH NMR spectroscopy in DMSO-d6 at 26.9 (+ 0.7) °C.
Typical 1H NMR parameters for kinetic studies were 4 scans per spectrum, 40
second relaxation delay between scans, 60 spectra per experiment, and a data
collection time of 8 h. Concentrations of reactants and products were
determined by referencing peak integrals to the resonances of (CH3)4N* and
(C4Hg)4N+* counterions, the concentrations of which were determined from
known starting material quantities and known solution volumes. Rate
constants were determined by curve fitting (CH30)3PO concentration versus
time plots with a standard, integrated expression for first-order decay.®®> The
pseudo-first-order rate constant for the [(CH3)4N]2[Hg(SCeHs)4] reaction was
determined in triplicate. The rate constant provided is an average of the
three kinetic runs with the error reflecting one standard deviation. The slow
reaction of [(C4Ho)4N][Hg(SCgHs)3] permitted only an upper limit of the
pseudo-first-order rate constant to be determined. The initial rate method
was used in this case.®®

[(CH3)4N12[Hg(SCgHs)4l. Benzenethiol (16.6 g, 151 mmol), (C2Hs)3N (15.3
g, 151 mmol), and (CH3)4NCl (5.94 g, 54.2 mmol) were combined in methanol
(140 mL). To this solution was added Hg(NO3)2-H20 (6.91 g, 20.2 mmol) in
methanol (60 mL) over 30 min. During addition of the mercury solution, a
white precipitate formed which dissolved upon further stirring. n-Propanol
(140 mL) was added over a 10 min period and the reaction mixture was stored

at -20 °C overnight. The resulting, off-white crystals were collected, washed

with n-propanol, and dried in vacuo. Yield: 109 g, 69 %. 1H NMR (DMSO-
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d6): & 3.06 (s, 24 H, (CH3)N+), 6.71 (t, 4 H, p-H), 6.86 (t, 8 H, m-H), 7.28 (d, 8 H,
0-H). Anal. Caled for C32H44N2S4Hg: C, 48.93; H, 5.65; N, 3.57. Found: C,
49.14; H, 5.75; N, 3.57.

Results

Reaction of [(CH3)4N]2[Hg(SCgHs)4] with (CH30)3PO. An equimolar
DMSO-dé6 solution of [(CH3)4N]2[Hg(SCgHs)4] and (CH30)3PO reacted
quantitatively to form [Hg(SCeHs)3]-, CH3SC¢Hs, and (CH30)2PO5- products as
revealed by TH NMR spectroscopy (Figure 3.1). The methylated thiolate
CH3SC¢Hs was not coordinated to the mercury ion since its 1H NMR
resonances were identical to those of a genuine sample. The 31P{IH} NMR
spectrum of the reaction mixture exhibited one peak of § = 2.54 ppm, Avy /2 =
3.1 Hz, the sharpness of which peak contrasts with the broad (Avy /2 = 60 Hz)
peak at & = 1.70 ppm in the analogous zinc reaction. This peak in the zinc
reaction was assigned to (CH30)2PO>" in equilibrium between free and zinc-
bound states. 4142 The sharp 31P{1H} NMR resonance in the mercury reaction
indicated the absence of any such equilibrium process. Following the
reaction, the 1H NMR resonances of the product [Hg(SCgHs)3]" (ortho = 7.27
ppm, meta = 7.01 ppm and para = 6.88 ppm) were slightly shifted from those
of the starting [Hg(SCgHs)4]2- complex (ortho = 7.28 ppm, meta = 6.86 ppm,
and para = 6.71 ppm), but were similar to those of [(C4H9)4N][Hg(SCsHs)3]
(ortho = 7.24 ppm, meta = 6.99 ppm and para = 6.87 ppm), reflecting the lower
charge. The 199Hg{1H} NMR spectrum of the reaction product displayed one
peak at -407 ppm (Av1/2 = 57.4 Hz; Figure 3.2). This chemical shift value is
very similar to that of the starting [(CH3)4N]2[Hg(SCsHs)al, -421 ppm and close
to that of [(C4Hg)4N][Hg(SCsHs)3], -359 ppm (Figure 3.2). Previous 199Hg NMR
studies have established the viability of three-coordinate [Hg(SR)s]- (SR =
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-SC(CH;;);:,,46 -SC¢H5Y) species in acetonitrile and DMSO solutions, and most
mononuclear, homoleptic mercury thiolate complexes characterized
crystallographically are three-coordinate. 4847

Reaction of [(C4Hg)4NI[Hg(SCeHs)3] with (CH30)3PO. Methyl transfer
from (CH30)3PO to [(C4Ho)4N][Hg(SCgHs)3] occurred quite slowly, forming
products similar to those found for [(CH3)4N]2[Hg(SC¢Hs)4]. As indicated by
1H NMR spectroscopy, (CH30)2PO7-, {Hg(SCg¢Hs)2), and free CH3SCgHs were
formed. The 31P{IH} NMR spectrum displayed one sharp peak (3 = 2.50 ppm,
Av1/2 = 3.8 Hz) attributable to (CH30)2PO7". The 199Hg{1H} NMR spectrum
(Figure 3.2) of a stoichiometric reaction mixture of [(C4Hg)4N][Hg(SC¢Hs)3]
and (CH30)3PO displayed a single peak at -613 ppm when the reaction was 23
% complete as determined by IH NMR spectroscopy. By comparison, the
starting material [(C4H9)4N][Hg(SC¢Hs)3] had a resonance at -359 ppm (Avy /2 =
35.5 Hz) (Figure 3.2). Oxygen donors shift 199Hg NMR resonances upfield.>
Thus, we attribute these spectral results to tight binding of the demethylated
phosphate to the {Hg(SCgHs)2} moiety. The appearance of only one resonance
in the 199Hg{1H} NMR spectrum of this reaction solution indicated that the
{Hg(SCsHs5)2[(CH30)2P0O3]}- product is in eqﬁilibrium with the remaining
[Hg(SCeHs)3]- starting material. The 199Hg{1H} NMR chemical shift of
{Hg(SCsHs5)2[(CH30)2P032]}- can be calculated from eq 3.1, in which the

dobs = (8Hgs3) (XHgs3) + (8HgS20P) (XHgS20P) 3.1)

observed chemical shift (8ops) is a function of the chemical shifts of
[Hg(SCe¢Hs)3]" (8Hgs3) and {Hg(SCeHs)2[(CH30)2PO2]}- (8rHgs20p) and their

respective mole fractions (xHgs3 and xHgs20P). From the reaction solution at
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23 % completion and the data presented above, we calculate a 199Hg{1H} NMR
shift for {Hg(SCgHs)2[(CH30)2PO2]}- of -1465 ppm.

Kinetic Studies. In order to compare the mercury complex reactions
with those of its zinc, cobalt, and cadmium analogs, kinetic data were
obtained. The tetrathiolate [(CH3)4N]2[Hg(SC¢Hs)4] reacted with (CH30)3PO
with a pseudo-first-order rate constant of (1.1 + 0.1) x 10-4 s-1, essentially the
same rate constant as the free benzene thiolate itself (Table 3.1). In contrast,
the trithiolate [(C4H9)4N][Hg(SCgHs)3] reacted significantly more slowly than
any of the tetrathiolate metal complexes (Table 3.1). An upper limit of 3 x 107
s'1 was estimated for the reaction of [(C4Hg)4N][Hg(SCeHs)3] with (CH30)3PO.

Solution Behavior. In order to address the question of whether the
active nucleophiles of [(CH3)4N]2[Hg(SCsHs)4] and [(C4Ho)aN][Hg(SCgHs)s] are
dissociated or metal-bound thiolates, a series of DMSO-d6 solutions were
prepared containing mercury complexes alone and with added
benzenethiolate, each species being present at 50 mM. Figure 3.3 displays the
1H NMR spectra of these solutions in the aromatic region. In all cases,
distinct ortho (most downfield), meta, and para (most upfield) resonances are
visible. The solution containing [(CH3)4N12[Hg(SCsHs)4] and (CH3)4N(SC¢Hs)
displayed only one set of benzenethiolate resonances, indicating rapid
exchange between bound and free states. The chemical shifts of the
resonances for the solution containing [(CH3)4N]2[Hg(SCsHs)4] and those for
the solution containing [(C4Hg)4N][Hg(SCe¢Hs)s] + (CH3)4N(SCeHs) were
almost identical. The peaks of [(CH3)4N]2[Hg(SCe¢Hs)4] were broader and
displayed diminished splitting relative to those of each [(C4H9)4N]-
[Hg(SCeHs)3] and (CH3)4N(SCgHs), indicating slower exchange between bound
and free benzenethiolate. The sharper peaks of [(C4H9)4N][Hg(SC¢Hs)3], by

contrast, suggested little or no ligand dissociation.
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Reaction of [(CH3)4N]2[Hg(SC¢Hs)4] and (CH30)3PO with a Protic Acid.
To prove experimentally that protonation of a thiolate can inactivate its
methyl transfer capability, we added HBF4 etherate to a mercury thiolate
methyl transfer reaction. Addition of (CH30)3PO to a DMSO-d6 solution
containing [(CH3)4N]2[Hg(SC¢Hs)4] and HBF4-O(C2Hs)z, each at 211 mM
concentration, blocked methyl transfer. No CH3SCgHs formed even after one
month, as monitored by 1H NMR spectroscopy. For comparison, a reaction of
[(CH3)4N]2[Hg(SCgHs)a] and (CH30)3PO without added acid at similar

concentrations formed products quantitatively after one month.

Discussion

Solution Behavior and Reactivity. The pseudo-first-order rate constant
for methyl transfer from (CH30)3PO to [Hg(SCeHs)4]?- is identical to that of
benzenethiolate (Table 3.1). Rate constants for the complexes [M(SCeHs5)4]2-
(M = Zn(II), Co(II), and Cd(II)) are below or close to that of C¢HsS- (Table 3.1).
Since metal thiolates generally have decreased nucleophilicity relative to free
thiolates,*? these results indicate that [Hg(SCeHs)4]2- reacts exclusively via
dissociated thiolate. The very similar 199Hg{1H} NMR chemical shifts of
[Hg(SCeHs)4]2- before and after reaction with (CH30)3PO, along with the 1H
NMR data showing rapid equilibrium between bound and free C¢HsS- for the
[Hg(SC¢Hs)4]2 complex, support this conclusion.

The aromatic 1H NMR peaks of [Hg(SCeHs)4]2" are broader and exhibited
diminished splitting relative to those of C¢HsS- and [Hg(SCgHs)s]", indicating
the presence of an equilibrium between mercury-bound and free
benzenethiolate. The 'H NMR spectrum of an equimolar mixture of
[Hg(SCsHs)4]2- and CgHsS- displayed one set of benzenethiolate peaks, as

expected for rapid exchange of bound and free thiolates. Previous work also
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revealed ligand loss from [Hg(S-p-C¢H4Cl)4]2- in DMSO, as evidenced by a
change in 199Hg NMR chemical shift values upon titration with added
ligand."‘7 Taken together, these results reveal that [Hg(SC¢Hs)4]2- completely
dissociates a thiolate in DMSO solution, which then reacts with (CH30)3PO to
yield the products observed (Scheme 3.1). Such a scheme is similar to that
previously determined for [Zn(SCg¢Hs)4]2-, in which dissociated
benzenethiolate reacts with (CH3O)3PO.42

The slow reaction of [Hg(SCe¢Hs)3]- may be a function of diminished
ligand dissociation relative to [Hg(SC¢Hs)4]2-. Dissociation of an anionic
ligand from a monoanionic complex such as [Hg(SCeHs)3]- is expected to be
less facile than that from a dianion such as [Hg(SCeHs)4]2-. Sharp, well
defined TH NMR resonances of [Hg(SC¢Hs)3]- and the predominance of
[Hg(SR)3]" units in the solution?047 and solid states?446:51-34 3re consistent
with [Hg(SCgHs)3]- remaining largely intact in DMSO solution. At this time,
we cannot ascribe the reactivity of [Hg(SCgHs)3]- exclusively to a dissociated or
a metal-bound thiolate nucleophile.

Relevance to Hg-N-Adal7. The facile reaction of [Hg(SC¢Hs)4]2~ with
(CH30)3PO suggests that the mercury derivative of N-Adal7 should be
capable of methylphosphotriester repair. Such is not the case, however.40
The inactivity of Hg-N-Adal7 can be explained by the present results in the
context of previous studies on Ada protein fragments. Cadmium substitution
for zinc in active N-terminal fragments of Ada indicated Cys69 to be different
from the three other ligating cysteine residues (Cys38, Cys42, and
Cys72).15:16.24 Although 1H-113Cd scalar coupling was observed for Cys38,
Cys42, and Cys72, none appeared for Cys69. Reaction of the zinc form of a 10
kDa N-terminal fragment (Zn-N-Adal0) with CH3l demonstrated enhanced

nucleophilicity of Cys69 relative to the remaining three ligand residues.3?
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The ready dissociation of benzenethiolate from [Hg(SCsHs)4]2-, and the
predominance of three-coordinate mercury thiolates disfavor a four-
coordinate [Hg(S-cys)4]?- environment in Hg-N-Adal7. Tight zinc binding of
Cys38, Cys42, and Cys72 in Zn-N-AdalO implies that a three-coordinate
mercury center of Hg-N-Adal7 would most likely include these residues.
Protonation of Cys69 by accessible water would greatly diminish its
nucleophilicity and, consequently, its alkylphosphotriester repair activity.
We have shown experimentally that protonation of a dissociated thiolate
inactivates the nucleophile with respect to methyl transfer ability. Thus, we
attribute the inability of Hg-N-Adal7 to repair alkylphosphotriesters to a
three-coordinate mercury center involving Cys38, 42, and 72 and a

protonated, deactivated Cys69 residue.
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Table 3.1. Pseudo-First-Order Rate Constants for Reactions of

Benzenethiolate and its Metal Complexes with (CH30)3PO.2

compound k (s')
[(CH3)sN]2[Hg(SCsHs)4] (11£0.1) x 10
[(CaHs)NI[g(SCoH)] Bx107
[(CH3)4N]2[Cd(SCeHs)4] (3+1) x 105
[(CH3)4N]2[Co(SCeHs)4] b (4+1)x 105
[(CH3)4N]2[Zn(SCsHs)4] b (8.2+0.6) x 105
(CH3)4N(SC¢ls) ® (1.1£0.3) x 104

4Reactions were carried out with 5.0 mM thiolate or metal complex and 1.0
mM (CH30)3PO in DMSO-d6. Error estimates reflect one standard deviation
from the average of three runs. bFrom Wilker, J. J. and Lippard, S. J,,

submitted for publication.
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(CHp)N*
(CH30)3PO
(CH30),PO,"
CH,3SCgHs

Hg_scﬁgithol meta J lCHssceHs

M

9 8 7 6 5 4 3 2 1
8 (ppm)

Figure 3.1. The 1H NMR spectrum in DMSO-d6 of an equimolar reaction of
[(CH3)4N]2[Hg(SCeHs)4] and (CH30)3PO in progress. The asterisk denotes H20.
Starting reagent concentrations were 211 mM each. This spectrum was taken

two days after mixing of the reagents.
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[(CHa)yNL[Hg(SCgHs)]
Wm
[(CHayN[Hg(SCeHg)] + (CH;ORPO
WMM
[(C4Ho)yNI[Hg(SCels)l
el
[(C4touN][Hg(SCels)] + (CHZ0RPO
MWMWWWMM
-350 4505(ppm) 550  -650

Figure 3.2. 199Hg{1H} NMR spectra in DMSO-d6 of [(CH3)4N]2[Hg(SC¢Hs)4]
(A), the reaction product of [(CH3)4N]2[Hg(SC¢Hs)4] and (CH30)3PO (B),
[(C4H9)aN][Hg(SCe¢Hs)3] (C), and the reaction of [(C4Hg)4N][Hg(SCeHs)s] with
(CH30)3PO at 23 % completion (D). Starting concentrations were 211 mM in

all cases.
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[(C4Ho)4NI[Hg(SC4Hs)s]

A
[(C4H9)4N][H8(SC6H5)3] + [(CH3)4N](SC6H5)

B
[(CH,),NI,[Hg(SCgHs),]

|y

[(CH,) N, [Hg(SCeHs)y] + [(CH3)4NI(SCgHs)

S

[(CH,) N)(SCgHs)

ey

78 7.6 74 72 70 68 66 64 62
& (ppm)

Figure 3.3. Aromatic region lH NMR spectra in DMSO-d6é of
[(C4Ho)sN][Hg(SCeHs)s] (A), [(C4Hg)aN][Hg(SCeHs)3] and (CH3)4N(SCeHls) (B),

[(CH3)4N]2[Hg(SCsHs)4] (C), [(CH3)4N]2[Hg(SCeHs)4] and (CH3)4N(SCeHs) (D),
and (CH3)4N(SCgHs) (E). The concentration of each species is 50 mM.
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Chapter Four

Kinetic Studies of the Methylation of
Iron-Sulfur Complexes by Trimethylphosphate
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Abstract

Reaction of [(C4Hg)4N]2[Fe4S4(SCeHs)4] with (CH30)3PO in DMSO-dé6
afforded [(C4Hg)N]2{FesS4(SCsHs)3[(CH30)2PO2]} and CH3SCgHs as revealed by
1H and 31P{1H} NMR spectroscopy. The ethanethiolate analog
[(C4Ho9)4N]2[Fe4S4(SCaoHs)4] reacted with (CH30)3PO to yield [(C4Hg)4N]>-
[Fe4S4(SC2Hs5)3(DMSO)], (CH30)2PO32-, and CH3SCaHs. The more reduced
species [(C2Hs)4N]3[FesS4(SC2Hs)s] also gave (CH30)2PO2- and CH3SCoH5 in
addition to an unidentified iron thiolate species. Stoichiometric methylation
of mononuclear [(C2Hs)4N]2[Fe(SC2Hs)4] by (CH30)3PO afforded an
uncharacterized iron-containing species as well as (CH30)2PO3- and
CH3SC2Hs.  Kinetic studies revealed a rate constant for methylation of
[(C2Hs5)4N]3[Fe4S4(SC2Hs)4] to be more than 200-fold higher than that of the
more oxidized analogs [(C4H9)4N]2[FesS4(SR)4] (R = C¢Hs, C2Hs). The
compound [(C2Hs)4N]2[Fe(SC2Hs)4] had the highest rate constant, 2 5 x 10-3 s°1
with 5.0 mM complex and 1.0 mM (CH30)3PO concentration Attempts to
prepare site-differentiated tetranuclear iron-sulfur complexes by removing
one thiolate via methylation and addition of second, capping ligands are
described. We discuss these results in the context of metal thiolate moieties

affecting repair of DNA alkylation damage.






153

Introduction

Tetranuclear iron-sulfur clusters having cuboidal structures are well
known in bioinorganic chemistry. They occur in three distinct oxidation
states, mediating electron transfer reactions in a variety of protein
environments which afford a wide range of oxidation potentials.!* The
{Fe4S4)2+ cluster of aconitase, by contrast, catalyzes the interconversions of
citrate, cis-aconitate, and isocitrate without changing oxidation state.>® This
hydratase/dehydratase activity depends upon the ability of an iron atom at a
cube corner to alternate between four- and six-coordinate geometries,
differentiating this iron-sulfur-cluster-dependent transformation from
similar reactions catalyzed by zinc enzymes.

More recently, three examples of iron-sulfur clusters have been found in
DNA repair proteins. 'Endonuclease III (endo 11)7-% and MutY!%-12 from
Escherichia coli and ultraviolet endonuclease (UV endonuclease)!® of
Micrococcus luteus all have glycolysis activity and {Fe4S4}2* units which
seemingly do not participate directly in their catalytic activity. Endo III
removes the products of purine reduction, cleavage, and hydration.14:15
MutY initiates repair of spontaneous guanine-adenine (G-A) and 7,8-dihydro-
8-oxoguanine-adenine (8-oxoG-A) mismatches by eliminating the offending
base (i.e. A) and creating an apurinic site.1#1618 UV endonuclease removes
light-induced thymine dimers.!® The postulated structural role of the
{Fe4S4)2+ cluster in these repair enzymes is similar to that of the prototypical
zinc finger motif [Zn(S-cysteine)2(N-histidine)z], in which a metal center is
employed to stabilize protein secondary structure.1%-22

Previously, we investigated the reactions of zinc(II) and related metal
thiolate complexes with (CH30)3PO as models for the zinc-containing E. coli

Ada protein.za'25 In Ada, a [Zn(S-cys)4]?" unit repairs DNA alkylation damage
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by stoichiometric transfer of the alkyl group to a thiolate ligand.262% Reaction
of [(CH3)4N]2[Zn(SCeHs5)4] with (CH30)3PO afforded chemistry which
paralleled DNA methylphosphotriester repair.2324

The present study was undertaken to explore the possibility that iron-
sulfur clusters might similarly accept a methyl group from (CH30)3PO and, if
so, to determine whether alkylation would occur at the sulfide or the
terminal thiolate group. An earlier report described briefly the reaction of
[(C2Hs)4N]2[Fe4S4(SCeHs)4] with one equivalent of CF3SO3CHj3 in N-methyl-2-
pyrrolidinone (NMP) to yield CH3SC¢Hs and an uncharacterized irén-
containing species, presumably [Fe4S4(SC6H5)3(CF3503)]2'.3° In our
investigations, several specific questions were posed. How will the rate
constants for demethylation of (CH30)3PO by the clusters compare with those
of the zinc thiolates; will the reaction rate depend on the cluster charge; will
the methylated thiolate remain coordinated; if a thiolate were released from
an [Fe4S4(SR)4]2- complex by methylation, could another ligand be added to
capture a site-differentiated cluster; could dealkylation be used as a general
probe for the nucleophilicity of iron-sulfur complexes; and is there potential
for iron-sulfur centers to have such a functional role in DNA repair?

To address these questions, we investigated the alkylation of tetranuclear
iron-sulfur clusters having two oxidation states and two different terminal
thiolate ligand types. The mononuclear complex [(C2Hs)4N]2[Fe(SC2Hs)4] was
also examined. To permit comparisons with zinc complexes investigated
previously, (CH30)3PO was used as the alkylating agent and dimethyl
sulfoxide (DMSO) as solvent.?325 Reaction products were characterized in
solution by 1H and 31P{1H} nuclear magnetic resonance (NMR) spectroscopy.
The kinetics of the methylation reactions were examined, and attempts were

made to prepare site-diffex:entiated [Fe4S4(SCeHs)3(L)]12+ clusters.
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Experimental

General. All procedures were carried out under an argon or nitrogen
atmosphere by using standard Schlenk and glove box techniques. Solvents
were dried, degassed, and distilled according to standard methods.3132 NMR
spectra were collected in DMSO-d6 at 25 + 1 °C on a Varian Unity 300
instrument. All analytical NMR spectra were recorded on samples with
complex concentrations of 50 mM with the exception of
[(C4H9)4N]2[FeqS4(SC2H5s)4], which was at 10 mM owing to solubility
limitations. The compounds [(C4Hg)sN]2[FesS4(SCeHs)a],>® [(C4Ho)aN]2[FesSs-
(SC2Hs)a],*® [(C2Hs)aN][FesSa(SCaHs)al, > and [(C2Hs)aN]o[Fe(SC2Hs)a]*® were
prepared according to literature methods and characterized by 1H NMR
spectroscopy and elemental analysis.

Kinetics. Kinetic experiments were performed under pseudo-first-order
conditions with the metal complex concentration of 5.0 mM and (CH30)3PO
at 1.0 mM. This relatively low iron complex concentration was chosen to
minimize the effects of ion pairing.> Reactions were monitored by 1H NMR
spectroscopy in DMSO-d6 at 26 (+ 1) °C. Typical IH NMR parameters for
kinetic studies included 4 scans per spectrum, 40 second relaxation delays
between scans, and 60 spectra per experiment. The total time of data
collection was 10 h. Solution volumes were standardized by using calibrated
1 mL volumetric flasks. Concentrations of reactants and products were
determined by referencing peak integrals to the resonances of R4N+
counterions, the concentrations of which were determined from starting
material quantities and known solution volumes. For the reactions of
[(C2oH5)4N13[FesS4(SCaHs)4] and [(CoHs)4N]2[Fe(SCoHs)4], rate constants were
determined by curve fitting (CH30)3PO concentration-versus-time plots with

a standard, integrated expression for first-order decay.3® Pseudo-first-order
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rate constants for [(CoHs)4N]3[FesS4(SCoHs)4] were determined in triplicate.
The rate constant provided is an average of the three kinetic runs and the
error shown reflects one standard deviation. The slow reactions of
[(C4Ho)4N]2[Fe4S4(SR)4] (R = CgHs and CoHs) permitted only an upper limit of
the pseudo-first-order rate constants to be determined. The initial rate

method was used in these cases.>®

Results

Reaction of [(C4Hg)4N12[Fe4S4(SCeHs)4] with (CH30)3PO. This reaction in
DMSO-d6 yielded CH3SC¢Hs and could be readily monitored by 1H NMR
spectroscopy (Figure 4.1). The thioether product was uncoordinated since its
1H NMR resonances are identical to those of a genuine sample. The
resonances of the benzenethiolate cluster ligands remained unchanged after
the reaction, indicating an intact {Fe4S4}2+ core structure. No resonances were
observed for the expected phosphate product, (CH30)2POy’, in either the 1H or
31P{1H} NMR spectra. We interpret the absence of these signals as evidence
that the (CH30)2PO>- anion is coordinated to the paramagnetic cluster,
resulting in broad, unobservable resonances. The reaction products are
therefore tentatively assigned as depicted in Scheme 4.1.

Reaction of [(C4Hg)4N]2[FeqS4(SCaHs)4] with (CH30)3PO. This compound
reacted similarly to transfer a methyl group. The TH NMR spectrum revealed
peaks of the methylated thiolate CH3SC2Hs and the persistence of resonances
attributed to -SCoHs5 ligation of the {Fe4S4)2+ core. The CH3SC2Hs chemical
shifts were identical to those of a genuine sample; indicating that it was not
coordinated to the cluster. In this case, however, the phosphate product
(CH30)2PO5- was observed in both the 1H and 31P{1H} NMR spectra. As the

reaction proceeded, a doublet grew in at 3.22 ppm, similar in shift to the 3.33
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ppm methyl resonance in (NH4)[(CH30)2PO2]. The 31P{IH} NMR spectrum of
(CH30)2PO2" generated in the reaction showed one sharp (Avy/2 = 3.8 Hz) peak
also similar in linewidth (Avi,/2 = 5.1 Hz) to that in a sample of
(NH4)[(CH30)2PO3]. From these results, we conclude that (CH30)2PO3" is
uncoordinated. Presumably, solvent fills the empty coordination site of the
intact cluster and the reaction proceeds as indicated in Scheme 4.2.

Reaction of [(C2Hs5)4N13[FeqS4(SCaHs)4] with (CH30)3PO. These reactants
also undergo methyl transfer. In the IH NMR spectrum of the products, both
CH3SC2H5s and (CH30)2PO32- appeared at shift values similar to those of
genuine samples (Figure 4.2). In addition, there was one sharp (Avy/2 = 3.9
Hz) peak in the 31P{1H} NMR spectrum attributable to uncoordinated
(CH30)2PO37". The remaining “SC2Hs ligands remained coordinated to iron, as
indicated by their paramagnetically shifted 1H NMR resonances at 2.59 ppm
(Avi/2 = 75.8 Hz) and 14.6 ppm (Av1/2 = 168 Hz). These shift values, however,
differ greatly from those of the starting material, 4.88 ppm (Avy/2 = 81.5 Hz)
and 33.0 ppm (Avy/2 = 483 Hz), which disappeared after the reaction.

Reaction of [(C2H5)4N12[Fe(SC2Hs)4] with (CH30)3PO. This mononuclear
complex also reacted to form CH3SC,Hs and (CH30)2PO2, both of which were
uncoordinated judging by their 1H NMR resonances. The observed 31P{1H}
resonance of (CH30)2PO3" is sharp (Avy/2 = 6.0 Hz), confirming the conclusion
that this product is not coordinated to iron. The remaining three thiolates
continued to bind to the iron center, with paramagnetically shifted -SCHs
resonances at 6.32 ppm (Avi/2 = 61.5 Hz) and 70.5 ppm (Av1/2 = 152 Hz). These
values differ greatly from those of the starting [(C2Hs)4N]2[Fe(SC2Hs)4]
complex, 9.97 ppm (Avi/2 = 156 Hz) and 196 ppm (Avy/2 = 483 Hz), no

resonances of which were observed following the reaction.
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Kinetics Studies. Reactions of [(C4H9)4N]2[Fe4S4(SR)4] (R = C¢Hs and
C2Hs) were slow and provided similar rate constants. Upper limits of <1 x 10
751 and <4 x 107 5’1  were obtained. The more reduced complex
[(C2H5)4N13[Fe4S4(SC2Hs)4] reacted with a higher rate constant of (7.8 + 0.7) x
10-5s-1. The mononuclear tetrathiolate [(C2Hs)4N]2[Fe(SCaHs)4] exhibited the
highest pseudo-first-order rate constant, the value of which could only be
estimated as 2 5 x 10-3 s'1 under the conditions employed here. Table 4.1
summarizes these results.

Attempts to Prepare a Site-Differentiated {Fe4S4}2+ Cluster. In an attempt
to isolate a site-specifically modified tetranuclear iron-sulfur cluster,37-37 3
thiolate ligand was removed by methylation and a second, capping ligand was
added. In these trials, [(C4H9)4N]2[FesS4(SCgHs)4] was first allowed to react
with one equivalent of CH3l in DMSO-d6. Subsequently, an equimolar
quantity of Na[HB(pz)3] (pz = pyrazolyl), (CH3)4N(OOCCH3), or NaSCyHs was
added. The IH NMR spectra of these reaction solutions all displayed the
resonances of uncoordinated CH3SCgHs, The -SCgHs resonances indicated
persistence of the {Fe4S4}2+ core. In none of the reactions, however, were
distinct resonances of Na[HB(pz)3], (CH3)4N(OOCCH3), or NaSC,Hs observed.
Paramagnetic broadening of these ligands had occurred, rendering them
unobservable and suggesting formation of the desired complexes. Efforts
were made to isolate the desired site-differentiated tetranuclear complexes
with bound capping ligands. In CH3CN, solutions of [(C4H9)4N]2-
[Fe4S4(SC¢Hs)4] and CH3I were treated with one of the ligands Na[HB(pz)3],
(CH3)4N(OOCCH3), and NaSCoHs. Vapor diffusion of diethyl ether into the
resulting reaction mixture yielded black, needle-like crystals in each case. An

X-ray crystallographic unit cell determination at 188 K indicated the presence
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of the starting material [(C4Hg)4N]2[Fe4S4(SCeHs)4] (orthorhombic unit cell
with 2 = 11.888(5) A, b= 23.21(1) A, and ¢ = 22.22(1) A).4°

Discussion

Reaction Stoichiometry. Tetranuclear iron-sulfur complexes readily
react with (CH30)3PO transferring the methyl group to a terminal thiolate
ligand. Although free sulfide ion may be a superior nucleophile,
coordination of this moiety to three iron atoms in the cuboidal structure
substantially diminishes its nucleophilicity. The thiolate ion, in contraét,
binds only one metal ion, leaving two lone pairs available for electrophilic
attack by trimethylphosphate. These results and the persistence of intact
{Fe4S4)2+ core units after the reaction are in agreement with an earlier account
describing reactions of [Fe4S4(SR)4]2 (R = CeHs, CH2CgHs, C(CH3)3) complexes
with the electrophiles CH3COC], (CH3CO)20, and HOCOCH3.30 The products
of the more reduced compounds [(C2Hs5)4N]3[FesS4(SC2H5s)4] and
[(CaH5)4N]2[Fe(SC2Hs)4], however, had ethanethiolate resonances which
indicated that the {Fe4S4}* core and {Fe(SC2Hs)3}- moiety were no longer
intact following methylation. The IH NMR chemical shifts of the products
did not match those of any known iron-sulfur complexes so we were unable
to identify them.

The products of the ethanethiolate cluster reaction, [FesS4(SC2Hs)3-
(DMSO)]-, CH3SC2Hs5, and (CH30)2P03, differed from those found for the
analogous benzenethiolate complex, {Fe4S4(SCeHs)3[(CH30)2PO2]}2- and
CH3SCyHs. This difference reflects the greater electron-releasing character of
the -SCHs ligands which may provide sufficient electron density to the
{Fe4S4}2* core such that a neutral DMSO solvent molecule is adequate to fill

the vacant coordination site created by thiolate methylation.
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Benzenethiolate, by contrast, is less basic?! and the (CH30)2PO37- anion binds
to this complex.

Kinetics and Mechanism. Rate constants for the reactions of
[(C4Ho)4N]2[FeqS4(SC2Hs)q] and [(C2Hs)aN]3[FeqS4(SC2Hs)q] with (CH30)3PO
nicely illustrate the effect of charge on methyl transfer capability. The
[Fe4S4(SCaHs5)4]3- cluster reacted at least 200 times faster than the more
oxidized complex [FesS4(SCoHs)4]2-. The fact that a more negatively charged
cluster reacts with an electrophile with a higher rate constant was not
unexpected, but the magnitude of difference is surprising. Under identical
conditions, the [Zn(SC¢Hs)4]2- dianion reacted only 15 times faster with
(CH30)3PO than [Zn(SCe¢Hs)3(Melm)]- (MeIm = 1-methylimidazole) (Table
4.1). The difference in reactivity by a factor of at least 200 between
[Zn(SCeH5)3(Melm)]- and [Zn(SCe¢Hs5)2(Melm)a], however, was more
pronounced (Table 4.1). In the reactions of these zinc complexes, the active
nucleophile is thiolate dissociated from the metal complexes, rather than a
zinc-bound thiolate.2 The different rate constants reflected varied degrees of
ligand dissociation. Perhaps, this explanation also holds true for the iron
complexes examined here (vide infra).

The dianionic clusters [Fe4S4(SR)4]?- (R = C¢Hs and CyHs) exhibited rate
constants for methyl transfer approximately 100-fold lower than those of
[M(SCgHs)4]2- (M = Zn, Co, Cd, Hg; Table 4.1). The latter four complexes are
dianions, each having four thiolates. We attribute the pronounced kinetic
differences to the delocalized electronic state of the {FesS4}2+ core.#2 The
negative charge of [FesS4(SR)4]?- is distributed over the entire unit, resulting
in lower charge density at any one {Fe(SR)} corner relative to the that in
mononuclear [M(SR)4]2" anions. Thus, the [FesS4(SR)4]2- clusters have

overall decreased nucleophilicity and a lesser tendency for ligand dissociation,
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either property of which would decrease the rate constant for dealkylating
(CH30)3PO relative to that of the mononuclear complexes. The [Fe(SCoHs)4]2-
dianion thus exhibited a rate constant not only higher than that of the
dianions [Fe4S4(SR)4]%2- (R = C¢Hs and CzHs), but also the trianion
[Fe4S4(SCoHs)4]3- (Table 4.1).

The pK, of HSC,Hs is approximately 4 units higher than that of HSCgHs,
which may provide an explanation for the 200-fold difference in rate
constants for [Fe(SCoHs)4]2 and [M(SCeHs)4]2 (M = Zn, Co, Cd, Hg).*! The
greater basicity of the -SC2Hs ligand will enhance its reactivity relative to
-SC¢Hs and is likely to result in higher rate constants for all [M(SCHs)4]2-
complexes. The reactivity of both [(C4H9)4N]2[FesS4(SR)4] (R = C¢Hs and
C>Hs) were examined in order to measure the effect of thiolate ligand type on
reactivity. Unfortunately, the rate constants for these two compounds were
low, making a quantitative comparison difficult.

We turn now to the question of whether the active thiolate nucleophile
in these studies is bound to iron or dissociated. The low rate constants for
methyl transfer from (CH30)3PO to [(C4Hg)4N]2[FesS4(SR)4] (R = C¢Hs and
C2Hs) suggest that, if the observed reactivity were due entirely to dissociated
thiolate, the degree of dissociation must be low relative to that of
[(CH3)4N12[Zn(SCeHs)4] (2 75 % dissociation of one ligand)?? and
[(CH3)4N]2[Hg(SCeHs)4] (approximately 100 % dissociation).25 Previous
experiments revealed that the cuboidal structures of [(C2Hs)4N]3-
[Fe4S4(SCgHs)4] and [(CoHs)4N]3[FesS4(SCH2CeHs)s) are preserved in CH3CN

solution.43

An examination of thiolate ligand exchange in
[(CeHs)4As]2[Fe4S4{SC(CH3)3}4] indicated the rate-determining step to be

protonation of a coordinated thiolate by the added thiol#* We cannot rule
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out, however, that transiently dissociated thiolate serves as the nucleophile
toward (CH30)3PO.

The formal oxidation states of the metal ions may be important in
determining both the thiolate dissociation constants and overall cluster
nucleophilicity. In the case of [M(SR)4]2- (M = Zn, Co, Cd, Hg, or Fe) anions,
the metals are all in the 2+ state. The [FesS4(SR)4]%- (R = CgHs and CoHs) and
[Fe4S4(SCgHs)4]3- clusters all have Fe(IIl) character, which should cause them
to bind thiolate ligands with higher affinity and to have lower equilibria
constants for dissociation. If the thiolate nucleophile for alkyl transfer is
dissociated, the greater Fe(IIl) character of [Fe4S4(SR)4]2- (R = C¢Hs and C2Hj5)
may enhance ligand binding and explain the lower observed kinetic results.

Biological Implications. The present results suggest that tetranuclear
iron-sulfur centers in proteins could repair DNA alkylation damage. The
kinetic data, however, indicate that all clusters would not perform this task
equally well. Presumably, the [Zn(S-cys)4]?- center of Ada is optimal for DNA
repair and was selected through evolution. Here, we find that the
[Fe4S4(SCeHs)4]2- complex reacts with (CH30)3PO with a rate constant about
200 times less than that of the analogous mononuclear zinc species,
[Zn(SCeHs5)4]2". Although iron-sulfur centers appear to be capable of
alkylphosphotriester repair, use of these moieties may not be compatible with
a biological time scale. Repair involves formation of a transient protein-
DNA complex and alkyl transfer must occur rapidly.45 The more reduced
complex [FesS4(SC2Hs)4]3-, however, has a more suitable rate constant for
methyl transfer (Table 4.1) and could be an appropriate center for repairing
DNA alkylation damage. Its potential instability with respect to oxidation,

however, may select against such a role for this cluster.
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Previously, we concluded that the low nucleophilicity of
[Zn(SCgHs)2(Melm)z] and, by analogy, [Zn(S-cys)2(N-his)] sites, contributed to
their suitability for folding protein secondary structure.?%2%  Although
[Fe4S4(S-cys)4]?- centers are charged, the present experiments similarly
demonstrate a low reactivity for these moieties. Neutral
[Zn(SCgHs)2(Melm)] is less reactive toward (CH30)3PO than [FesS4(SR)4]% (R
= C¢Hs and CyHs), but all react rather slowly. We conclude that [Fe4S4(S-
cys)4]? clusters are suitable for folding protein structures, but less so than the
[Zn(S-cys)2(N-his)2] center.

Site-Specifically Modified Clusters. By using the tridentate ligand 1,3,5-
tris((4,6-dimethyl-3-mercaptophenyl)thio)-2 4,6-tris(p-tolylthio)benzene (L-(S-
H)3), a series of {Fe4S4}2* complexes was prepared in which three iron atoms
are bound by L-(S7)3 and the fourth iron is ligated by various mono-, di-, and

tridentate ligands.3”-3%

These studies have provided the only means so far of
directing ligand substitution chemistry to one corner of the iron-sulfur cube
and isolating the site-differentiated cluster. The present methyl transfer
reactions similarly remove one thiolate ligand and afford the {FesS4(SR)3}-
cluster. Thus, methylation with (CH30)3PO may provide a facile route to the
site-specifically modified clusters {Fe4S4(SCeHs)3[(CH30)2PO2]}2" and
[Fe4S4(SC2Hs)3(DMSO)]2-. Previous studies have shown, however, that
electrophilic and ligand substitution reactions of [Fe4S4(XAr)4]% (X =0, S, Ar =
CeHs, CeHy-p-CH3) clusters afford statistical distributions among [FesS4(XAr)4-
n(L)n]? products.30'46'47 Such species were observable by TH NMR
spectroscopy. Either different p-CH3 resonances for each species present or
contact shifted resonances for both XAr and L ligands were observed. In our

studies, only the -SCgHjs and -SCyH5 ligands displayed 1H NMR resonances

attributed to {Fe4S4}2+ core binding. The peaks were broad, however, and did
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not permit us to gain insight about the statistical nature of the products.
Thus, {Fe4S4(SCsHs)3[(CH30)2P02]}2- and [Fe4S4(SC2Hs)3-(DMSO)]- could exist
as the series of {Fe4S4(SCeH5)4-n[(CH30)2P02],}2- and [FesS4(SCoHs5)4-
n(DMSO),,](2n)- complexes. Attempts to isolate site-differentiated complexes
in the solid state afforded only [(C4Ho)4N1]2[FesS4(SCsHs)a]. As before,?* this
result may only attest to the stability of tetrathiolate species in the solid state

and not exclude the existence of the desired reaction products in solution.

Conclusions

We have provided a detailed study of the alkylation reactions of iron-
sulfur complexes. The kinetic results of thiolate methylation permitted a
comparison of the general nucleophilic character of each complex. Although
tetranuclear iron-sulfur species may be capable of repairihg DNA alkylation
damage, mononuclear tetrathiolate metal centers appear more adept at such
reactions. Models for {Fe4S4}2+ protein sites were fairly unreactive and, as
such, may be better suited to structural role. Our studies show a continued
parallel between the development of zinc and iron thiolate protein chemistry.
Thiolate moieties of both metals appear proficient at accepting alkyl groups

and stabilizing protein secondary structure.
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Table 4.1. Pseudo-First-Order Rate Constants for Reactions of Thiolate
Complexes with (CH30)3P0O.#

compound k (s1)
[(C2Hs)4N]3[Fe4S4(SC2Hs)4] (7.8+0.7) x 10->
[(C4Ho)4N]2[FeqS4(SCoHs)4] <4x107
[(C4Ho)4N]o[FesS4(SCsHs)s] <1x107
[(C2Hs)4N]2[Fe(SCoHs)4] 25x103
[(CH3)4N12[Zn(SCgHs)4]? (8.2+0.6) x 10>
[(CH3)4N]2[Co(SCeHs)4]° (4+1)x105
[(CH3)4N]2[Cd(SCeHs)4]¢ 3+1)x 105
[(CH3)4N]2[Hg(SCeHs)a) (1.1£0.1)x 104
[(CH3)4N][Zn(SCeHs)3(Melm)]b (6+1)x 106
[Zn(SCeHs)2(Melm),]? <3x108
(CH3)sN(SCgHs)? (1.1#0.3) x 104

4Reactions were carried out with 5.0 mM thiolate complex and 1.0 mM
(CH30)3PO in DMSO-d6. bFrom reference 23. ¢From reference 24. 4From

reference 25.
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Figure 4.1. TH NMR spectra in DMSO-d6 of [(C4H9)4N]2[FesS4(SCsHs)4] (top)
and [(C4Hg)4N]2[Fe4S4(SCeHs)4] after reaction with (CH30)3PO for 33 days at
room temperature (bottom). Peaks labeled N+ indicate (C4Hg)4sN*+ counterion

resonances. The starting concentration of each species was 50 mM.
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Figure 4.2. TH NMR spectra in DMSO-d6 of [(C2Hs5)4N]3[Fe4S4(SC2Hs)4] (top)
and [(C2Hs5)4N]3[Fe4S4(SC2Hs)4] after reaction with (CH30)3PO for 22 hours at
room temperature (bottom). Peaks labeled N+ indicate (CoHs)4N* counterion
resonances. The starting concentration of each species was 50 mM. The inset

is the same spectrum plotted on a higher vertical scale.
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Scheme 4.1
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Scheme 4.2



