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ABSTRACT: Persulfides (RSS-) are ubiquitous source of sulfides (S?-) in biology, and interactions between RSS- and bioinor-
ganic metal centers play critical roles in biological hydrogen sulfide (HzS) biogenesis, signaling, and catabolism. Here we re-
port the use of contact-ion stabilized [Na(15-crown-5)][!BuSS] (1) as a simple synthon to access rare metal alkyl persulfide
complexes and to investigate the reactivity of RSS- with transition metal centers to provide insights into metal thiolate per-
sulfidation including the fundamental difference between alkyl persulfides and alkyl thiolates. Reaction of 1 with
[Co''(TPA)(OTf)]* afforded the n'-alkyl persulfide complex [Co''(TPA)(SStBu)]* (2), which was characterized by X-ray crystal-
lography, UV-vis spectroscopy, and Raman spectroscopy. RSS- coordination to the Lewis acidic Co?* center provided addi-
tional stability to the S-S bond as evidenced by a significant increase in the Raman stretching frequency for 2 (vs-s= 522 cm-
L Avs-s= 66 cm-1). The effect of persulfidation on metal center redox potentials was further elucidated using cyclic voltamme-
try, in which the Co?* — Co3* oxidation potential of 2 (EP2= +89 mV vs SCE) is lowered by nearly 700 mV when compared to
the corresponding thiolate complex [Co'(TPA)(S‘Bu)]* (3) (EP2=+818 mV vs SCE), despite persulfidation being generally seen
as an oxidative post-translational modification. Reactivity of 2 toward reducing agents including PPhs, BH4-, and biologically
relevant thiol reductant DTT led to different S?- output pathways including formation of a dinuclear 2Co-2SH complex
[CoMz(TPA)2(u?-SH)2]%*(4).

Introduction biosynthesis of essential S-containing cofactors including

Hydrogen sulfide (HzS) plays vital roles in biology and is thiamin and molybdopterin.®-12 Moreover, RSS- production,
metabolized by most organisms ranging from bacteria and utilization, and regulation are often intertwined with bio-
archaea to plants and mammals.! Despite its known toxicity, inorganic metal centers (Figure 1).'3 Most notably, iron-sul-
endogenous H:S plays essential regulatory roles in complex fur (Fe-S) cluster construction by the scaffold protein ISCU
physiological processes including vasodilation, neural involves transfer of cysteine persulfides (“sSS-) from cyste-
transduction, and inflammation, joining nitric oxide (NO) ine desulfurase (IscS), and the exact mechanism of RSS- re-
and carbon monoxide (CO) as the third established gas- duction to S?- and eventual [2Fe-2S] cluster formation re-
otransmitter.2 Recognition of the broad biological signifi- mains an active area of study.!*'¢ Furthermore, persulfida-
cance of HzS has led to the rapid development of chemical tion from cysteine thiolates mediated by both redox-active
tools for delivery and detection of H2S and its related reac- and redox-inactive metal centers has been observed in
tive sulfur species (RSS).3 In addition to the biological roles tetraprolin (TPP),'”*® ZnCu superoxide dismutase (SOD),'
of H:S in eukaryotic organisms, specialized prokaryotes liv- 20 cysteine dioxygenase (CDO)*! NiFe hydrogenases,?23
ing in sulfur-rich environments have long used sulfides (S?- and other iron-sulfur (Fe-S) cofactors during assembly/dis-
) as their main energy sources, and multi-electron oxidation assembly.?*2¢ Sulfide detoxification is of paramount im-
of S2-to sulfate (SO42-) remains one of the major reactions in portance in mammals and is mainly achieved by persulfide
the global sulfur cycle.* dioxygenase (ETHE1), which is a non-heme iron-dependent

oxygenase that catalyzes oxygenation of glutathione persul-
fide (GSS-) to sulfite (SO3%-).27-2° The proposed mechanism
involves initial end-on binding of GSS- to the mononuclear
Fell site, although the crystal structure of substrate-bound
ETHE1 remains elusive due to the poor stability of persul-
fide-bound species.?® Furthermore, interactions of RSS-
with metalloenzymes have also been observed in numerous
sulfur-oxidizing bacteria and archaea that utilize Mo,3!

Regulation of biological HzS levels in most organisms in-
volves the intermediacy of persulfides (RSS-), which are
typically in the form of translationally or post-translation-
ally modified cysteine/glutathione residues bearing an ad-
ditional sulfur atom in the -1 oxidation state.5-8 RSS- are of-
ten reductant-labile sources of biological S?- and have been
widely implicated in mammalian HzS biogenesis by 3-mer-
captopyruvatesulfurtransferase (3-MST) and also in the



heme,32-33 and non-heme Fe34-35 containing enzymes to cat-
alyze the oxygenation of RSS- to SO3%- to provide additional
electrons for carbon fixation and respiration. Despite the bi-
ochemical significance of RSS-, close examination of RSS-
and bioinorganic metal centers have often been hampered
by the poor stability of RSS-. The vital biological roles of
RSS- and the associated complex reaction pathways with bi-
ological metal ions highlight both the need and opportunity
for rational synthetic strategies to access RSS- containing
model complexes to elucidate the spectroscopy, electronic
structures, and biologically relevant reactivity of RSS- con-
taining metalloenzymes.
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Figure 1. Selected examples of persulfide interaction with bio-
inorganic metal centers. (a) Fe-S cluster biogenesis from per-
sulfides, (b) Oxygenation of persulfides by ETHE1 and SoxCD,
(c) Oz assisted persulfidation at TPP.

The wide redox availability of sulfur and highly complex
interconversions between different reactive sulfur species
through both one and two-electron mechanisms pose both
opportunities and challenges for understanding the reactiv-
ity of RSS-. Despite the prevalence of RSS- in biology, syn-
thetic systems of free RSS- anions or those ligated to metal
centers are scarce due to the high lability of RSS-, which
equilibrate with longer chain alkyl polysulfides (RSSS»),
polysulfide radicals (S3-), and disulfides (RzSz) in solution,
further exacerbating modeling direct interactions between
RSS- and transition metal centers.3¢-4! In addition, direct
generation of metal alkyl persulfides complexes from metal
thiolates and elemental sulfur (Ss) remains a synthetic path-
way with poor selectivity, often yielding transition metal al-
kyl polysulfides and one-electron oxidized transition metal
polysulfides.#>43 Reported transition metal persulfide com-
plexes have primarily generated as side-products and tar-
geted syntheses are largely reliant on both the identities of
metal centers and the associated primary coordination
spheres.*44> To our knowledge, there are only three struc-
turally characterized mononuclear alkyl persulfide

complexes of late first-row transition metals (Figure 2). Ko-
vacs and co-workers reported the first structurally charac-
terized examples of late first-row transition metal n?-alkyl
persulfide  complexes  [Fel'(SMe2N3(Et,Pr)(n2-Sz)][PFe]
through outer sphere oxidation of the corresponding thio-
late complexes with FcPFs.4¢ Potenza and co-workers re-
ported the first n'-alkyl persulfide ligated Cu complex
Cul'(tet-b)SSCH2C02 in an attempt to prepare the corre-
sponding Cu" thiolate relevant to the blue copper protein.*”
As a final example, Artaud and co-workers have prepared
the first examples of RSS- ligated Zn"" complexes using the
basic hydroxo moiety of TpZn"OH (Tp: trispyrazolborate)
to deprotonate sterically protected Ph3CSSH and ‘BuSSH.*8
The role of basic hydroxo group within the primary coordi-
nation sphere proved essential to the successful isolation of
RSS- ligated species, although extension of this approach to
other scaffolds has not been reported. Herein, we report a
rational strategy for the syntheses of traditionally poorly
accessible alkyl persulfide complexes using contact-ion sta-
bilized RSS- and describe the implications for thiolate per-
sulfidation.
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Figure 2. Selected examples of structurally characterized alkyl

persulfide complexes of late first-row transition metals.

Results and Discussion

Syntheses and Characterization of Alkyl Persulfide
Complexes.

Prior work in our group demonstrated that reactive alkyl
dichalcogenide anions function as discrete, isolable motifs
when complexed to [K(18-crown-6)]*.#° Extending on this
work, we prepared the more sterically encumbered [tBuSS]-
complexed to [Na(15-crown-5)]* following similar proce-
dures as a synthon for metal alkyl persulfide complexes
(Scheme 1a). A sterically bulky ‘Bu substituent was chosen
due to the electrophilic nature of the internal sulfenyl atom
of RSS-, which can be attacked by other nucleophiles in the
absence of steric protection.5%-5! Pre-complexation of
NaStBu with 15-crown-5 in MeCN followed by the addition
of Sg afforded [Na(15-crown-5)][tBuSS] (1), which exhibits
no observable equilibration with higher-order polysulfides
in solution by 'H NMR spectroscopy or UV-vis spectroscopy
unlike previously reported [PPh4][(BuSS] (Figures S1, S20).
The UV-vis spectrum of 1 reveals a single absorption band
at Amax = 369 nm corresponding to the nb — ¢* transition,
comparable to previously reported [K(18-crown-6)][BnSS]
()Lmax =373 nm).



Scheme 1. (a) Synthesis of alkyl persulfide precursor 1. (b)
Preparation of alkyl persulfide complex 2. (c) Preparation of
thiolate complex 3.
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To test our hypothesis that alkali metal complexed RSS-
can be used to access M-SSR complexes, we initially moni-
tored the reaction between [Co"(TPA)(OTf)][OTf] and 1 in
MeCN by UV-vis, which generated new distinct absorption
bands at Amax = 506 nm and 635 nm corresponding to S —
Co?* charge transfer (CT) and spin-allowed d-d transition,
respectively (Figure 3a). Repeating this reaction on a syn-
thetic scale at -35 °C afforded [Co"(TPA)(SS:Bu)][OTf]
(2-0Tf), which was then treated with NaBPhas to afforded
dark purple compound [Co!(TPA)(SS‘Bu)][BPh4] (2-BPh4)
(Scheme 1b). Interested in understanding the fundamental
structural and spectroscopic differences between metal al-
kyl persulfide and alkyl thiolate, we also prepared thiolate
complex [Co!'(TPA)(S‘Bu)][BPhs4] (3:BPh4) by treating
[Co!'(TPA)CI][BPh4] with NaS‘Bu in MeCN (Scheme 1c). Al-
kyl persulfide complex 2 is stable in the solid state under
inert conditions for days but gradually decomposes in solu-
tion to give the corresponding thiolate 3 and other S° con-
taining species similar to the decomposition pathway for
RSSH.52 We used the Evans method to determine solution
magnetic susceptibility values of per= 4.02 s for 2 and pes=
4.10 us for 3, both supporting high spin S = 3/2 Co!! centers
in a trigonal bipyramidal coordination environment. The 'H
NMR spectrum of 2 in CD3CN in the paramagnetic region
shows drastically shifted pyridyl CH (ac-#: 130.6 ppm, Bc-#:
55.0 ppm, 49.4 ppm) and methylene CHz (100.5 ppm) reso-
nances when compared to those of the parent compound
[Co''(TPA)(OTf)][OTf] (Figures S4-S5). In addition, a new
broadened singlet at 8.69 ppm was observed corresponding
to the tBuCHs proton resonance of 2, which is shifted far up-
field compared to the ‘BuCHs proton resonance of 3 (34.95
ppm), consistent with the greater number of bonds separat-
ing the tBuCHs protons and the paramagnetic center in 2
versus 3. The UV-vis spectrum of 2 in CH:Cl: features a d-d
transition at Amax = 638 nm, which is slightly blue-shifted
from the related feature of 3 at Amax = 648 nm (Figures S22,
S24).

To further understand the effect of coordination of RSS-
to Lewis acidic metal centers, we investigated the electronic
environment of S-S bonds in 1 and 2 using confocal Raman
spectroscopy and observed sharp Raman peaks in the S-S
stretching region at 456 cm-! and 522 cm™! for 1 and 2, re-
spectively (Figure 3b). The observed difference in vibra-
tional frequency between 1 and 2 is consistent with our hy-
pothesis that coordination of RSS- to Lewis-acidic Co?* alle-
viates lone-pair repulsion between the terminal and inter-
nal S atoms, which results in strengthening of the S-S bonds
in the coordinated RSS-. Surprisingly, Raman spectroscopic
features for biological or synthetic RSS- are scarce in pre-
sent literature, and the sole example of RSS- charactered by
Raman spectroscopy  to our  knowledge is
[Fe2S2(©vsS)2(©vsSS)2]?- found in the O:-sensing fumarate ni-
trate regulator (FNR) with vs_s = 498 cm-1.25
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Figure 3. (a) UV-vis trace of the reaction between
[Coll(TPA)(OTH)][OTf] (red trace) and 0 - 1.6 equiv. [Na(15-
crown-5)][SStBu] in MeCN at room temperature to afford
2-0Tf. (b) Confocal Raman spectra of single crystals of 1 (or-
ange trace) and 2 (red trace).

We further confirmed the structure of persulfide ligated
2-BPhs using X-ray crystallography (Figure 4). Red-purple
crystals suitable for X-ray diffraction were obtained from
layering a saturated solution of 2-BPh4 in CH2Cl2 with hex-

anes and storing at -35 °C for 2 weeks. The geometry of
2-BPhsis trigonal bipyramidal, similar to the corresponding
thiolate complex 3-BPh4 and other reported five-coordinate
Co" TPA complexes. The presence of one anionic tBuSS- lig-
and and one BPh4~ counterion (per Co) further supports co-
balt in the Co(II) oxidation state. The coordination mode of
the ‘BuSS- ligand is best described as a monodentate n!-al-
kyl persulfide with Co-S(1) and Co-S(2) of 2.311(2) A and
3.312(3) A, respectively. The S(1)-S(2) bond distance for
2-BPh4is 2.087(4), which is similar to other reported n'-al-
kyl persulfide complexes but shorter than the only reported
first-row transition metal n2-alkyl persulfide complex
[Felll(SMe2N3(Et,Pr) (n?-S2)][PFe].46-48 Alkyl persulfide 2:BPhs
and thiolate 3-BPhas share similar structural features as evi-
denced by minor differences in Co-S(1) distances (2.288(1)
A for 3-BPhs vs. 2.311(2) A for 2-BPh4) and Co-N(1) dis-
tances (2.256(3) A for 3-BPhs vs. 2.224(6) A for 2-BPhs). To
the best of our knowledge, 2:BPha is the first nt-alkyl per-
sulfide complex for Co.



Figure 4. Solid-state structures of 2-BPh4 and 3-BPh4. Magenta,
blue, yellow, and gray ellipsoids represent Co, N, S, and C atoms,
respectively. Ellipsoids are shown at the 50% probability level.
Counterions and H atoms are omitted for clarity.

We also investigated the effect of thiolate persulfidation
on the redox potential of the metal centers by performing
cyclic voltammetry (CV) experiments on both persulfide 2
and thiolate 3 (Figure 5). The CV of thiolate 3 in the -1.0 to
+1.0 V potential range revealed both oxidation of Co%* —
Co3+ (Er2= +818 mV vs SCE) and subsequent reduction of
Co3* - Co?* (Erc=-289 mV vs SCE). The large peak-to-peak
separation for these redox features is consistent with the
general electronic behaviors for previously reported trigo-
nal bipyramidal Co?* complexes with TPA ligands.>3-54 In ad-
dition, Kovacs and co-workers have described the redox be-
haviors of a structurally similar five-coordinate Co' thiolate
complex [Co"(SMe2Ny-(tren)]* (EP2=+270 mV vs SCE, EPc= -
729 mV vs SCE), in which electrochemical oxidation of Co?*
— Co3*yields a stable solvent-bound six-coordinate species
in solution.>s Similar electrochemically irreversible redox
behaviors were observed in the CV of persulfide-ligated 2,
but we did observe a significant cathodic shift for both oxi-
dation event of Co?* = Co3* (EP2=+89 mV vs SCE) and sub-
sequent reduction event of Co3* — Co?* (EP¢= -896 mV vs
SCE). One of the fundamental differences between persul-
fides and thiolates is that persulfides are far stronger bio-
logical nucleophiles due to the a-effect.5¢ Our results sug-
gest that persulfides are also stronger donating biological
ligands than thiolates, and thiolate persulfidation as a post-
translational modification may drastically alter the redox
potentials of metallocofactors that participate in electron-
transfer reactions or Oz activation.

Current (A)

Potential (V) vs. SCE

Figure 5. Cyclic voltammograms of 2:BPhs4 (purple trace) and
3-0Tf (teal trace) in a solution of 0.3 M [NBu4][PFs] in MeCN
with an 100 mV/s scan rate.

Having established the impact of persulfide coordination
on the redox potential of the metal, we also investigated the
redox behavior of anionic persulfide 1. Biological RSS- can
undergo facile one-electron oxidation to generate reso-
nance-stabilized perthiyl radicals (RSS*) or one-electron re-
duction to form highly reactive alkyl persulfide radical ani-
ons (RSSH*-/RSS*2-).57-59 When analyzing the CV of 1, we ob-
served an electrochemically irreversible oxidation event at
-214 mV vs SCE, which we attribute to formation of the un-
stable perthiyl radical (Figure S34). This peak oxidation po-
tential is more negative than HS- oxidation (EP2=+35 mV vs
SCE for [NBu4][SH] in MeCN),° and is consistent with pre-
viously reported oxidation potential difference between bi-
ological RSS- and HS- (AE°x = ~ 0.23 V).61 In addition, coor-
dination of RSS- to Co?* center likely shifts RSS-/RSS oxida-
tion event toward more positive direction. CV of 2 with
wider potential range revealed a second irreversible feature
at +670 mV vs SCE, which may correlate to RSS- oxidation
(Figure S36). Upon electrochemical reduction, we did not
observe any notable reduction features in the CV of 1, sug-
gesting reduction of free RSS-to S?- and RS- occurs at highly
reducing and inaccessible potentials (Figure S35). The RSS-
reduction, however, does appear to be accessible once coor-
dinated to Co?* based on the two irreversible reduction fea-
tures emerged in the CV for 2 at -1420 mV and -1630 mV
vs SCE, which are assigned as RSS-and Co%*— Co'*reduction
events, respectively, after surveying known Co?*— Co!* re-
duction potentials for a number of Co?* TPA complexes with
less donating halide ligands.®2-¢* We anticipate 2 with more
donating RSS- ligand would possess a more negative reduc-
tion potential than that of [Co"(TPA)(CI)]* (-1540 mV vs
SCE) for the Co?*— Co'* event.

Building from the spectroscopic, structural, and redox
properties of 2, we next investigated the fundamental reac-
tivity of this alkyl persulfide complex with simple chemical
reductants. To test whether metal-bound RSS- can produce
HS-/S?-, we treated 2 with two-electron reductant PPhs,
[NBu4][BH4], and also the common disulfide reducing agent
dithiothreitol (DTT) (Figure 6). Treatment of 2 in CD3CN
with PPhs resulted in formation of S?- in the form of S=PPhs
(8(3*'P) = 42 ppm) and the corresponding thiolate complex
3 was observed by 3'P and 'H NMR spectroscopy (Figures
S12-S13.) Upon treating 2 with [NBus][BH4] in MeCN, we
observed the consumption and oxidation of BHs-, formation
of thiolate 3, and liberation of HS- and tBuSH (Figure S14).
To further verify HS- formation, treatment with BnBr re-
sulted in BnSH and Bn2S: formation (Figure S15), whereas
treatment with PPhs failed to generate S=PPhs, which fur-
ther confirmed complete reduction of RSS- to HS-by
[NBu4][BH4] (Figure S16). Treatment of 2 with DTT, how-
ever, resulted in different product formation, and we ob-
served oxidation of DTT in the form of its corresponding di-
sulfide (DTTox), ‘BuSH, and a new paramagnetic species by
'H NMR spectroscopy and UV-vis spectroscopy with charac-
teristic absorbances at 347 nm, 466 nm, 521 nm, and 633
nm (Figures S17, S18, S28). Because free RSS- can release
HS- upon reduction by thiols, we also performed a control
experiment between [Co"(TPA)(OTf)][OTf] and [NBu4][SH]
in MeOH, which generated a new green species with identi-
cal 'H NMR and UV-vis spectroscopic features (Figure S9,
S27). The identity of this product was further determined
by X-ray crystallography to be [Co'2(TPA)2(u?-SH)2][OTf]2



(4) (Figure 6b). Although crystallized as a dimer, hydrosul-
fide 4 is monomeric [Co"(TPA)2(SH)]* in solution as evi-
denced by 'H NMR spectroscopy and a solution magnetic
susceptivity of per= 4.01 us (Figure S17). The reductive re-
activity is consistent with our prior observations with free
RSS- anion and suggests that metal-bound RSS- can also
serve as reservoirs of S2-,
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Figure 6. (a) Reductive reactivity of alkyl persulfide complexes
toward PPhs, [NBu4][BH4] and dithiothreitol (DTT) (DTTox:
trans-4,5-Dihydroxy-1,2-dithiane). (b) Solid-state structures of
4. Magenta, blue, yellow, and gray ellipsoids represent Co, N, S,
and C atoms, respectively. Ellipsoids are shown at the 50%
probability level. Counterions and H atoms are omitted for clar-
ity.

Conclusion

We have described a rational strategy to directly probe
the reactivity between transition metal centers and RSS-
relevant to cysteine posttranslational modification. The re-
action between [Na(15-crown-5)]* stabilized RSS- enabled
the synthesis of the first end-on Co'" alkyl persulfide com-
plex, which provided insights into metal thiolate persulfida-
tion including the fundamental differences between alkyl
persulfides and alkyl thiolates. Furthermore, we have
demonstrated that this simple synthetic strategy can yield
new model platforms for future reactivity studies including
the reduction chemistry from RSS- to S~ relevant to Fe-S
cluster biogenesis, Oz activation chemistry relevant to bio-
logical sulfide catabolism by ETHE1, and other metalloen-
zyme-mediated chemical transformations relevant to the
global sulfur cycle. We anticipate that this approach will be
a fruitful path from which to investigate other metal alkyl
persulfide motifs that have previously been inaccessible.

Experimental Section

Materials and Methods. All manipulations were carried
outin an Inert Atmospheres nitrogen-filled glove box unless
otherwise noted. Chemicals were purchased from TCI,
Sigma Aldrich, VWR International, Acros, Alpha Aesar, or
Cambridge Isotopes. Molecular sieves (4 A) and Celite®

were activated by heating to 300 °C under vacuum and were
stored under Ni. Bulk solvents were deoxygenated and
dried by sparging with argon gas followed by passage
through an activated alumina column in a Pure Process
Technologies solvent system. Solvents are stored over 4 A
sieves under a nitrogen atmosphere. Anhydrous and de-
gassed MeOH was purchased from Thermo Fischer. CD3;CN
was distilled over K2COs under N2z and stored over activated
4 A sieves prior to use. CD2Cl, was distilled over CaH; and
degassed through three freeze-pump-thaw cycles. NaS:Bu
was prepared by deprotonation of ‘BuSH with NaH in THF.
Previously reported [Co"(TPA)OTf][OTf] was prepared by
stirring commercially available CoOTf; with TPA ligand in
MeCN.53 [NBu4][SH] and [Co"(TPA)CI][C]l] were prepared
following literature procedures,® 62 and salt metathesis re-
action between [Co'(TPA)CI][C]] and NaBPhs in MeCN af-
forded [Co!(TPA)CI][BPh4] bearing identical UV-vis fea-
tures and diagnostic paramagnetic 'H NMR resonances of
[Co(TPA)CI][C]]. UV/vis spectra were acquired on an Ag-
ilent Cary 60 UV/vis spectrophotometer equipped with a
Quantum Northwest TC-1 temperature controller. NMR
spectra were acquired on a Bruker Avance-III-HD 600 spec-
trometer (*H: 600 MHz, 13C: 151 MHz, 31P: 242 MHz), Chem-
ical shifts are reported in parts per million (6) and refer-
enced to residual protic solvent resonances. Mass spec-
trometry was performed by the Microanalytical Facility at
University of Illinois Urbana-Champaign. IR spectra were
acquired on a Nicolet 6700 IR Spectrometer as KBr pellet
samples.

Confocal Raman Microscopy. Confocal Raman spectra
were acquired on a Renishaw inVia confocal Raman micro-
scope. Optimal spectra of 1 and 2 were collected using a 50x
objective lens with a 2400/mm grating and a 488 nm laser.
The instrument was calibrated using a Si wafer prior to use.
Air-sensitive microcrystalline samples 1 and 2 were pre-
pared inside a glovebox, placed on a glass slide, coated with
ParatoneN oil, and covered with a glass slide cover slip be-
fore removing from an inert atmosphere for further analy-
sis.

Electrochemical Measurements. Cyclic voltammo-
grams (CVs) were recorded in a nitrogen atmosphere using
a Biologic SP-50 potentiostat with a glassy carbon working
electrode, a platinum wire auxiliary electrode, and an
Ag/AgNO3 (0.001M) non-aqueous reference electrode. All
potentials are referenced to the SCE couple, and ferrocene
was used as an external standard where the E% of ferro-
cene/ferrocenium is +0.40 V vs. SCE in 0.3 M [BusN][PFs]
MeCN. [BusN][PFs] was recrystallized from ethanol and
placed under vacuum for 72 hours at 85 °C before electro-
lyte solutions were made from anhydrous and Ar saturated
MeCN.

X-ray Crystallography. Diffraction intensities were col-
lected at 173 K (3-BPhs and 4-(0Tf)2) and 223 K (2-BPh4) on
Rigaku Synergy-S and Bruker Apex2 single crystal diffrac-
tometers using CuK« (3-BPhs) and MoKu (2:BPhs and
4-(0Tf)2) radiation, 1.54178 A and 0.71073 A respectively.
Space groups were determined based on systematic ab-
sences. Absorption corrections were applied by SADABS.65
Structures were solved by direct methods and Fourier tech-
niques and refined on F? using full matrix least-squares pro-
cedures. All non-H atoms were refined with anisotropic



thermal parameters. H atoms in 2-BPhs and 4-(0Tf)2 were
refined in calculated positions in a rigid group model except
the H atom at the S atom in 4-(0Tf)2. The -SH- bridge in
4-(0Tf)2 is disordered over two positions with opposite ori-
entations. The H atom at the S atom in both disordered po-
sitions were found on the residual density map but it was
refined with restrictions: the standard S-H distance of 1.34
A was used as the target for the S-H bonds in both positions.
H atoms in 3-BPhs were found on the residual density map
and refined with isotropic thermal parameters. Solvent
molecules (CHzClz in 2-BPhs and CH30H in 4-(0Tf)2) are
highly disordered and were treated by SQUEEZE.%¢ Crystals
of 2-BPhs are formed as twins consisting of two domains
with significant overlapping for X-ray reflections. The struc-
ture of 2-BPhs was determined and refined based on the
HKLF4 set only. However, it provides an appropriate ratio
of the number of the measured reflections per the number
of the refined parameters 6947/487. The refinement of this
structure based on the HKLF5 set did not improve the final
results. All calculations were performed by the Bruker
SHELXL-2014/7 package.®”

Syntheses of Compounds.

[Na(15-crown-5][ tBuSS] (1). A solution of 15-crown-5
(353 mg, 1.60 mmol) in MeCN (1 mL) was added to a stir-
ring suspension of NaS‘Bu (150 mg, 1.33 mmol) in MeCN (1
mL) to yield a clear reaction mixture. Solid Ss (34.3 mg, 1.07
mmol) was added to the reaction mixture turning the ini-
tially clear solution to teal green. The reaction mixture was
stirred for 2 h to yield a homogenous yellow solution, which
was filtered through a pad of Celite. The resulting pale-yel-
low filtrate was concentrated under reduced pressure to a
quarter of its original volume and was layered with excess
Et20. Storing this mixture at -35 °C overnight gave an off-
white crystalline solid, which was collected by decanting
the supernatant followed by drying under reduced pressure
(202 mg, 44 %). 'H NMR (600 MHz, CD3CN): 6 3.64 (s, 20H,
15-crown-5), 1.20 (s, 9H, C(CHs)3). 3C{*H} NMR (151 MHz,
CD3CN): 69.6,41.8, 29.8. UV-vis in CH3CN Amax (em, M-lcm™1):
369 (524).

[Co"(TPA)(SStBu)][BPh4](2-BPh4). Separate solutions of
[Co''(TPA)(OT)][OTf] (177 mg, 0.267 mmol) in a MeCN :
THF (1:1) solvent mixture (10 mL) and 1 (100 mg, 0.294
mmol) in THF (2 mL) were cooled to -35 °C in the freezer
for at least 15 min. Cold solution of 1 was then added drop-
wise to the stirring solution of [Co"(TPA)OTf][OTf] during
which the initially dark red solution turned maroon purple.
The reaction mixture was allowed to stir for 2 h at room
temperature before filtration through a pad of Celite. Vola-
tiles from the dark purple filtrate was removed in vacuo to
give a purple solid, which was washed with excess cold
MeOH followed by drying under reduced pressure to give a
brownish purple powder containing desired complex
2-BPhsand minor byproduct 3-BPhs4. The crude product was
redissolved in minimal cold MeCN, layered with excess Et20,
and held at -35 °C to give microcrystalline dark purple sol-
ids, which was collected through filtration. Dark purple
crystalline plates suitable for X-ray diffraction were ob-
tained by layering minimal hexanes onto a saturated solu-
tion of 2-BPhs in CH2Clz held at -35 °C for 2 weeks (70 mg,
33 %). 'H NMR (600 MHz, CD3CN): § 130.55 (s, 3H, Py ac-u),
100.50 (s, 6H, N(CHz)3), 55.03 (s, 3H, Py fc-n), 49.41(s, 3H,

Py B’c-n), 8.69 (s, 9H, C(CH3)3), 7.36 (s, 8H, BPh4 0-CH), 6.96
(s, 8H, BPhs- m-CH), 6.77 (s, 4H, BPhs p-CH). -0.65 (s, 3H,
Py yc-n). UV-vis in CH2Clz Amax (em, M~lcm-1): 345 (1402),
521 (822), 638 (405). HRMS (ESI) m/z [M]* caled for
[C22H27CoNaSz]* : 470.1009; found: 470.1180. Evan’s
Method (CH2Clz2): pei= 4.02 ug at 298K

[Co"(TPA)(SStBu)][OTf](2-OTf). [Co''(TPA)(OTH)][OTH]
(192 mg, 0.290 mmol) was dissolved in MeCN (5 mL) to give
a purple solution, and this mixture was cooled to -35 °C in
the freezer for 15 min. A separate chilled solution of 1 (109
mg, 0.312 mmol) was added dropwise turning the initially
dark red solution to an intense maroon purple solution. The
resulting mixture was allowed to stir for 10 min before vol-
atiles were removed in vacuo to give a sticky residue. The
crude product was extracted into chilled fluorobenzene be-
fore filtering through a pad of Celite to remove salt byprod-
ucts. Volatiles were removed and the resulting solids were
washed with hexanes to removed 15-crown-5. The result-
ing product was recrystallized from layering Et20 over a sat-
urated solution of the crude material in MeCN to give purple
crystalline solids overnight (78 mg, 43%). Diagnostic UV-vis
and 'H NMR spectroscopic features for 2-OTf are consistent
with 2-BPha.

[Co"(TPA)(S'Bu)][BPh4](3-BPhs). [Co"(TPA)CI][BPh4] (59
mg, 0.078 mmol) was dissolved MeCN (3 mL), and solid
NaS‘Bu (9.2 mg, 0.082 mmol) was added. The reaction mix-
ture was allowed to stir overnight, during which the initially
teal green solution turned olive brown. The volatiles were
removed in vacuo, and the resulting dark brown solids were
extracted in minimal CH:Clz. The resulting cloudy olive
brown mixture was filtered through a Celite plug to remove
salt byproducts and the dark olive-green filtrate was lay-
ered with minimal hexanes. Storing this mixture at -35 °C
afforded yield crystalline dark olive brown plates suitable
for X-ray diffraction (29 mg, 49%). 'H NMR (600 MHz,
CDsCN): 6 117.71. (s, 3H, Py ac-n), 96.33 (s, 6H, N(CH2)3),
54.33 (s, 3H, Py fSc-n), 50.02 (s, 3H, Py B’c-n), 34.95 (s, 9H,
C(CHs)3), 7.43 (s, 8H, BPh4 0-CH), 6.95 (s, 8H, BPhs- m-CH),
6.72 (s, 4H, BPhs~ p-CH). UV-vis in CH2Cl2 Amax (em, M~1cm™1):
344 (1331), 408 (1816), 460 (1344), 536 (230), 648 (406).
HRMS (ESI) m/z [M]* calcd for [Cz22H27CoNaS]*: 438.1288;
found: 438.1259. Evan’s Method (CH2Cl2): pesr= 4.10 us at
298K

[Co"(TPA)(SBu)][OTf](3-0Tf). [Co'(TPA)(OTf)][OTf] (50
mg, 0.076 mmol) and NaS‘Bu (8.5 mg, 0.076 mmol) was
stirred in MeCN to give a dark olive green solution over-
night. The volatiles were removed in vacuo and resulting
solids were extracted in fluorobenzene then filtered
through Celite to remove salt byproducts. Solvents were re-
moved under reduced pressure, and crude product was ex-
tracted into minimal MeCN, layered with Et20, and stored in
the freezer overnight to give dark brown crystals (12 mg, 27
%). Diagnostic UV-vis and 'H NMR spectroscopic features
for 3-0Tf are consistent with 3-BPha.

[Coz(TPA):(u?-SH):][OTf]: (4-(0Tf)2).
[Co"(TPA)(OTH)][OTf] (63 mg, 0.095 mmol) was dissolved
in anhydrous MeOH (2 mL) and [NBu4][SH] (5.6 mg, 0.10
mmol) in MeOH (1 mL) was added dropwise to the stirring
solution, turning the initially red-orange solution to forest
green. The reaction mixture was stirred for 10 min before
filtering through a pipet filter, and the filtrate was



concentrated to a third of its original volume. Layering ex-
cess Et20 over the concentrated filtrate followed by storing
the mixture at -35 °C afforded red block crystals suitable for
X-ray diffraction (11 mg, 22 %) 'H NMR (600 MHz, CD3CN):
8 116.68 (s, 3H, Py ac-u), 99.65 (s, 6H, N(CHz)3), 57.31 (s, 3H,
Py Bc-n), 48.61 (s, 3H, Py fc-u), -1.49 (s, 3H, Py yc-u). UV-vis
in MeOH Amax (em, M-lcm1): 344 (1801), 463 (269), 514
(264), 625 (319). Evan’s Method (CH2CN): pefr= 4.01 us at
298K.

Reduction of 2 by DTT. Compound 2-BPh4 (17 mg, 0.021
mmol) was dissolved in CD3CN (2 mL) in an NMR tube and
DTT (3.3 mg, 0.021 mmol) was added. The reaction mixture
was allowed to stand overnight, during which the reaction
mixture turned from purple to a blackish color. The crude
mixture was then analyzed by 'H NMR spectroscopy to
show the formation of DTT.y, ‘BuSH, and 4. (Figure S17-
$18).

Reduction of 2 by [NBu4/[BH4]. Compound 2-OTf (10 mg,
0.016 mmol) was dissolved in MeCN (2 mL) and
[NBu4][BH4] (5.0 mg, 0.018 mmol) in MeCN was added
dropwise. The reaction mixture was allowed to stir over-
night before solvents were removed under reduced pres-
sure. The 'H NMR spectrum of the crude reaction mixture
showed full consumption of [NBu4][BH4] and did not reveal
formation of 4 but rather of 3. Treatment of the crude mix-
ture with excess BnBr enabled trapping of HS- as BnSH and
Bn:S, and treatment of the crude mixture with PPhs showed
no formation of S=PPhs indicating full reduction of RSS- to
S%-.(Figure S14-S16)

Reduction of 2 by PPhs. A sample of 2-BPhs (18.9 mg,
0.0237 mmol) in CD3CN in an NMR tube was treated with
PPhs (6.20 mg, 0.024 mmol) in CD3CN. The tube was shaken
vigorously during which the initially dark purple solution
turned olive brown, consistent with the appearance of 3.
Subsequent analysis by 'H and 3'P NMR spectroscopy re-
vealed the formation of S=PPhs and 3. (Figure S12-S13)
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