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Metal—thiol and —thiolate interactions occur commonly and NS, §

are of seminal importance in the biochemistry of life-sustaining I >5.d 0
processe$Given the stability of the bond between a mercaptide X
ligand and various redox-active metals, it is of interest that Nature substitution and therefore retards catalysis, except under reaction
has evolved significant metalloenzymatic processes, which useconditions where thiolate displacement from the metal is favored,
key interactions of sulfur-containing functionalities with metals such as with potent nucleophilic reagents (RMgX).
such as Ni, Co, Cu, and Fe (methanogengésisetyl CoA How might refractory metal thiolates be activataaider mild
synthesis, biological methyl transfer,® and the mediation of  conditionsand thus ensure the robust behavior of metal catalysts
metal bioavailability by metallothioneifis’). From a chemical in thiol/thiolate-rich environments? Transfer of thiolate to a metal
perspective, it is striking that these metals can function as robustof greater thiophilicity has clear support in the domain of
biocatalysts in vivo, even though they are often “poisoned” as biochemistry. For example, Zn{, a ubiquitous, non-redox-
catalysts in vitro through formation of refractory metal thiolates. active metal, is found throughout biological systems, and, of the
Insight into the nature of this chemical discrepancy is essential biologically relevant divalent metals, it has an affinity for thiolate
for a more complete understanding of biochemical processes andsecond only to that of coppétTherefore, the equilibrium MSR
could open the way to new procedures in synthetic organic and+ zn?* = M* + Zn*SR can be displaced toward the zinc
organometallic chemistry. mercaptide with liberation of the metal M. Examples of this
Consider, for example, metal-catalyzed cross-coupling proto- principle are found in biology, medicine, and chemisgtry?®
cols1%15 Although some examples are known:® thioorganic We demonstrate herein a new synthetic process that uses the
compounds do not participate in as wide a range of metal- above-mentioned principle and has its conceptual basis in a
catalyzed cross-coupling reactions as do iodoorganics. Why? Bothbioorganometallic transformation with presumed primordial ori-
iodoorganics and thioorganics undergo oxidative addition reactions gins; namely, the putative final steps in methanogenesis, the

with low-valent metal€%-2* so the answer must reside in the
difference between the metabdide and metatthiolate bond

strengths. The metaiodide bond is relatively weak and easily
substituted, whereas the metahiolate bond is strong. It resists
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production of methane from methyl coenzyme M (S@H,CH,-
SO;7) mediated by methyl coenzyme M reductéseln this
remarkably efficient process, a nickel hydrocorphinoid cofactor
(Fa30) ruptures the Ckt-S— bond of CHSCHCH,SG;~, generat-
ing a CH—Ni intermediate, which subsequently suffers proto-
nation to methane. If the-€S cleavage o&-substituted coenzyme
M derivatives by nickel catalysts a general process, then inhibition
of the biologically relevant protonation might allow interception
of the organonickel intermediate for alternative processes, such
as the formation of carboercarbon bonds by way of a cross-
coupling protocol (Scheme 1).

To test this hypothesis, salts 8f(p-tolyl)thioethanesulfonate
(1) were prepared and assayed as substrates in nickel-catalyzed
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Scheme 2
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cross-coupling with Mgn) and (MePP}):NiCl,, a useful sur-
rogate for the Ni hydrocorphinoid that is the actual catalyst in
methanogenesis (Scheme?Beactions both stoichiometric and
catalytic in nickel showed a striking dependence on the sulfonate
counterion.The efficient formation of p-xylene (the product from
coupling of MgZn with the anticipated p-tolylnickel intermediate,
which formed upon cleage of the C-S bond by the reduced
nickel reagent) was obsegd only in the presence of a Znf?
counterion! Neither N& nor MgCH counterions led to any
significant formation ofp-xylene. These observations are con-
sistent with effective activation of the nickel thiolate by Z#(2

but not by the other metal ions.

Control experiments demonstrated an important role for the
ethanesulfonate motif in this process. Treatment of the simple
thioetherp-tolyl methyl sulfide with 2.2 equiv of Mg&n in the
presence of 4 mol % (MePRBNICl, gave only 8% op-xylene
after 16 h at 50C. The sluggishness of this control reaction is
remarkable in contrast to the efficient couplingpetolylS(CH,).-
SO;ZnCl with MexZn. Similarly, only a trace amount (4%) of
4-methylbenzonitrile was detected from a reaction of 4-(meth-
ylthio)benzonitrile with M@Zn in the presence of nickel catalyst
at 50 °C after 43 h (96% recovered starting material). The
importance of théntramolecularnature of the zinc effect was
established by carrying out the reactionpetolyl methyl sulfide
with Me,Zn and catalytic (MePRJNICI, in the presence of 2.2
equiv of Zn(OAc). Only 2% of p-xylene was detected after 21
h at 50°C. These collective experiments suggest a significant
acceleration of the rate of cross-coupling byiaternal, ligand-
boundzinc ion, which presumably activates the nickel thiolate
ligand and thus facilitates transmetalation, as depicted in the
bottom figure of Scheme 1. Effective scavenging of the thiolate
by Zn(2+) may also be a contributing factor, since the presence
of 5 equiv of (PhS¥Zn had no deleterious effect on the nickel-
catalyzed cross-coupling & (p-tolyl)thioethanesulfonate with
Me,Zn. Thiolate scavenging by Zn{2 may be an important
factor in Fukuyama’s Pd-catalyzed synthesis of ketones from
thioesters and organozinc reagents (boronic acids are ineffettive).

To render this process synthetically versatile, the principle of
nickel-catalyzed cross-coupling by metal thiolate activation was

extended from the coenzyme M system to the more accessible

S(substituted)thioglycolate seriegSubstituted thioglycolic acids

(2, Table 1) were readily synthesized as robust crystalline solids
with indefinite shelf lifes’ and they participated in a general,
nickel-catalyzed cross-coupling reaction with different organozinc
reagents (25% (MePPh),NiCl, in THF between ambient
temperature and-50 °C).3?

A number of control experiments were conducted with the
thioglycolate system. Again, zinc was an essential cofactor for
efficient reaction. The high-yielding reaction of dimethylzinc with
bromozincS(p-tolyl)thioglycolate, but not with the corresponding
tert-butyl ester, supports an essential role (activation of theNi
bond toward substitution) for an internal, ligand-bound zinc ion
in the cross-coupling process. Crystal structure studies suppor
such simple zinc chelates in the solid st&te
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Table 1. Ni-Catalyzed Cross-Coupling Reactions of Thioglycolic
Acids with Organozinc Reage#ts

cat. (MePh,P),NiCl,

R'—SCH,CO,H + R?ZnX or R%ZnR? RI—R2

2 THF
R’ = aryl, heteroaryl, benzyl, alkenyl: R? = alkyl, aryl, benzyl, enolate
yield
entry thioglycolate, R organozinc, R conditions (%)°
1 p-tolyl Me 50°C,12h 80
2 2-methoxyphenyl o-tolyl 50°C,20h 40
3 3-methoxyphenyl o-tolyl 50°C,20h 74
4  2-carbomethoxyphenyl o-tolyl 50°C,14h 100
5  3-carbomethoxyphenyl o-tolyl 50°C, 14 h 74
6  1-naphthyl 3,4-dimethoxy- 50°C, 14 h 49
phenyl
7  2-naphthyl 3,4-dimethoxy- 50°C, 14 h 70
phenyl
8  benzyl Me 50°C, 18 h 63
9 ©\)1 Et rt, 10 h 84
10  5,5-dimethylcyclohex- Me rt, 43 h 64
2-enon-3-yl
11 2-methyl-1,3,4-thia- Et 50°C, 16 h 93
diazol-5-yl
12 2-pyridyl o-toly! 50°C, 14 h 94
13 3-pyridyl o-tolyl 50°C, 14 h 97
14 4-pyridyl o-tolyl 50°C,14h 100
15  6-methyl-2-pyrimidinyl p-tolyl 50°C,8h 79
16  6-methyl-2-pyrimidinyl Me 50C,8h 66
Organozinc as XZnR
17  2-carbomethoxyphenyl  BrzZnGHh 55°C, 14 h 76
18  benzoxazol-2-yl BrZznCyCOEt  50°C, 20 h 54

aBetween 2 and 4 equiv of Bn or RZnX was used. Refer to the
Supporting Information for detail$.Yields for entries 1 and 8 were
determined by quantitative GLC. All other yields are for isolated
products.

Three experiments provided good support for a transmetalation
from an external zinc reagent to nickel, rather than from the
“internal” organozinc R group that is bound to the thioglycolate
or thioethylsulfonate (Scheme 2). Vigorous gas evolution was
observed upon treatment of thioglycolic actl (R = 5,5-
dimethylcyclohex-2-enon-3-yl) with 1 equiv of Mén in the
presence of catalytic (MePRBNICl,, but no cross-coupling
product was produced after 50 h at room temperature. Upon
addition of a second equivalent of W& to the same reaction
mixture, the cross-coupling productfRle was obtained in good
yield. Treatment of the preformed MeZn carboxylate of the same
thioglycolate with EfZn in the presence of nickel catalyst gave
R—Et as the major product, while reaction of the preformed EtZn
carboxylate with MgZn gave R-Me as the major product. These
results suggest that the preformed alkylzinc thioglycolates are
relatively stable and that an “external” zinc reagent is mainly
responsible for the transmetalation process.

In conclusion,S-substituted coenzyme M and thioglycolate
derivatives were investigated in Ni-catalyzed cross-coupling
reactions and a unique role for a ZA{pcofactor was identified.

It is clear from this and other wotk that the misconception
regarding poisoning of metal catalysts by organosulfur compounds
can be misleading and is without full merit.
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