Sulfane Decreases the Nucleophilic Reactivity of Zinc Thiolates: Impli-
cations for Biological Reactive Sulfur Species
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ABSTRACT: A zinc dithiolate complex supported by a [N3Sz] ligand was studied as a model for zinc-mediated thiolate-disul-
fide exchange, enabling isolation of a zinc-bound mixed-disulfide intermediate. Solution-phase characterization of this zinc-
disulfide complex indicates an interaction between the zinc center and the disulfide moiety that results in activation of the S—
S bond for subsequent reactions. Comparison of this reaction with disulfide exchange by a previously prepared zinc tetrasul-
fanido complex demonstrates that sulfane sulfur (S°) acts as an efficient thiolate trapping agent, i.e. polysulfanide anions are
much less basic than thiolates. The resulting polysulfanide anions also exhibit decreased nucleophilicity compared to the
parent thiolate anions. Alkylation kinetics comparisons between the zinc dithiolate and zinc tetrasulfanido complexes indi-
cate attenuation of zinc-bound thiolate nucleophilicity by sulfane. These results suggest a general interplay between zinc,
sulfane, and thiol/thiolate reactivity that can significantly impact biological redox processes.

INTRODUCTION

Sulfur-dependent reactions are critical components of bio-
logical redox signaling pathways related to disease and func-
tion in cardiovascular, immune, and other physiological sys-
tems.1-2 While HzS has long been known to be a gasotransmit-
ter, recent efforts have also pointed to the role of sulfur in the
S0 oxidation state (sulfane), which participates via the interme-
diacy of hydropersulfides and other higher-order polysulfur
compounds (Figure 1A).3-4 Metal centers in biology also com-
monly contribute to these signaling processes, for example in
H2S or hydrosulfide oxidation,57 polysulfide binding and re-
dox,8 and mediation of protein persulfidation.?

Sulfane has been proposed to modulate the reactivity and
other chemical properties (e.g. redox potentials, electrophilic-
ity, and nucleophilicity) of biological thiol compounds.4 In par-
ticular, sulfur nucleophiles containing S-S bonds (e.g. perthi-
ols) have been proposed to exhibit higher nucleophilicities
than the corresponding parent thiols due to the a-effect,3 10 the
empirical observation that nucleophilic donors with adjacent
lone-pair-containing heteroatoms exhibit increased nucleo-
philicity, in many cases.!-12 However, direct measurement of
these species is challenging due to complexities in polysulfide
speciation; for example, thiolates in solution with added Ss
form dynamic mixtures of anionic organic polysulfanide spe-
cies.13 This difficulty in isolating well-defined polysulfur-con-
taining compounds has therefore limited experimental demon-
stration of the a-effect in these polysulfur compounds, whether
in their protonated or free anionic forms.14-16

Due to the ubiquity of zinc in biological contexts, much syn-
thetic effort has gone into modeling zinc thiolate active sites,
with particular attention to the impact of zinc on thiolate nu-
cleophilicity in the context of thiolate alkylation or phosphoe-
ster cleavage.l7-21 Synthetic zinc complexes have also been
shown to participate in both sulfane and disulfide activation.22-
24 Importantly, well-defined zinc polysulfanido (LsZnSsR, x = 2,
4,R=alkyl or aryl) are isolable and have been structurally char-
acterized,?5-26 making them useful potential precursors for
studies of sulfane effects on thiolate nucleophilicity.
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Figure 1. (A) Sulfur-containing compounds relevant to biolog-
ical reactive sulfur species. (B) Zinc-mediated thiolate/disul-
fide exchange (L = tris(5-methyl-3-phenylpyrazolyl)borate).

In related chemistry, the reaction of thiols with disulfides,
also known as thiol-disulfide exchange, is a central reaction in
essential biological pathways such as signaling and redox ho-
meostasis.2’-28 The mechanism of this reaction has been exten-
sively studied; for example, the kinetics of thiol-disulfide ex-
change have also been shown to be strongly affected by the sur-
rounding environment (e.g. solvent)29-31 and thiol substitu-
ent.30-34 Biological zinc thiolates (e.g. in the thioredoxin family
of metalloenzymes) are known to participate in a related thio-
late-disulfide exchange reaction,35 and the zinc ion has also
been proposed to modulate the redox equilibrium between cel-
lular thiols and disulfides.36-37 However, the mechanistic details
of this process have been less studied, although experimental
and computational studies have suggested that zinc can accel-
erate thiol-disulfide exchange compared to the free thiols.38-40
In synthetic contexts, studies of pseudo-tetrahedral zinc thio-
late/disulfide exchange have implicated the formation of inter-
mediates in which disulfide compounds associate with the zinc
thiolate moiety prior to S-S and Zn-S bond scrambling (I, Fig.
1B).38 However, such intermediates have not yet been isolated



or otherwise characterized, and greater mechanistic under-
standing of the role of Zn2+ in these reactions is necessary.

Here, we report a study of sulfane effects on zinc thiolate re-
activity with organic disulfide compounds. We isolate an unu-
sual zinc-disulfide complex that is a proposed intermediate in
zinc-mediated thiolate/disulfide exchange reactions and char-
acterize the solution-phase intramolecular interactions be-
tween the disulfide bond with Zn2*. Further, we compare the
nucleophilicities of well-defined zinc thiolate complexes and
zinc tetrasulfanido complexes toward both alkylation and di-
sulfide addition, demonstrating that the polysulfanido motif is,
in our system, less nucleophilic than the thiolate analogue (i.e.
no a-effect). The implications of these results on biological re-
active sulfur species and their reactions (both mediated by zinc
and not) are discussed.

RESULTS AND ANALYSIS

Identification of a Zinc-Disulfide Intermediate. Our group
has reported a zinc dithiolate complex [1]2- supported by a
bis(carboxamide)pyridine framework that demonstrated the
unusual insertion of elemental sulfur into the zinc-thiolate
bond to form the zinc tetrasulfanido complex [2]2- quantita-
tively (Scheme 1).26 The oxidative rearrangement of [1]2-
forms a bimetallic complex [3]2- containing a disulfide moiety
that is not associated with a metal center.26 We hypothesized
that these complexes could be used to probe the relative nucle-
ophilicities and basicities of zinc thiolate and zinc polysul-
fanido complexes.

Scheme 1. Sulfur Insertion and Oxidation of a Zinc Di-
thiolate Complex
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We first investigated the reaction between organic disulfide
compounds and [1]2- or [2]%-. In DMSO-ds, dibenzyl disulfide
and di-n-butyl disulfide do not scramble at room temperature
over a period of several days. Addition of [EtsN]2[1] (10 mol %)
to a 1:1 mixture of dibenzyl disulfide and di-n-butyl disulfide in
DMSO-ds formed a statistical distribution of the homodisulfides
and the mixed disulfide within minutes at room temperature.
In comparison, the addition of [Et4N]2[2] (10 mol %) in DMSO-
ds to the same 1:1 dibenzyl disulfide/di-n-butyl disulfide mix-
ture reaches the expected statistical distribution of homo- and
mixed disulfide compounds over 2 h at room temperature.
Over longer periods, sulfur was transferred to the disulfide
compounds to form alkyl polysulfides and [1]2-. The discrep-
ancy in disulfide scrambling rates indicates that the nucleo-
philic Zn-S moieties of [1]2- and [2]2- must exhibit very differ-
ent nucleophilicities and/or thermodynamic stabilities relative
to the alkyl disulfides and also to the free alkylthiolate anions.

In the above zinc-mediated disulfide exchange, the initial
step of nucleophilic attack by the zinc-bound thiolate upon the
organic disulfide compound should form an intermediate com-
plex with a disulfide-containing ligand. Similar species have
previously been proposed in zinc thiolate/disulfide exchange
reactions, but have not been observed or characterized.38 The

chelating bis(carboxamide)pyridine ligand framework in com-
plexes [1]2- and [2]2- was expected to favor the formation of
such a zinc-disulfide intermediate. Scheme 2 shows the for-
mation of a proposed zinc-disulfide complex ([4Me]-) from the
addition of (p-tolS)2 (p-tol = 4-methylphenyl) to [1]2-. In this
reaction, an equivalent of free thiolate anion [EtsN][p-tolS]
should also be formed as the byproduct. However, neither the
proposed intermediate species nor the free thiolate anion was
observed by 1H NMR spectroscopy upon the addition of excess
(p-tolS)2 (10 equiv) to [1]%-, suggesting that the formation equi-
librium constants of this intermediate is small. Similarly, treat-
ment of DMSO-ds solutions of [1]2- with other 4-substituted
aryl disulfide compounds [(4-R'C¢H4S)2, R’ = NMez, NHz, MeO,
Me, H, Cl, CF3] or with alkyl disulfide compounds (RSSR, R = Bu,
Bn,, allyl) does not form any observable quantities of the corre-
sponding expected zinc-disulfide complexes ([4R]- for aryl di-
sulfides or [5R]- for alkyl disulfides) or the free thiolate anion.

Scheme 2. Formation of a Zinc-Disulfide Intermediate
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Lewis acids were used to sequester the thiolate anion by-
product and to favor the formation of this proposed zinc-disul-
fide intermediate. Addition of BPhs or B(CsFs)3 to a 1:1 mixture
of [1]2- and (p-tolS)2 in DMSO-ds formed a new set of tH NMR
signals, assigned as the disulfide-containing zinc complex
[4Me]2- (Scheme 2). Stoichiometric ratios of [1]2-, (p-tolS)2, and
B(CeFs)3 resulted in ca. 16% conversion of [1]2- to [4Me]-, and
the maximum observed conversion to [4Me]- using excess di-
sulfide (10 equiv) and B(C¢Fs)3 (5 equiv) was 63% by tH NMR
spectroscopy. The 19F NMR spectrum of [4Me]- prepared from
the mixture of B(CeFs)s, [1]2-, and (p-tolS)z also shows a new
set of signals assigned as the borate anion [p-tolSB(CeFs)3] .41

Similarly, addition of (p-tolS)2 (2.5 equiv) and CSz (50 equiv)
to [1]2- in DMSO-ds formed a mixture of [4Me]- and [1]2- in a
2.5:1 ratio, along with concomitant formation of p-tolyltrithio-
carbonate (Fig. S35). A new 'H NMR signal at 2.30 ppm as-
signed to the p-CHs protons of the trithiocarbonate product is
also present in a 1:1 ratio with [4Me]-. With 10 equiv (p-tolS)2
and 100 equiv CSz, only the ligand-derived peaks correspond-
ing to [4Me]- are present by 1H NMR spectroscopy and [1]2- can
no longer be observed.

Complex [4Me]- was independently prepared by sulfenyla-
tion of [1]2-. Oxidative chlorination of 4-methylbenzenethiol by
N-chlorosuccinimide followed by addition of the resulting p-
tolSCl (1 equiv) to [1]2- in CH3CN yielded a bright yellow solid.
1H NMR spectroscopy of a DMSO-ds solution of this product re-
veals that [4Me]- is the major product (Fig. S31). Additional 1H
NMR peaks corresponding to the bimetallic complex [3]2- and
to (p-tolS)2 are also observed. Attempts at purification always
resulted in a mixture of [4Me]-, [3]2- and (p-tolS)2, suggesting
that the three species undergo dynamic exchange in solution
(Eqn. 1), with a corresponding equilibrium constant Keq as
shown in Equation 2.

0.5 [3]2 + 0.5 (p-R'CéHaS)2 = [4R]- (1)
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A 1:1 mixture of [3]2- and (p-tolS)z in DMSO-ds was moni-
tored by 'H NMR spectroscopy. Signals corresponding to com-
plex [4Me]- increase over several days, finally reaching an equi-
librium ratio of 4.4:1 [4Me]- to [3]2-. Figure 2A compares the 1H
NMR spectrum of a mixture of [4Me]-, [3]2- and (p-tolS)2 pre-
pared in this way to those of the [3]2- and (p-tolS)2 precursors.
The same mixture with the addition of catalytic amounts of
[1]2- or of an organic thiolate anion such as [EtsN][4-CICsH4S]
(<5 mol %) reached equilibrium within 24 h at room tempera-
ture, with Keq =4.44.

The formation of [4Me]- from [3]2- shown in Eqn. 1 occurs
only by exchange of aryl disulfide S-S bonds. As such, this reac-
tion would not be expected to strongly favor either direction
based only on enthalpic reasons. While we cannot rule out
other energetic contributions (e.g. strain or entropy), the ob-
servation that the formation of [4R']- from [3]2- and substituted
aryl disulfides have relatively high formation equilibrium con-
stants suggests the possibility of an intramolecular interaction
between the Zn2+ center and the organic disulfide moiety in
[4R]- that stabilizes this complex compared to [3]2-, in which
there is no interaction between the organic disulfide moiety of
the ligand and the Zn2+ centers of the complex.
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Figure 2. (A) 'H NMR spectra of DMSO-ds solutions of [4Me]-
prepared from a mixture of [3]2- and 1 equiv (p-tolS)2 at 50° C
for 3 d (red), [3]2- (green), and (p-tolS)z (blue). (B) The ratio of
Keq/Kn plotted vs. the Hammett parameter (o) for the for-
mation of [4R']-from the addition of p-substituted aryl disulfide
compounds to [3]2-.

The equilibrium constants Keq for formation of [4R]- were
measured for different p-substituted aryl disulfides (p-
R'C6HaS)z2. Figure 2B plots log(Keq/Kn) against the Hammett pa-
rameter (o), where Ku is the Keq for R" = H in the exchange re-
action between [3]2-, [4R]-, and (4-R’CeHaS)2, i.e. a Hammett
plot. Interestingly, a linear free energy relationship is not ob-
served; instead, a somewhat V-shaped plot is observed, with p
= +0.69 % 0.03 for electron-donating substituents and p = -0.4

+ 0.1 for electron-withdrawing substituents, where p is the
slope of the fitted lines. arise from polarization of the S-S bond
in [4R]-. We note that |p| < 1, indicating that the equilibrium of
formation is not very sensitive to the aryl substituent of these
disulfide complexes. However, one possible interpretation of
this apparent shallow V-shape is that greater polarization of
the S-S bond results in apparent destabilization of [4R]- com-
pared to [3]2-, and that a more stabilizing intramolecular Zn-
disulfide interaction occurs with unpolarized S-S bonds. In
support of this argument, the p-position Hammett parameters
(o) of amide (o = 0.00) or acetamide (o = —0.15) substituents42
are similar to those of H (o0 = 0.00) and Me (o = -0.17), meaning
that the disulfide bond of [4R']- is least polarized when R’ = H
or Me.

Structural and Spectroscopic Characterization of the
Zinc-Disulfide Intermediate. Isolation and structural charac-
terization of [4R]- synthesized using neutral diaryl disulfides
proved difficult due to dynamic exchange with [3]2-, as de-
scribed above. We therefore employed the dicationic disulfide
bis(4-trimethylammoniophenyl)  disulfide iodide  ([4-
MesNCsH4S]2[1]2) to afford the zwitterionic zinc-disulfide com-
plex 4NMe3 which readily precipitated from a 1:1 mixture of
[3]% and [p-NMes-CeHaS]2[I]2 in acetonitrile (Fig. 3). The H
NMR spectrum of 4NMe3 in DMSO-ds matches well with other
[4R]- complexes (Fig. S24), but does not exchange with [3]2-
due to the removal of the EtaN+ counterions.
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Figure 3. Synthesis of a zwitterionic zinc-disulfide complex
(4NMe3) and solid-state structure of 4NMe3-DMF (bottom left).
Hydrogen atoms omitted for clarity.

Figure 3 shows the single-crystal X-ray diffraction (XRD)
structure of crystals grown from vapor diffusion of methanol
into a solution of 4NMe3 jn N,N-dimethylformamide (DMF). This
structure shows the expected product of disulfide exchange,
but with a solvent DMF molecule bound through the oxygen
atom to the zinc center in a distorted square pyramidal geom-
etry (4NMe3-DMF). The geometric parameter t was calculated to
be 0.170 and the S—S [2.0402(9) A] bond distance is typical of
organic disulfides.43 The Zn—S bond distance of 2.2933(7) A is
slightly shorter than the median of those in previously pub-
lished four-coordinate (2.34 A) and five-coordinate (2.388 A)
zinc thiolate complexes. A similar structure of the related O-
bound DMSO adduct (4NMe3-DMSO) was observed for crystals
formed by layering a DMSO solution of 4NMe3 gver trifluorotol-
uene (Fig. S53). Figure 3 shows the proposed formation of
4NMe3-[, in which the DMF or other Lewis basic molecule



displaces the coordinated sulfur atom from the disulfide moi-
ety of 4NMe3,

Despite these solid-state data, there is evidence for solution-
phase interactions between the pendant disulfide moiety and
the zinc centers of complexes [4R]-. Firstly, a tH NMR spectrum
of a DMSO-ds solution of 4NMe3 with added DMF (5 equiv)
shows broadening of the ligand-derived peaks, indicating ex-
change of multiple species (Fig. S28). These data do not rule out
the possibility of simple conversion of 4NMe3-DMSO to
4NMe3-DMF, but addition of the stronger Lewis base 4-dimethyl-
aminopyridine (DMAP, 2 equiv) to 4NMe3 jn DMSO-ds resulted
in upfield shifts in the resonances corresponding to the protons
of the aryl ring situated between the disulfide and one of the
ligand carboxamide moieties. This shift therefore indicates a
significant comformational change, consistent with the solu-
tion-phase formation of 4NMe3-DMAP from 4NMe3, The compar-
atively more downfield resonances of 4NMe3 also support a Zn-
disulfide coordination in solution, in which the aryl protons are
closer to the rest of the complex.

Secondly, compounds [4R]- are definitively monometallic in
solution. The DOSY analysis of [4Me]- formed from [1]2-, (p-
tolS)2 (10 equiv), and CS2 (100 equiv) in DMSO-ds measured the
diffusion coefficient of [4Me]- to be 1.94 x 10-6 m2/s, close in
value to those of [1]2- (2.04 x 10-6 m2/s) and [2]2- (1.87 x 10-¢
m2/s) but larger than that of the bimetallic complex [3]2-(1.31
x 10-6 m2/s).26 Based on the diffusion coefficient, a Stokes-Ein-
stein-Gierer-Wirtz analysis#4-45 estimates the formula weight of
[4Me]- to be 541 g/mol; the theoretical formula weight for the
structure as we have assigned it is 566 g/mol. While the relia-
bility of this estimation is complicated by the charge of the com-
plex, as the solvent shell is not accounted for, it supports our
assignment of [4Me]- as a monometallic zinc-disulfide complex.
Additionally, negative ion mode ESI-MS of independently pre-
pared [491]- showed a signal at 583.9496 m/z, consistent with
the theoretical value of 583.9301 m/z for [M]-.

While these results could be consistent with solvento species
[4R']--DMSO with no disulfide-zinc interactions, we note that
methylation of a thiolate moiety of [1]2-with Mel forms the cor-
responding thioether that undergoes rearrangement to form a
bimetallic complex ([6Me]2-, Fig. 4).26 Similar bimetallic struc-
tures are formed upon alkylation with Etl, EtBr, or BnBr, and
the solid-state structure of [6Bn]2- is also shown in Figure 4.
This bimetallic structure likely forms because the thioether
moiety is not a strong enough donor to zinc, and the resulting
tetradentate, monoanionic ligand has a propensity for rear-
rangement and dimerization. As we can consider the ligand of
[6Bn]2- to be analogous to that of complex [4H]-, but with a
methylene substituted for a disulfide sulfur atom, the observa-
tion that complexes [4R]- do not rearrange to form bimetallic
structures may indicate an additional energetic factor that sta-
bilizes the monometallic structure in [4R]- and [5R]-, which
could be the Zn-S(disulfide) interaction.
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Figure 4. Alkylation of [1]2- or of [2]2- with alkyl halides forms
bimetallic dithioether complexes ([6R]2-, left). Solid-state
structure of [6Bn]2- as 50% thermal ellipsoids (right). Hydro-
gen atoms and [EtsN]* cations not shown for clarity.

Thirdly, Figure 5 compares the ATR-IR of solid-state samples
of [3]2-, 4\Me3 prepared in the absence of coordinating Lewis
bases, and crystalline 4NMe3-DMF. The IR spectrum of 4NMe3 djs-
plays a vs.s band at 472 cm-1, similar to that of a previously re-
ported zinc-disulfide complex (vs-s = 490 cm-1).46 This vibra-
tional mode occurs at a lower frequency than that of the bis(4-
trimethylammoniophenyl) disulfide precursor (vs-s = 481 cm-
1)47 and that of [3]2- (vs-s = 480 cm-1). The IR spectrum of crys-
tals of 4NMe3-DMF show multiple weak bands between 470-480
cm-1, consistent with displacement of disulfide from the zinc
center by coordinated DMF. The vs-s band of 4NMe3 also occurs
atlower energies compared to other zinc complexes containing
S-S bonds that do not interact with the Zn?* center, such as
[2]%- (vs-s = 533 cm-1, Raman spectroscopy, Fig. S39). We also
note that no Raman or IR vibration is observed near that of a
previously reported and structurally related cobalt(III)-disul-
fide complex (509 cm-1).48 These results point to a an intramo-
lecular interaction between Zn?+ and the disulfide moiety that
weakens the S-S bond, as well as an electronic difference be-
tween Zn2+ and other transition metals that have been shown
to exhibit metal-disulfide interactions.
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Figure 5. ATR-IR spectra of [3]2-, 4NMe3, and 4NMe3.DMF. Bands
assigned as vs-s stretching modes are indicated. Spectra are
scaled and offset for clarity.

Computational Studies of the Zinc-Disulfide Intermedi-
ate. To further understand the proposed zinc-disulfide interac-
tion, we carried out geometry optimization and electronic
structure calculations on the simplified variant [5Me]- using
DFT (B3LYP/def2tzvp). Figure 6 shows the optimized struc-
ture of this anionic species in DMSO, showing a S-Zn interac-
tion of ca. 2.7 A. This distance is similar to a previous structural
characterized Zn-disulfide complex in which the ligand con-
tained a pre-formed disulfide moiety (2.734(2) A).46
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Figure 6. DFT calculated structure of [5Me]- with (A) HOMO and
(B) LUMO+2 molecular orbitals shown.



Figure 6 also shows the calculated HOMO and low-lying un-
occupied orbitals. In these visualizations, the HOMO exhibits
large contributions from the sulfur lone pair on the thiolate
arm. Similarly, the low-lying unoccupied MOs (LUMO+1 and
LUMO+2) show significant S-S o* character. Lower-lying occu-
pied orbitals show the interaction between the disulfide moiety
and the zinc center (Fig. S54), showing that these orbitals are
available toward further nucleophilic attack in thiolate/disul-
fide exchange. The S-S stretching frequency was also calcu-
lated by DFT and found to be ca. 480 cm-1, supporting our as-
signment of the vibrational spectrum of 4NMe3,

From the above experimental and computational studies, the
zinc-disulfide compounds [4R]- and [5R]- are unusual exam-
ples of complexes with a solution-phase interaction of the S at-
oms of a disulfide moiety with a Zn2+ center. A Cambridge
Structural Database search of this connectivity reveals that alt-
hough this type of interaction has been extensively demon-
strated in the solid state with the first row transition metals
Mn, Fe, Co, Ni, and Cu,*8-54 there is only one previously reported
example with Zn2+.46 Nevertheless, such zinc-disulfide species
have been proposed as intermediates in previous examples of
zinc-mediated disulfide/thiol exchange or disulfide reduction3®
and are also likely relevant in biological contexts (e.g. in zinc
finger proteins and thiol-disulfide oxidoreductases).5557 Our
results confirm the formation of these intermediates and sug-
gest arole in disulfide coordination to zinc in further reactions.

Sulfane Drives Zinc-Disulfide Equilibria. To probe the ef-
fect of sulfane on the reactivity of Zn-S moieties and to com-
pare the nucleophilicities of zinc thiolate and zinc polysul-
fanido motifs, we next studied the reaction between the well-
defined zinc tetrasulfanido complex [2]2- and organic disul-
fides. The attack of the tetrasulfanido moiety on the aryl disul-
fide would be expected to form a diaryl pentasulfide complex,
but such a species is not observed. Instead, the tH NMR spec-
trum of a DMSO-ds solution of [2]2- and diphenyl disulfide
(PhSSPh, 1 equiv) shows the formation of [4H]- in an approxi-
mately 1:1 ratio with [2]2- (Fig. S41). The 'H NMR signals of
[4H]- and [2]2- coalesce at higher temperatures, demonstrating
that this exchange is dynamic and reversible (Fig. S38). Figure
7A shows the absorption spectrum of a DMSO solution of [2]2-
and PhSSPh (5 equiv). Subtraction of the absorbance corre-
sponding to [2]2- shows the formation of a band at 495 nm (e
~ 590 M-1 cm-1), assigned to the phenylpolysulfanide anion
(PhSSx) and consistent with previously characterized exam-
ples of phenyldisulfanide and phenylpolysulfanide anions.58
The intensity of this band increases with higher equivalents of
PhSSPh (Fig. 7A inset, 0-3 equiv PhSSPh). The absorption spec-
trum of a mixture of Ss and [EtaN][4-CIC6H4S] in DMSO displays
a similar feature (Fig. S46).

Scheme 3 shows the overall balanced reaction based on
these data, in which the addition of a diaryl disulfide compound
(p-R’CsHaS)2 to [2]2- forms [4R]- and the corresponding free
arylpolysulfanide anion, which is formed by addition of the free
aryl thiolate anion to the three sulfur atom equivalents origi-
nating from [2]2-. This exchange is solvent-dependent; no sig-
nals corresponding to [4R]- are observed in CD3CN even with
large excess of aryl disulfides. This is consistent with previous
reports of solvent dependence in the solution equilibria of phe-
nylpolysulfanide anions.58

Scheme 3. Addition of Aryl Disulfides to [2]?- Forms
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Figure 7. (A) Absorption spectra of a DMSO solution of
[EtaN]2[2] upon addition of diphenyl disulfide (0-5 equiv). In-
set: Differential absorption of the above spectra. (B) Hammett
plot of equilibrium constants of formation for [4R]- formed
from [2]2- and (p-R'CeHaS)2 plotted against the Hammett pa-
rameter (o) of the para substituent.

As described above, a 1:1 mixture of dithiolate complex [1]2-
and PhSSPh shows no detectable [4H]- by NMR spectroscopy,
while a 1:1 mixture of [2]2- and PhSSPh results in 50% conver-
sion of [2]2- to [4H]-. The addition of different p-substituted
aryl disulfide compounds to [2]2- was studied by 1H NMR spec-
troscopy. Higher equilibrium constants of formation of [4R]-
were calculated for more electron-withdrawing p-substituents
(Fig. S41). Figure 7B plots these equilibrium constants vs. the
Hammett parameter of the para substituent. This plot displays
a positive slope of p = +0.68, consistent with stabilization of
negative charge by more electron-withdrawing substituents.
The energy of this band also shifts with more electron-with-
drawing substituents on the p-substituted aryl disulfide, as ex-
pected (Fig. S47). The intensity of the absorption band corre-
sponding to the arylpolysulfanide anion in acetonitrile solution
is approximately five times weaker than in DMSO, also con-
sistent with a lower formation equilibrium constant in less po-
lar solvents (Fig. S45).

The results above indicate that sulfane acts to perturb the
equilibria as a “thiolate-trapping” Lewis acid, similar to the tri-
arylboranes or to CSz. Scheme 4 shows the relevant equilibria
for the formation of the zinc-disulfide complexes [4R]- and
[5R]- from [1]2- and [2]?- and organic disulfide compounds.
From our data, the formation constant from [1]2-, K3, is close to
0, meaning that AG:1 > 0. In contrast, the formation constant



from [2]%, K, is larger (0 < K2 < 2), meaning that AGz2 < AG:.
Subtraction of these two equilibrium expressions therefore
yields an equilibrium exchange between [1]2-, the “ArSs~” an-
ion, [2]%, and the free aryl thiolate anion, which is expected to
exhibit a more positive AGs.

Scheme 4. Relevant Equilibria for the Formation of
[4R]- from [1]2- and [2]2-, Respectively

_ Ki - -
12 + ArSSAr [4R.] + AIS AG, >0
- K - - <
[2]2 + ArSSAr _— [4R'] + "AFS4 AGZ AG1
_sarg - K - - =
1P + ArS4 3 [2]2 + AIS AG; AGAG,
AG3 >0

Previous computational and experimental studies have esti-
mated that the Brgnsted acidity of organic perthiols (RSSH) to
be higher than that of organic thiols (RSH), with pKas lower by
as much as 4 units, meaning that the RSS- anion is less basic
than the corresponding thiolate anion (RS-).14-15 The equilib-
rium above (K3 <<1) is consistent with sulfane-mediated de-
creased basicity of the free aryl thiolate anion. Additionally, the
calculation that AGs > 0, along with the assumption that the
“RS4H” species may also exhibit a lower pKa than RSH, show
that the corresponding zinc thiolate [1]2- is not correspond-
ingly more basic than the tetrasulfanido [2]2-. This difference
may arise from higher covalency between zinc and sulfur,
meaning that Zn2+ behaves very differently from H+. We note
that there are few examples of isolated metal polysulfanido
complexes to permit a more general comparison of metal thio-
late and metal polysulfanido basicities. We also note that the
“tetrasulfanide anion” ArSs- in the above equations is likely a
distribution of thiolate and polysulfanide anions, as previously
described (Eq. 3).58 As such, there may be a large, undetected
entropic contribution that drives the reaction toward [1]2-. Re-
gardless of the precise energetic components, however, it is
clear that sulfane plays a role in changing the thermodynamic
equilibria of these thiol/thiolate systems.

ArS-+3/8Ss = ArSz- + ¥4 S = ArSs~ + 1/8 Sg = ArSs~ (3)

Sulfane Effects on Zinc Thiolate Nucleophilicity. In addi-
tion to the above thermodynamic/basicity effects, we also
probed the effects of sulfane on the kinetics/nucleophilicities
of both organic thiolate anions and in the zinc tetrasulfanido
moiety, as well as the mechanism of the unexpected formation
of [4R']- from [2]-. Scheme 5 shows possible routes to this spe-
cies: in Path I, the tetrasulfanido moiety of [2]2- could add to
the disulfide to form a pentasulfide compound (A) that then ex-
trudes elemental sulfur to form [4R]-. Alternatively (Path II),
the zinc thiolate moiety of [2]2- could add to the disulfide to
form a zinc-disulfide/tetrasulfanido intermediate (B) that then
eliminates sulfur to form [4R]-. As a third possibility (Path III),
[2]2- could first lose sulfur to form [1]2-, which then adds to the
diaryl disulfide compound to form [4R]-. In this scenario, the
free aryl thiolate anion then adds to sulfane to form a polysul-
fanide anion.

The kinetics of the formation of the zinc-disulfide complexes
[4R]- and [5R]- were measured. The addition of either [1]2- or
[2]2- to diaryl disulfides to form [4R]- is very fast, and we were
unable to measure the rates of these reactions even at -50 °C
in DMF. Treatment of [2]2- with BuSSBu to form [5Bu]- pro-
ceeded more slowly and could be monitored by 1H NMR spec-
troscopy at room temperature. Figure 8 plots the concentra-
tions of each zinc-containing species over time for a DMSO-ds
solution of [2]2- (14.2 mM) after treatment with BuSSBu (40
equiv), as measured by 'H NMR spectroscopy. In these data, the
formation of [5Bu]- and decay of [2]2- do not follow single ex-
ponential functions, and are accompanied by the formation of
[1]2- as well as by sulfur transfer to BuSSBu to form dibutyl pol-
ysulfide compounds (BuSSxSBu, x > 0). These products could be
formed by attack of butyl polysulfanide anions upon BuSSBu,
or by attack of BuS- on putative intermediate A. As such, the
proposed mechanism for this reaction requires multiple com-
peting steps, several of which are not zinc-mediated, and does
not permit us to distinguish the possible mechanistic pathways.

Scheme 5. Possible Pathways for Observed Products of Disulfide Addition or Alkylation of [2]2-
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Figure 8. Concentrations of zinc-containing complexes meas-
ured by H NMR spectroscopy after addition of BuSSBu (40
equiv) to a DMSO-ds solution of [2]2- (14.2 mM).

As a simpler reaction variant, the nucleophilicities of [1]%
and [2]2- were compared by studying the rates of ethylation of
the respective Zn-S moieties upon addition of EtBr or Etl. The
bimetallic ethylated complex [6Et]2- was cleanly formed upon
treatment of a DMSO-ds solution of [1]2- with EtI (1 equiv) or
EtBr (1 equiv) and displayed a similar 1H NMR spectrum as that
of [6Me]2- (Fig. S32), as expected. The analogous treatment of a
DMSO0-ds solution of [2]2- with one equivalent of Etl or EtBr
formed multiple products, but the primary component of these
mixtures (ca. 70%, 1H NMR spectroscopy) was also the complex
[6Et]2-, with little evidence of ethylpolysulfide species.

Although nucleophilic alkylation is different from nucleo-
philic addition to disulfides, the observation that complexes
[1]2- and [2]?- again form the same final products suggest that
the mechanism of [2]2- alkylation may be analogous to that of
disulfide addition (Scheme 5, Path IA, IIA, or I1IA). The major
difference in these steps, however, is that unlike S-S bonds, C-
S bond formation should not be readily reversible. As such, this
result suggests that alkylation of the tetrasulfanido moiety
(Path IA, Scheme 5) is not the fastest step. Instead, [6R]2- can
only be formed by alkylation of the thiolate moiety of [2]2- or
of [1]2- (Paths IIA and IIIA, Scheme 5). In either scenario, how-
ever, this product distribution indicates that zinc thiolate moi-
eties are more nucleophilic than the zinc tetrasulfanido moiety
by more than two-fold, given the ethylation product distribu-
tion. This result is also consistent with DFT calculations of the
electronic structure of [2]2-, in which the HOMO exhibits large
S(thiolate) p-orbital character, with smaller contributions from
the tetrasulfanido S-centered orbitals (Fig. S55).

The electronic absorption spectra of a N,N-dimethylacetam-
ide (DMA) solution of [1]2- (1.5 x 10-4 M) treated with EtBr (10
equiv) were monitored over 30 min at room temperature (Fig.
S49). Spectral deconvolution of these data was used to calcu-
late the concentration of [1]2- over time (Fig. 9). Additional ex-
periments under pseudo-first-order conditions yield a rate
constant for the second-order expression ki1[[12-]][EtBr] of k1
= 1.00 £ 0.07 M-1s-1. The electronic absorption spectra of a
DMA solution of the zinc tetrasulfanido complex [2]2- treated
with EtBr were collected under identical conditions as de-
scribed above. An approximate second-order rate constant kz =
0.28 + 0.07 M-1s-1 for the ethylation of [2]2- was estimated by
spectral deconvolution (see SI). Figure 9 compares the concen-
trations of [1]2- and of [2]2- over time after treatment with
EtBr. Altogether, the data presented here show that the rate of
thiolate alkylation in [1]2- is measurably faster than any of the
possible alkylation pathways of [2]2-. We note that treatment

of [6Et]2- with a second equivalent of EtBr results in further al-
kylation of the remaining zinc thiolate moiety. However, the ap-
parent rate of this second alkylation step was negligible in com-
parison to the first alkylation within the time window consid-
ered for the calculations.
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Figure 9. Concentrations of [1]2- or [2]2- over time after addi-
tion of EtBr (30 equiv) in DMA (1.5 x 10-4 M). Concentrations
were determined by deconvolution of the absorption spectra.

In summary, these experiments show that alkylation of [2]2-
proceeds by alkylation of a zinc thiolate moiety rather than the
zinc tetrasulfanido moiety. We are unable to determine
whether this reaction proceeds by thiolate alkylation of [2]2-
(Path IIA) or alkylation of the small concentrations of [1]2- in
equilibrium with [2]2- (Path IIIA), however, either step would
be expected to be slower than that of only [1]2-. Regardless, we
propose that the disulfide addition reactions proceed via simi-
lar thiolate addition steps (Paths II and III), rather than by
tetrasulfanido addition (Path I).

DISCUSSION

Implications for the a-effect. The a-effect, as first described
by Pearson, is the observation that nucleophiles containing a
heteroatom with unshared electron pairs in the a-position ex-
hibit higher nucleophilicities than expected purely from the nu-
cleophile basicity.11-12 This effect has been experimentally
demonstrated for N- or O-containing compounds like hydra-
zines, peroxides, and hydroxylamines (Fig. 10). Despite the
well-established nature of this effect, its precise origin has been
somewhat controversial; multiple explanations including tran-
sition state stabilization, ground state destabilization, and ef-
fects of HOMO orbital sizes or HOMO-LUMO gaps have been
proposed.59-62

RN H © H © o
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exhibiting *-effect polysulfanides

Figure 10. Motifs for the a-effect and compounds studied in
this work.

The extension of this phenomenon to 3p elements such as
sulfur is not as experimentally well-established. Sulfur is larger
than oxygen and exhibits longer bond lengths and more diffuse
p orbitals.63 Due to these differences, a recent computational
study on the a-effect has shown that nucleophiles such as
MeSS- with S atoms in the a position show no a-effect, and in
some cases, might even exhibit an “inverse a-effect.”62 There
are few experimental demonstrations of a sulfur a-effect. In or-
ganic solvents, a study of nitrobenzenethiolates with Sg and



alkyl halides in DMA reported to observe a tenfold increase in
reaction rate due to sulfane.16 In water, the acidity and nucleo-
philicity of glutathione persulfide was recently compared to
that of glutathione.15 Despite this comparatively sparser exper-
imental evidence, this sulfur a-effect has been invoked in per-
sulfide- or other sulfane-containing reactive sulfur species
(RSS) that have recently been studied due to their importance
in biological redox signaling.3. 10 Further experimental studies
in this area are necessary, particularly as the relative nucleo-
philicities of sulfane-containing compounds has been demon-
strated to greatly affect the outcomes of current methods used
for quantification of reactive sulfur species in biological condi-
tions.13 We note that the above discussion applies only to a two-
electron a-effect; a one-electron a-effect is known, in which
perthiyl radicals have been unambiguously demonstrated to be
more stable than thiyl radicals.é4

In our own studies of two-electron reactions, we were una-
ble to directly measure the pKas of the zinc dithiolate complex
[1]2- and the tetrasulfanido complex [2]2- due to competing
protonolysis of the carboxamide ligand framework, and could
not compare the nucleophilicity to the basicity.6 Nevertheless,
the alkylation studies described above definitively show that
the tetrasulfanido moiety of [2]2-is far less nucleophilic toward
alkylation than a zinc thiolate moiety, whether in [1]2- or in
[2]2-. This result contrasts with previously reported experi-
mental comparisons of thiolate/perthiolate alkylation, in
which the perthiolate exhibited orders of magnitude faster al-
kylation rate constants.15-16

These experimental discrepancies may point to a zinc-in-
duced change in sulfur nucleophilicity. In our view, however,
they instead arise from the difficulties in studying sulfane-con-
taining RSS molecules due to the fast rate of sulfane exchange
in these species,!3 and that the role of the zinc center in our
studies serves to enable control over polysulfur nuclearity. In
either case, these studies suggest that a sulfur a-effect should
not necessarily be generally assumed to participate in the rela-
tive reactivities of RSS molecules under biological conditions,
and that more work needs to be performed to understand how
sulfane influences the reactivity of biological species.

CONCLUSIONS

We have presented a rare example of a zinc-bound, mixed-
disulfide intermediate formed via disulfide interchange medi-
ated by two zinc complexes supported by [N3Sz] ligands, high-
lighting the potential stabilizing and polarizing effects of Zn2+
on disulfide S-S bonds in solution. In addition, zinc thiolate
moieties have been shown to be more nucleophilic than a zinc
tetrasulfanido moiety. These findings serve as an example of
sulfane attenuating, rather than enhancing, the nucleophilic re-
activity of sulfur and suggest that the a-effect may not be as
general a phenomenon for 3p elements like sulfur as is known
for certain 2p elements, especially in the presence of biologi-
cally relevant metal centers such as Zn2*. Further studies in this
area may provide insight into the interplay between transition
metal ions and sulfane in both modulation of thiol/thiolate re-
activity and sulfur transfer in biological and synthetic systems.
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