A Chromium-thiolate complex undergoing C-S bond cleavage
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Abstract

The cleavage of C-S bonds represents a crucial step in the fossil fuel refinement to remove organosulfur
impurities. Efforts are required to identify alternatives that can replace the energy-intensive
hydrodesulfurization process currently in use. In this context, we have developed a series of bis-
thiolate Cr'" complexes supported by the L ligand (L* = 2,2'-bipyridine-6,6'-diyl(bis(1,1-
diphenylethanethiolate), one of them displaying desulfurization of one thiolate of the ligand under
reducing and acidic conditions at ambient temperature and atmospheric pressure. While only 5-
coordinated complexes were previously isolated by reaction of L* with 3-d metal M" ions, both 5- and
6-coordinated mononuclear complexes have been obtained in the case of Cr", viz., [Cr''LCI], [Cr'"'LCl,]
, and [Cr'"LCI(CHsCN)]. The investigation of the reactivity of [Cr'"'LCI(CHsCN)] under reducing conditions

led to a dinuclear [Cr",L,(u-Cl)(u-OH)] compound and, in the presence of protons, to the mononuclear

LNZS-

Cr'" complex [Cr"(LN?%),]*, where is the partially desulfurized form of L. A desulfurization

mechanism has been proposed involving the release of H,S, as evidenced experimentally.

Introduction

Cleaving a C-S bond remains a major chemical challenge in the context of hydrodesulfurization (HDS)
in fossil fuels. HDS is a crucial industrial catalytic process aimed at producing cleaner hydrocarbon
products by eliminating organosulfur impurities from oil as H,S. This process relies on a Mo-sulfide
catalyst containing cobalt and operates under high pressure (160-600 psi pressure of H,) and high
temperature (300-450°C).* Developing a desulfurization pathway with reduced energy consumption
becomes urgent to foster a sustainable industrial paradigm shift. In this context, exploring transition
metal ions and their reactivity towards sulfur-based organic substrates emerges as an attractive
alternative.’

Diverse hydrodesulfurization approaches using different transition metal ions have been reported in
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the literature, with only a few working under catalytic conditions.?°2* In the main cases, C-S bond

cleavage occurs after sulfur coordination to the metal ion and involves metal insertion, resulting in
hydrosulfide metal complexes. Examples of complete desulfurization with molecular complexes

involving decoordination of the resulting sulfur moiety, are relatively uncommon,® 2% %

and generally
require prolonged exposure to irradiation or UV light, or high temperature or pressure of H, over a long
period.

' complexes bearing the ligand L? (L% = 2,2'-

In this study, we have explored a series of bis-thiolate Cr
bipyridine-6,6'-diyl(bis(1,1-diphenylethanethiolate),?® which was successfully employed in the

synthesis of 3d-metal complexes for different purposes in the domain of bio-inspired chemistry,



particularly in relation to (electro)catalytic reduction processes.?’-?® Five new thiolate-supported Cr"

complexes, including the 6-coordinated [Cp.Co][Cr"LCl,] and [Cr"LCI(CHsCN)], and 5-coordinated
[Cr'"LCI] (Scheme 1) were isolated and characterized. Interestingly, [Cp.Co][Cr"'LCl,] and [Cr"'LCI(CHsCN)]
are the first examples of 6-coordinated complexes supported by L with M" ions, since only 5-
coordinated complexes were previously isolated (M= Ni, Co, Fe, Mn). 232 Unexpectedly, we evidenced
that when [Cr'"LCI(CHsCN)] is exposed to reducing and acidic conditions, the ligand undergoes
desulfurization, conditions that are pertinent to the hydrogen evolution reaction (HER). In light of this,
we subsequently discussed the mechanistic aspects of this reaction to rationalize this observed
reactivity.
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Scheme 1. Chemical paths for synthesizing the complexes [Cr'"'LCI], [Cr'"'LCI(CHsCN)] and [Cr'"'LCl,].

Results

Synthesis and X-ray structures of a series of mononuclear dithiolate-based Cr'"' complexes. The

[Cr'LCI(CHsCN)] complex was isolated as a yellow solid by a reaction between L% and [Cr"'(THF)sCls] in
THF and following treatment involving the use of MeCN (Scheme 1). The X-ray diffraction structure of
the complex, resolved from single crystals grown by diffusion of CH3;CN into a CH,Cl; solution of the

product, reveals a 6-coordinated Cr'"

complex. When the product is redissolved in CH,Cl, in the absence
and presence of an excess of chlorides (n-BusNCl or [CoCp-]Cl), the red-purple 5-coordinated complex
[Cr'"LCI] and the red-orange 6-coordinated complex [Cp.Co][Cr'"'LCl,] were isolated (Scheme 1) and
characterized by X-ray diffraction (Fig. 1). Table 1 gives selected bond distances of the three complexes

(see Sl for more details, Tables S1-S3).
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Figure 1. Molecular structures of [Cr'"LCI], [Cr"LCI(CHsCN)], [Cp2Co][Cr"LCl,] determined by single-
crystal X-ray diffraction. The thermal ellipsoids of the metal cores are drawn at a 30% probability level.
All hydrogen atoms and solvent molecules are omitted for clarity.

Table 1. Selected bond distances for the [Cr'"'LCI], [Cr"'LCI(CH3sCN)], [Cp2Co][Cr"LCl;] complexes

[criLel] [CrLCI(CH3CN)] [Cp2Co][CrLCl,]
Cr-s1 2.283(20) Cr-s1 2.353(15) Cr-s1 2.348(04)
Cr-S2 2.291(84) Cr-S2 2.334(25) Cr-s2 2.355(22)
Cr-N1 2.063(19) Cr-N1 2.0928(0) Cr-N1 2.075(61)
Cr-N2 2.068(66) Cr-N2 2.077(07) Cr-N2 2.079(16)
cr-cl 2.244(90) Cr-N3 2.106(43) Cr-Cl1 2.409(96)
cr—Cl 2.328(96) Cr-Cl2 2.362(19)

In the pentacoordinated [Cr''LCI] complex, the chromium center is in a distorted square planar
pyramidal geometry (ts value of 0.058)* with the chloride occupying the apical position (dcr.c =
2.244(90) A) and the N2S2 donor atoms of the L ligand in the equatorial plane. [Cr"LCI] is isostructural
to the previously described parent complexes [Fe"LCI] (s value of 0.328, dre.ci= 2.313 A)** and [Co"'LCl]
(15 value of 0.360, dco.ci = 2.3336(5) A).>° The comparison between these three structures evidences
that going from Co to Cr, the geometry around the metal ion is less distorted. The distance between
the metal ion and the mean N25S2 plane follows the inverse trend, 0.485 A, 0. 537 A, and 0.548 A for
the Co, Fe, and Cr complexes, respectively. However, a recent analysis of all the available structures of
five-coordinated complexes showed no direct correlation between the 15 value and the distance
between the metal and the basal plane.®*

In contrast to all other five-coordinated complexes that have been previously isolated and
characterized with L%, i.e. [M"LX] (M= Co, Fe, Mn; X = Cl, Br, 1),3°32 a sixth ligand, either a solvent
molecule or an additional chloride, can coordinate to the Cr'" center, leading to six-coordinated
mononuclear Cr'"" complexes, i.e. [Cr'"LCI(CHsCN)] and [Cp.Co][Cr'"'LCl,]. This likely reflects the high

jon in octahedral geometry. As expected, in the

ligand field stabilization energy for the d* Cr
dissymmetric [Cr''LCI(CH3sCN)] complex, the Cr'" center is displaced towards the chlorido ligand by 0.148
A, as measured from the mean N2S2 plane towards CI". In contrast, a negligible displacement is
observed in the symmetric complex [Cp.Co][Cr"'LCl,], ranging from 0.074 A to 0.084 A. Besides, an
expected elongation of the Cr-Cl bond(s) compared to [Cr'"'LCI] is observed in both [Cr'"LCI(CHsCN)] (dcr-

a=2.328(96) A) and [Cp,Co][Cr"LCl,] (der-ci= 2.409(96) A and 2.362(19) A).

" complexes. The positive ion ESI mass

Characterization of the mononuclear dithiolate-based Cr
spectrum of the 5-coordinated [Cr"'LCI] complex exhibits the expected peak at m/z = +630.04 for [Cr"'L]*,
the chloride ligand being lost to generate a positive ion (Fig. S2). The UV-vis spectrum of a dark red
solution of [Cr'"'LCI] in CH,Cl, reveals two intense bands at 440 nm and 530 nm, attributed to charge

transfer transitions, and a d-d transition at 725 nm (Fig. 3A).

The magnetic susceptibility of [Cr'"'LCI], [Cr"'LCI(CHsCN)], and n-BusN[Cr'"'LCl,] was measured between
2 Kand 295 K (Fig. 2A and Figs. S6-7). The ymT values at room temperature lie between 1.61 and 1.75
cm®mol~XK for all three compounds and confirm an S = 3/2 ground state with an expected spin-only
value of 1.875 cm®mol™K. The variable temperature-variable field magnetization measurements reveal
a quite small zero-field splitting IDI of ca. 1 cm™ for all compounds. The EPR spectra of [Cr'"'LCI] recorded
both in the solid state and in a CH,Cl; solution display features at low magnetic fields consistent with
an S = 3/2 spin state, and their similar patterns show that the five-coordinated geometry around the
Cr'ion is retained in CH,Cl; (Fig. 2B).
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Figure 2. A. yuT versus T plot for [CrLCl]. The inset shows variable temperature-variable field (VTVH)
magnetization measurements as Mmo vVersus wsB/kT. Solid lines represent the calculated curves fit with
parameters g = 1.86 and D = 1.3 cm™. B. cw X-band EPR spectra of [CrLCl] recorded at 100 K, in solid-
state (solid line) and in CH,Cl; solution (dotted line).

To investigate the coordination properties of CH3CN to the Cr'" center in [Cr'"'LCI] to give [Cr'"'LCI(CHsCN)],
UV-vis spectra were recorded in a mixture of solvents CH,Cl,/CHsCN with different ratios (1:0 to 1:1)
(Fig. 3A). By increasing the amount of CH3CN, the spectrum drastically evolves: a shift of the band at
530 nm to 500 nm and a decrease in intensity of both features are observed. This agrees with the
formation of the hexacoordinated Cr"-MeCN adduct, [Cr"LCI(CHsCN)], characterized by X-ray
diffraction (see above). When the CH,Cl,:CHsCN ratio reaches the value of 1, the adduct starts to
precipitate and can be isolated. Interestingly, the process is fully reversible: when crystals of
[Cr'"LCI(CHsCN)] are redissolved in CH,Cl, the UV-vis spectrum evidences the formation of [Cr'"'LCl].

As observed with the addition of CH3CN, when increasing amounts of n-BusNCl are added to a CH,Cl;
solution of [Cr''LCI] (from 0 to 200 eq, Fig. 3B), a hypsochromic shift of the two main transitions
accompanied by a loss of intensity is observed in the UV-vis spectrum. This agrees with the formation
of the hexacoordinated adduct n-BusN[Cr"'LCl,]. In both octahedral complexes, the coordination of a
sixth ligand also leads to the decrease of the d-d transition intensity.

While the positive ion ESI mass spectrum of [Cr"'LCI(CHsCN)] is indistinguishable from that of [Cr'"'LCl],
with a peak at m/z = 630.04 for [Cr'''L]*, the negative ion ESI mass spectrum of [Cr''LCl,] shows a peak
at 700.13 m/z corresponding to the molecular ion [Cr'LCl,]. Both six-coordinated Cr'"' complexes,
[Cr"LCI(CHsCN)] and [Cr''LCI,], have the expected S=3/2 ground state as attested by the magnetic data

and the respective EPR spectra with low-magnetic field features (Figs. S4-S5).
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Figure 3. UV-vis spectra of [Cr''LCI] (0.3 mM), A. in a mixture of CH,Cl,:CH3CN with increasing % of
MeCN (0 %, 5 %, 10 %, 25 %, and 50 % of MeCN), B. in CH,Cl, (0.25 mM) with various amounts of n-
Bu;NClI (0, 1,5, 20, 50, 10, 200 equiv.)

As a preliminary step in the attempt to access Cr' species, the reduction properties of the three
mononuclear Cr'" complexes have been investigated by cyclic voltammetry (CV). Cathodic scans are
shown for 0.1 mM solutions of [Cr"LCI(CHsCN)] and [Cr"LCl,]" in MeCN + 0.1 M of electrolyte (n-
BusNClO4 and n-BusNCl, respectively) in Fig. 4, and for [Cr"'LCI] in CH,Cl, + 0.1 M n-BusNClOy4 in Fig. S3.

All potentials are referred to the Fc*/Fc redox couple.
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Figure 4. (A) CVs of 0.1 mM solution of [Cr'"'LCI(CH3CN)] in MeCN + 0.1 M n-BusNCIO, recorded on a
glassy-carbon working electrode at 100 mV s™*. (B) CVs of 0.1 mM solution of n-BusN[Cr"LCl,] in MeCN
+ 0.1 M n-BusNClI recorded on a glassy-carbon working electrode at 100 mV s™. Dotted lines for CVs
recorded from O V to -2.25 V (A) and -2.20 V (B) and bold lines for CVs recorded from 0 V to -1.4 V (A)

and-1.6V (B).
The three complexes display two successive one-electron reduction processes. The first cathodic peak

is observed at Ei, = - 1.20 V for [Cr'"LCI(CH3CN)], E12 = - 1.29 V for [Cr'LCIy], and Ei, = - 1.21 V for
[Cr'"LCI]. This reduction process is assigned to the reduction of Cr''to Cr'". In [Cr'"'LCl,], the reduction



potential is shifted cathodically by 90 mV compared to [Cr'"LCI(CH3CN)], consistent with the higher
donor abilities of a {N;S,Cl,} set compared to a {N,S,Cl(MeCN)} one. No significant difference is
observed between [Cr'""LCI(CH3CN)] and [Cr''LCI], even though such comparison has to be considered
with caution due to the different solvents. In the case of [Cr"'LCl,]" and [Cr"'LCI], the Cr'"" redox couples
are reversible (AE, = 100 mV, ip/ipa = 1.1 and AE, = 120 mV, ip./ipa = 1.1, respectively). This evidences
rapid electron transfer and retention of chloride(s) coordination to the Cr' ion at the CV timescale.
Concerning [Cr''LCI(CHsCN)], the Cr'"/Cr" redox system at -1.20 V (AEp = 110 mV, ip/ipa = 1.2) is
accompanied by a secondary weak backward peak at Ep, =-0.80V, indicative of partial evolution of the
reduced species on the CV timescale.

Regarding the second cathodic redox system, it is observed at Ep. = -1.83 V (Epa1 = -1.72 V, Epa; = -
1.43V), for [Cr'"'LCI(CH3CN)], at Ep. =-1.87 V (Epa = -1.79 V) for [Cr'"'LCI,];, and at Ep. =-1.79 V for [Cr"'LCI].
By analogy with other L*-supported transition metal complexes, it can be assigned to a reduction
process primarily localized on the bipyridine unit, with the unpaired electron partly delocalized on the
chromium center. 37 While this redox system is reversible for [Cr''LCl,]" (AEp = 80 mV, ip./ipa = 1.0), it
becomes irreversible in the case of [Cr''LCI(CHsCN)], highlighting the significant role of the second
chloride ligand in stabilizing the doubly reduced product on the CV timescale. In the case of [Cr'LCI],
the ~3-fold higher intensity of this second reduction peak compared to that of the first one can be
attributed to some extent to the electrocatalytic reduction of CH,Cl, by the doubly-reduced complex,
as previously observed in the case of a parent Ni-compound.®

Reactivity of [Cr''LCI(CHsCN)] under reducing conditions. The following work has been performed in
CHsCN to avoid reactivity with CH,Cl; under reducing conditions. With the initial intention of isolating
Cr'" complexes and based on their redox properties (Ei» = - 1.20 V), we investigated the reaction of
[Cr'LCI(CH3CN)] with Cp2Co, used as a chemical reducing agent (E12 = - 1.33 V).3 During the course of
the reaction, a change in the color occurs from yellow to dark green (as evidenced by two bands in the
UV-vis spectrum recorded in CHsCN at 495 nm and 575 n. However, despite numerous attempts, this
green species cannot be isolated, consistently evolving into a yellowish species. Crystals suitable for X-
ray diffraction analysis have been obtained after the addition of water. The structure revealed the

formation of a dinuclear Cr'"" complex, [Cr';Ly(u-Cl)(u-OH)] (Fig. 5). The formation of this p-hydroxo

dichromium(lll) complex under reducing conditions was proposed to occur because of the presence of

adventitious water that can reoxidize Cr'" into Cr' and provide the hydroxo ligand (Scheme 2). A similar

behavior was previously observed in the case of dinuclear Cr complexes with tripodal amino ligands.>*
40
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Scheme 2. Synthesis of [Cr'",L,(u-Cl)(u-OH)] and [Cr'(LN?),]*.

In the structure of [Cr'",Ly(u-Cl)(u-OH)] (Fig. 5), the two Cr'" sites are equivalent with a C, symmetry.
The two {CrL}* units are bridged by one hydroxo (trans to N2) and one chlorido (trans to S1) ligand,
forming a planar diamond {Cr,O(H)Cl} core with a Cr-Cr distance of 3.383(68) A. The Cr-O(H) bond
(1.9627(101) A) is shorter than the Cr-Cl one (2.5031(79) A) and in the expected length range.***? The
Cr'" jons are in the center of a distorted octahedral geometry with Cr-N and Cr-S bond lengths
comparable to those found in [Cr'"'LCI(CHsCN)] and [Cp.Co][Cr"LCl,] (less than 0.04 A of difference)
(Table 2). Regarding the Cr-Cl bond distance, the bridging mode of the chloride leads to a more
significant difference (between 0.09 A and 0.17 A longer) compared to terminal Cr-Cl bonds in the

previously described Cr" mononuclear complexes.

With the ligand L%, the only other dinuclear complexes, in which two {ML} units are double bridged
with co-ligands, are high-valent Mn" dimers, specifically [Mn,Ly(u-0)(u-OH)]* and [Mn,Lx(u-0),], in
which the Mn ion is 6-coordinated.** Conversely, at the +I1l oxidation state, the two {ML} units are only
mono-bridged, i.e. [Mn,Ly(u-OH)]* and [Fe,L,(u-0)].4¢ This illustrates again the pronounced tendency
of d® Cr'" to adapt an octahedral geometry, in contrast to d* Mn" and d° Fe". The Cr-O(H) distance is
shorter than those in mono-bridged [Mn",L,(u-OH)]* (Mn-O(H), 2.034(3) A and 2.041(3) A) but
comparable with that in the dibridged [Mn",L,(u-0)(u-OH)]* (Mn-O(H), 1.959(6) A).

Figure 5. Molecular structures of (left) [Cr';Ly(u-Cl)(u-OH)] and (right) [Cr'"(LN?%),]*determined by
single-crystal X-ray diffraction. The thermal ellipsoids of the metal cores are drawn at 30% probability
level. For clarity, all hydrogen atoms and solvent molecules are omitted.

Table 2. Selected bond distances for the [Cr'",Ly(u-Cl)(u-OH)] and [Cr"(LN?%),]*complexes.

[Cr"'sz(u—CI)(u—OH)] [CrIII(LNZS)2]+
Cr-S1 2.3149(107) Cr-S1 2.330(49)
Cr-52 2.3252(36) Cr-s2 2.342(70)
Cr-N3 2.0785(114) Cr-N1 2.083(14)
Cr-N4 2.0783(85) Cr-N2 2.183(08)
Cr-0 1.9627(101) Cr-N3 2.156(59)
cr—cl 2.5031(79) Cr-N4 2.083(37)
Cr-Cr 3.383(68)




Attempts were also made to reduce [Cr'"'LCI(CHsCN)] by Cp,Co in CHsCN, in the presence of acid, to
better solubilize the initial compound. While EtsNHBF, (pK. = 18.6 in MeCN)* is not strong enough to
protonate [Cr''LCI(CHsCN)], it is protonated in the presence of 1 equiv. of HBF;Et,0 (pKs = 0.1 in
MeCN)*®, as attested by UV-vis spectroscopy (Fig. S1). The [Cr''(LSH)CI(CHsCN)] complex (LSH being the
protonated form of L2 bearing one thiolate and one thiol function), proposed to feature one thiolate

and one thiol coordinated to Cr", can thus be generated in situ. After the addition of 1 equiv. of Cp,Co

to [Cr'"(LSH)CI(CH3CN)], crystals of the resulting powder were obtained. The structure still displays a

mononuclear Cr'"

complex (Fig. 4, Table 2), but the metal ion is now found in the center of a distorted
octahedral N4S2 environment arising from two tridentate LN* ligands (Scheme 2). The LN* ligand is
generated through the desulfurization of L%, leading to the loss of the thiol group with the simultaneous
formation of a terminal alkene. The Cr-S bonds (2.330(49) A and 2.342(70) A) in [Cr"(LN*),]* display
similar lengths with respect to those present in the previously described mononuclear octahedral Cr"
complexes i.e. [Cr'"'LCI(CHsCN)] and [Cp.Co][Cr"LCl,] (between 2.334 A and 2.355 A). This observation
can be rationalized by the consistent trans positioning of the S-donor atoms relative to the Npp,-donor

atom in all cases.

Mechanistic considerations regarding the desulfurization process. The chemical reduction of the
protonated [Cr'"'(LSH)CI(CH3sCN)]* complex leads to the desulfurization of the ligand accompanied by a
rearrangement to generate [Cr'"'(L"?%),]*. Under these reductive conditions, two mechanisms to cleave

4950 or a transitional metal

the C-S bond could be envisaged, either through a radical-based cleavage
insertion.>! The latter mechanism can be ruled out since metal insertion should occur under reductive
conditions even in the absence of acid. However, only the complex with the intact L> ligand is observed

under these conditions. In the same vein, the LH; ligand remains intact in the presence of 1 eq. Cp,Co.

It has been previously proposed that the presence of an acid is essential in the radical mechanism
under reductive conditions since the formation of a thiol triggers the reaction through the generation
of the good radical leaving group HS".>% 52 In the present system, we have demonstrated that thiolate
protonation is required to initiate the desulfurization process. Indeed, in the presence of a weak acid
(EtsNHBF,) that cannot protonate the complex, [Cr'"'(L"*),]* is not generated under reductive conditions.
We also evidenced the absence of H, generation during the desulfurization process (before quenching
with water), while we observed H, production when HBF, and Cp,Co are mixed in the absence of the
Cr complex. This rules out the involvement of protonated cobaltocene as observed in previous
studies,”®** during the desulfurization pathway. Interestingly, after the reaction of
[Cr"(LSH)CI(CHsCN)]* with 1 equiv. of Cp,Co and the subsequent addition of 1 equiv. of HBF4Et,0 or
water, we evidenced the generation of approximately 1 equiv. of H,S , detected with a fluorophore, the

dansyl azide® (see Figure S8).

The proposed mechanism for desulfurization is depicted in Scheme 3. The reaction is initiated by the
previously mentioned thiolate protonation of [Cr'"'LCI(CHsCN)] followed by the reduction of the Cr'"' ion
to Cr'" in the protonated [Cr'"'(LSH)CI(CHsCN)]* complex. The generation of a Cr" induces the homolytic
cleavage of the C-S bond, leading to the formation of a relatively stable tertiary diphenylalkyl radical
RC(Ph),", triggering the formation of an alkene function, and a {Cr-SH}** unit. HS is thus released
through a concerted mechanism and protonated to generate H,S after the addition of water or acid, as
observed experimentally. Note that even in the presence of an excess of HBF4'Et,0, [Cr''LCI(CH3sCN)] can
only be mono-protonated, as shown by UV-vis absorption (Fig. S1). For this reason, desulfurization
exclusively occurs at one sulfur donor atom of the L ligand. The desulfurization process is an effective



route with respect to the metal ion since the conversion of [Cr'"(LSH)CI(CH3sCN)]* in [Cr"(LN?%),]* reaches
29% (with a maximum expected conversion of 50%).

/Cr”I Crlll
— H S __ Ph
C/
Cﬁ .
/ Ph
H Ph H

Ph I
[CrILCI(CHaCN)] [Cr(LNS )l

HBF,Et,0 T HSH
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\/ ) H SH CoCp,
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[Cr(LSH)CI(CH3CN)]+ [Cr'(LSH)CI(CH3CN)]

Scheme 3. Simplified mechanism proposed for the desulfurization of [Cr'"'LCI(CH3CN)]. Only half of the
L% ligand is represented for the sake of simplicity.

Discussion and conclusion

We have synthesized a series of Cr'-based complexes with a bis-thiolate ligand, L> that has been
previously used to synthesize many mononuclear complexes with Zn, Cu, Ni, Co, Fe, and Mn at the +lI|
and/or +Il oxidation states.?’28 All the previous complexes are tetra- or pentacoordinated,?® *¢-°® and
we never succeeded in forming a 6-coordinate system, likely because of ligand preorganization effects.
Octahedral geometries have been found only in dinuclear complexes with high valent oxidation states
in the specific case of Mn.**>>° The case of 6-coordinated Cr'" is thus unique among transition metal
ions supported by L2 in the “common” + Il and + |l oxidation states. This singularity can likely be
ascribed to the inherent strong preference of d* Cr'" to form octahedral complexes, enabling to
overcome the “preorganization barrier” of L%.

Initially, our focus was on evaluating chromium complexes for their (electro)catalytic abilities since 3d-
metal-based complexes supported by the bis-thiolate L* ligand displayed favorable activities in H*, CO,,
or O, reduction.?” Besides, Machan’s group reported an active electrocatalyst for CO, reduction with a
Cr complex containing a similar ligand in which the S-donor ligands are replaced by O-donor ones, e.g.,
a bipyridine substituted by two phenols.®® However, during experiments conducted under reducing
conditions, we observed desulfurization of the ligand in the presence of protons with the release of
H.S but no H, production. This reactivity poses a notable issue since H*/e” conditions are required for
achieving the targeted electrocatalytic reduction processes.

In a broader context, stability and durability issues are common among molecular (electro)catalysts
involved in reducing small molecules. Identifying the competitive decomposition pathways marks the
initial step in solving these problems. Our study reveals desulfurization as a potentially damaging side
reaction that occurs under H*/e” conditions in metal complexes supported by thiolate ligands. Still, the



use of thiolate-based ligands is inspired by the active sites of several metalloenzymes, which possess a
sulfur-rich environment, such as hydrogenases or CO-dehydrogenases. In particular, thiolate ligands
have been proposed as beneficial H* relays in some of these enzymes and synthetic (electro)catalysts.
Therefore, this finding provides valuable insights for designing more advanced thiolate ligands, in which
this decomposition pathway should be suppressed, with the aim of developing robust metal-thiolate
catalysts for proton-coupled multi-electron reduction processes.

From a different perspective, the present system also stands as a rare example of rapid and complete
desulfurization (involving decoordination of the sulfur moiety) occurring at room temperature and
pressure and triggered by Cr'". This holds particular significance within the context of fossil fuel
refinement by addressing the elimination of organosulfur impurities via a low-energy-consuming
process. Ligand design modifications to make the process catalytic, i.e., promoting desulfurization on
an external substrate instead of on the ligand itself, are currently underway in the laboratory.

Experimental section.

General. All reagents were used as received. Acetonitrile was distilled over CaH; and degassed prior to
use. THF was distilled over Na/benzophenone and degassed prior to use. The synthesis of H,L was
reported elsewhere.?® The synthesis and isolation of all complexes were carried out under argon (in a
glove box with less than 5 ppm of 0,). The infrared spectra were recorded on a Thermo Scientific
Nicolet iS10 FT-IR spectrometer (equipped with ATR accessory) as neat solids. *H NMR spectra were
recorded on Bruker Avance Il 500 MHz spectrometers. The ESI-MS spectra were registered on a Bruker
Esquire 3000 Plus or Amazon speed ion trap spectrometer equipped with an electrospray ion source
(ESI). The samples were analyzed in positive ionization mode by direct perfusion in the ESI-MS interface
(ESI capillary voltage= 2kV, sampling cone voltage= 40 V). The electronic absorption spectra were
recorded on a ZEISS MC5601 absorption spectrophotometer in quartz cells (optical path length: 1 cm).
Cw-X-band electron paramagnetic resonance (EPR) spectra were recorded with a Bruker EMX,
equipped with an Oxford Instruments ESR-900 continuous-flow helium cryostat and an ER-4116 DM
Bruker cavity for the 4.5-70 K experiments and equipped with the ER-4192 ST Bruker cavity and an ER-
4131 VT for the 100-150 K experiments. Temperature-dependent magnetic susceptibility
measurements were carried out with a Quantum-Design MPMS3 SQUID magnetometer equipped with
a 7 Tesla magnet in the range from 295 to 2.0 K at a magnetic field of 0.5 T. The powdered samples
were contained in a gelatin capsule and fixed in a non-magnetic sample holder. Each raw data file for
the measured magnetic moment was corrected for the diamagnetic contribution of the sample holder
and the gelatin capsule. The molar susceptibility data were corrected for the diamagnetic contribution.
Simulation of the experimental magnetic data was performed based on the Hamiltonian A = g,uBﬁf +
D [SAZ2 - %S(S + 1)] using the julX_2S program: E. Bill, Max-Planck Institute for Chemical Energy
Conversion, Milheim/Ruhr, Germany.

X-ray Crystallography. Single-crystal diffraction data for the five Cr'"

complexes were measured on a
Nonius-Bruker 4 circles diffractometer with an APEXII CCD detector and an Incoatec high brilliance
micro source with multilayer mirrors to monochromatize the MoKa. radiation (A = 0.71073A) at 200 K.
Eval, Sadabs and Xprep (Nonius-Bruker) were used for cell refinements, integration, absorption
correction and data reduction. The OLEX2 program package was used for cell refinements and data
reductions. Molecular structures by intrinsic phasing and refined on F? by full-matrix least-squares
techniques, using the SHELXTL and SHELXL softwares. All non-hydrogen atoms were refined

anisotropically, and all hydrogen atoms were placed at their calculated positions.®! Structures were
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deposited with CCDC numbers 2311590 to 2311594 and can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemical measurements. Cyclic voltammetry measurements were carried out in MeCN or
CH,Cl; solution (Fisher Sci., HPLC gradient grade), 0.1 M BusNClO, (Sigma-Aldrich, for electrochemical
analysis 299%, used as received), under argon (cyclic voltammetry, CV) atmosphere at 20 °C using a
Metrohm-Autolab potentiostat/galvanostat. A standard three-electrode electrochemical cell was
used. Potentials were referred to an Ag/0.01 M AgNOs reference electrode in MeCN + 0.1 M BusNClO4
and measured potentials were calibrated through the use of an internal Fc/Fc* standard. The working
electrode was a vitreous carbon disk (3 mm in diameter) polished with 2 um diamond paste (Mecaprex
Presi; Ep,, anodic peak potential; Ep., cathodic peak potential; E1/> = (Epa + Epc)/2; AE, = Epa— Epc). The
auxiliary electrode was a Pt wire in MeCN + 0.1 M n-BusNCIO4 or n-BusNCI, or in CH,Cl; + 0.1 M
BusNClO,4 solution.

Synthesis of [Cr''LCI(CH3CN)]. A mixture of LH, (29 mg L, 50 umol) and solid NaH (60 % in mineral oil,
16.7 mg, 200 umol) were stirred for 30 minutes in THF (2 mL) at 293 K. The insoluble material was
filtered off, and a suspension of CrCl3(THF); (19 mg, 50 umol) in THF (2 mL) was added to the resulting
solution. The color turned from yellow to purple-red, during which all the powder was dissolved. After
a few minutes of reaction, a red precipitate appeared. After 2 hours, the fine powder was isolated by
centrifugation. The powder was then redissolved in a CH,Cl,:MeOH mixture (90:10) and then filtered
to remove the insoluble residue (NaCl). The resulting solution was then concentrated to 0.5 mL, and 1
mL of CH3CN was added. The color changed from brown to yellow-orange during the process, and a
precipitate was formed. The resulting yellow powder was filtered, washed with CHsCN, and dried,
corresponding to [Cr'"'LCI(CH3CN)] (30.2 mg, 86 %). X-ray suitable [Cr'"'LCI(CH3CN)] yellow crystals were
obtained by diffusion of CHsCN into a CH,Cl, solution of [Cr"'LCI(CHsCN)] at 293 K. ESI-MS (CHsCN, m/z,):
630.04, [Cr''L]*. IR (cm™): 2302 (d, CN), 1595 (s), 1565 (s), 1480 (m), 1438 (s), 1267 (w), 1081 (m), 1021
(s), 842(s), 797 (s), 753 (s). Amax in CH,Cl>: 431, 523 nm. Anal. Calcd. for CsgH30CICrN,S;'0.4CH3CN2H,0
(718.69): C, 64.84; H, 4.94; N, 4.68; S, 8.92; Found: C, 64.81; H, 4.59; N, 4.70; S, 9.03.

Synthesis of [Cr"'LCI]. X-ray suitable red-purple [Cr"LCI] crystals were obtained by diffusion of n-
pentane into a CH,Cl, solution of [Cr'"'LCI(CH3CN)] at 293 K. IR (cm™): 1595 (s), 1565 (s), 1479 (d), 1440
(s), 1274 (w), 1029 (m), 790 (s), 738 (s). Amax in CH3CN: 437, 486 nm. (quantitative yield). ESI-MS
(CHsCN, m/z,): 630.04, [Cr''L]*. Anal. Calcd. for CssHsoClCrN2S, CsH120.7CH,Cly0.5C4H100 (832.99): C,
65.74; H, 5.84; N, 3.36; S, 7.68; Found: C, 65.59; H, 5.66; N, 3.04; S, 7.68.

Synthesis of n-BusN[Cr"'LCl;]. n-BusNCl (2.8 mg, 10 umol) was added to a CH,Cl, solution (2 mL) of
[CrLCI(CHsCN)] (7 mg, 10 umol). The volume was reduced to 0.2 mL, and THF (2 mL) was added. A
precipitate corresponding to n-BusN[Cr'"'LCl,] was formed and collected (9 mg, quantitative yield). X-ray
suitable red-orange crystals of [Cp,Co][Cr'"'LCl,] were obtained by diffusing THF into a CH,Cl, solution
containing [Cp.CoCl] (2.3 mg, 10 umol) and [Cr'"'LCI(CHsCN)] (7 mg, 10 pmol). ESI-MS (CHsCN, m/z,):
700.13, [Cr''LCL,]. IR (em™): 1595 (s), 1569 (s), 1483 (m), 1438 (s), 1273 (w), 1021 (m), 798 (s), 750 (d),
697 (s).

Synthesis of [Cr';L,(u-Cl)(n-OH)]. Cp,Co (3.8 mg, 20 umol) was added to a THF (2 mL) suspension of
[Cr'LCI(CHsCN)] (14 mg, 20 umol) and stirred overnight. The resulting deep green precipitate was
filtered and washed with CH;CN. The powder was then dissolved in a solution of THF (1 mL) containing
50 uL of water. The solution was then concentrated to dryness under vacuum and the residue
redissolved in CH,Cl,. X-ray suitable deep yellow crystals were obtained by diffusing THF into the CH,Cl,
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solution of the product (5.8 mg, 8.8 umol, 44 %). ESI-MS (CH3CN, m/z,): 630.04, [Cr"'L]*. IR (cm™): 2915
(m, OH), 1597 (s), 1561 (d), 1485 (s), 1465(m), 1438 (s), 1377(s), 1270 (d), 1055(s), 1023 (m), 971 (s),
831(s), 790 (m), 740 (m), 693 (s), 653 (d). Amax in CH>Cl,: 481 nm.

Synthesis of [Cr'"(L"*),](BF4). HBF4-Et,0 (3.3 mg, 20 umol) was added to an CH3CN suspension (2 mL)
of [Cr'"'LCI(CHsCN)] (14 mg, 20 umol). The yellow suspension turned to an orange solution. Cp,Co (3.8
mg, 20 umol) was added and the mixture was stirred overnight. The resulting deep green precipitate
was filtered and washed with CH;CN. The powder was then dissolved in an CHsCN solution (1 mL)
containing 50 uL of water. X-ray suitable red crystals were obtained by slow evaporation (3.8 mg, 31
pmol, 29 %). ESI-MS (CHsCN, m/z,): 1142.35, [Cr"LN%5,]*. IR (cm™): 1597 (s), 1567 (s), 1466 (d), 1430
(d), 1284 (w), 1165 (d), 1068 (d), 1021 (s), 982 (w), 900 (s), 788 (s), 743 (s), 693 (s), 656 (d).

Detection of H,S. To an MeCN solution (4 mL) of [Cr"(LSH)CI(CH3CN)]* (250 mM, 1 mmol ), 1 equiv. of
Cp2Co (1 mmol) was added in a closed vial under stirring. After 1 hour of reaction, water (50 pL) or 1
equiv. of HBF, (1 mmol) was added. The gas phase was then introduced to a MeCN solution (5 mL) of
dansyl azide (5 mmol) using the freeze pump-thaw method, and the amount of H,S was quantified by

the fluorescence enhancement (Figure S8).>°

Synthesis of the 5-(dimethylamino)-1-naphthalenesulfonamide (dansyl azide). The synthetic protocol
from the literature®® was partially modified. To a solution of sodium azide (693.0 mg, 11 mmol, 1.1 eq.
dissolved in 30 mL of a 1:1 water/EtOH mixture) a suspension of dansyl chloride (2 g, 10 mmol, 1.0 eq.)
in EtOH was added dropwise over the course of 10 minutes. Upon addition, the reaction mixture was
stirred at room temperature for 3 hours. The EtOH was removed in vacuo, and the yellow aqueous
phase was extracted three times using 20 mL portions of DCM. The organic layer was dried over sodium
sulfate, and the DCM was removed in vacuo without heating. The product was obtained as a yellow
crystalline solid (2.1 g, 77%) and used without further purification. *H NMR (300 MHz, CDCls) 6: 8.63
(1H, dt), 8.30 (1H, dd), 8.17 (1H, dt), 7.56 (2H, ddd), 7.20 (1H, dd), 2.86 (6H, s). **C NMR (75 MHz, CDCls)
6:152.2,133.7,130.1, 130.0, 129.6, 129.3, 123.0, 118.8, 115.8, 45.4.
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A series of bis-thiolate Cr'"

complexes is described. Unexpectedly with this N2S2 ligand, the
mononuclear compounds can arrange a 6-coordination mode around the Cr ion. Besides,
[Cr'"LCI(CHsCN)] display desulfurization reactivity under reducing conditions leading to a mononuclear

Cr'"" complex bearing two ligands in which one thiolate function has been removed.
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