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ABSTRACT: The incorporation of Rh or Ir into the [M03S4] platforms of [CpX-3Mo3S4] or [Cp*3Mo03S4] (CpXL = CsMesSiEts, Cp* =
CsMes) led to the formation of cubic [M03SsM] clusters, [CpX-3sMo3SsRh(cod)] (1), [CpXLsMo3Salr(coe)] (2), [Cp*3sMo3SsRh(coe)]
(3), and [Cp*3sMosSalr(coe)] (4) (cod = 1,5-cyclooctadiene, coe = cyclooctene). These clusters were characterized spectroscop-
ically and crystallographically. They catalyzed the C-H borylation of aromatic compounds (benzene, toluene, o-xylene, m-
xylene, p-xylene) in the presence of HBpin (4,4,5,5-Tetramethyl-1,3,2-dioxaborolane), yielding the corresponding borylated
products. Among these, cluster 3 exhibited the highest catalytic activity, while treatment of cluster 2 with excess HBpin gen-
erated an MS-detectable potential intermediate, [Cp*-3sMo3S4lr(Bpin)]+. Despite the high affinity of Lewis acidic boron toward
sulfur, the robust [Mo3SsM] (M = Rh, Ir) cubes protected adequately by Cp ligands have proven effective in borylation chem-

istry.

INTRODUCTION

Transition-metal — sulfur clusters are ubiquitous enzy-
matic cofactors that play diverse roles in organisms, ranging
from simple electron transfers to complex organic transfor-
mations. With unique metal compositions and core struc-
tures, several enzymatic clusters are known to convert even
inert molecules: a Mo—Fe—S—C cluster of nitrogenase ([(R-
homocitrate)-MoFe7SoC], FeMoco) transforms N2 into NHj,
13 and a Ni—Fe—S cluster of CO-dehydrogenase ([NiFesS4], C-
cluster) reduces CO: to CO.*

Synthetic metal—sulfur clusters have gained much atten-
tion as counterparts of enzymatic cofactors for molecular
transformations. Cubic [M03SsM] clusters (M = transition
metals) have been developed as a class of robust and modi-
fiable synthetic clusterss7 due to their stable inorganic core
and reactivity at the M site typically limited and controlled
by spectator ligands on the Mo atoms.8-16 Target substrates
of these catalysts include alkynoic acids,!7-23 aminoal-
kynes,17-23 alkenes,2425 allylic alcohols,2627 and N2H4.28 More
recently, we have discovered that the [Mo3SsM] clusters
with bulky cyclopentadienyl ligands on the Mo atoms cap-
ture small molecules at the M site,293% promote H: evolu-
tion,3! and even catalytically reduce N2 to N(SiMes3)33233 As
these reactivities highly correlate with the reaction site
metals and the ligands on the Mo atoms, it is possible for us
to develop novel reactivities of the synthetic clusters by ex-
panding this approach. In this context, we are particularly
intrigued by the C—H borylation of hydrocarbons as the tar-
get reaction, as it is a promising methodology to access var-
ious organic compounds from simple hydrocarbon feed-
stocks.34-3¢6 Previous studies proved the effectiveness of Rh
and Ir centers for the borylation reactions.3’#2 For example,
the groups of Mindiola and Sanford reported successful Ir
or Rh catalysts active for the C-H borylation of methane.4344

Hartwig and co-workers reported Ir catalysts to activate al-
kyl C-H bonds.*5 In addition, Kuninobu, Kanai, and co-work-
ers reported a regioselective C—H borylation of aromatic
compounds by using an Ir catalyst,*6 while Asako, Ilies, and
co-workers demonstrated akin regioselective borylation re-
actions of aromatic compounds induced by remote steric
control*” and C-H---m interactions between substrates and a
ligand.*8 These precedents indicate substantial reactivity of
Rh and Ir centers toward C—H borylation. We report herein
the syntheses, characterizations, and catalytic evaluations
of Rh- or Ir-incorporated [MosS:M] clusters
[Cp*sMo3SsRh(cod)] (1), [Cp*3MosSalr(coe)]  (2),
[Cp*3Mo3S4Rh(coe)] (3), and [Cp*3sMosSalr(coe)] (4) (CpXL =
CsMesSiEts, Cp* = CsMesSiEts, cod = 1,5-cyclooctadiene, coe
= cyclooctene). The cubic [M03S:M] framework provides a
highly stable inorganic core as mentioned, and the strong
Mo—CpR interactions (CpR = Cp*L and Cp*) enhance the sta-
bility.31-33 Moreover, the different substituents of the CpRlig-
ands would switch their reactivity to substrates.3233 Qur in-
vestigations into C—H borylation of aromatic compounds
(benzene, toluene, o-xylene, m-xylene, and p-xylene) in the
presence of 1-4 and HBpin (4,4,5,5-tetramethyl-1,3,2-diox-
aborolane) revealed the catalytic activity and the depend-
ency on the M centers. We also successfully observed a po-
tential intermediate, [Cp*'3sMosSslr(Bpin)]*, by treating
cluster 2 with excess HBpin, suggesting the maintained
[Mo3SsM] core during catalytic turnover. To our knowledge,
this study represents the first example of catalytic C—H
borylation by metal—sulfur clusters.

RESULTS AND DISCUSSION

The cubic [Mo3SsRh] clusters with bulky CpX!ligands (1)
or Cp*ligands (3) on Mo atoms were synthesized by the re-
action of in situ-generated anionic [MosSs] clusters



Scheme 1. Synthesis of [Cp*3sMosSsRh(cod)] (1),
[CpXL3Mo3Salr(coe)] (2), [Cp*sMosS«Rh(coe)] (3), and

[Cp*3MosSslr(coe)] (4).
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([CpRsMo3S4] ; CpR = CpXL, Cp*)1516 with [RhCl(cod)]2 or
[RhCl(coe)z]z at 70 °C (Scheme 1; see Experimental Section
for synthetic details). Clusters 1 and 3 were obtained as
crystals in 39 and 31% yields, respectively. The correspond-
ing metal incorporation using [IrCl(coe)z]2 led to the for-
mation of cubic [MosSalr] clusters with Cp*t (2) or Cp* lig-
ands (4) on Mo atoms in 40 and 39% yields.

Clusters 1-4 were characterized by 'H NMR and UV-vis
spectroscopy and elemental analysis as described in the Ex-
perimental Section. The *H NMR spectra of 1-4 in CeDs dis-
played sharp signals attributed to the protons of methyl and
triethylsilyl groups of CpR ligands in the range from 1.0 to
2.2 ppm (Figures S1-S4), indicating a diamagnetic ground
state of the clusters. In the 'H NMR spectrum of 1, a few sets
of signals attributed to the methyl groups in CpX! ligands
were observed, whereas an electrosplay ionization (ESI)
mass spectrum of 1 displayed signals assignable to
[CpXL3sMo3S4Rh-(cod)]* (an in situ-oxidized form of 1, m/z =
1334.2) and its fragments (Figure S9). These results suggest
the isomerization of the cod ligand in solution, generating
several cluster species with cod isomers.

(@)

Figure 1. Molecular (left) and core (right) structures of 1 (a), 2
(b), 3 (c), and 4 (d) with thermal ellipsoids set at 50% probabil-
ity. Hydrogen atoms are omitted for clarity. C = gray, Si = yellow,
S = orange, Mo = green, Rh = blue, and Ir = purple.

UV-vis spectra were measured for 1—4 in THF. All spectra
showed broad absorption in the visible region and peaks at
the following wavelengths: 482 and 638 nm for 1 (Figure
S6a); 460, 588, and 785 nm for 2 (Figure S6b); 435, 484, and
628 nm for 3 (Figure Séc); and 449, 607, and 785 nm for 4
(Figure S6d). The Rh or Ir incorporation changed the ab-
sorption properties of [CpRsMo03S4] clusters significantly, as
shown in spectral comparisons of the clusters with
[CpRsMos3S4], [CpRsMosS4], and [CpRsMosS4]*+ (Figures S7 and
S8, Table S6).

Figure 1 shows the ORTEP diagrams of 1-4 determined
by single-crystal X-ray structural analysis (see also Tables
S§1-S3). Each structure contains a single cluster in an asym-
metric unit. The clusters having CpXt ligands (1, 2)



Table 1. Selected and averaged distances (A) of 1-4.

Cluster | Mo-M ab Mo-Mo 2 M-S ab Mo-S a
1 2.84(2) | 2.872(10) | 2.319(11) | 2.338(7)
2 2.84(3) | 2.885(13) | 2.310(13) | 2.344(8)
3 2.83(2) 2.861(8) 2.31(2) 2.337(6)
4 2.84(3) 2.873(6) 2.31(2) | 2.345(11)

(a) Averaged when multiple values were available. (b) M = Rh or
Ir.

crystallize in the P21/n space group, and the clusters having
Cp* ligands (3, 4) crystallize in the P21/c space group. In 1
and 3, the Rh atom is coordinated by an n2-cod or -coe lig-
and and three S ligands in a slightly distorted tetrahedral
geometry, while each Mo center has a three-legged piano
stool geometry consisting of a Cp*L or Cp* ligand and three
S ligands. The [Mo03SsRh] cores of clusters 1 and 3 are ap-
parently similar in their bond distances. Average distances
of Rh—Mo, Mo—Mo, Rh-S, and Mo—S in 1 (2.84(2), 2.872(10),
2.319(11), and 2.338(7) A, respectively) and 3 (2.83(2),
2.861(8), 2.31(2), and 2.337(6) A, respectively) are statisti-
cally identical (Table 1). Although the ligands on the com-
posed metals in 1 and 3 are different, their core structure is
maintained.

Similarly, in 2 and 4, the Ir atom is coordinated by an n2-
coe ligand and three S ligands and is in a slightly distorted
tetrahedral geometry, while each Mo center has a three-leg-
ged piano stool geometry consisting of a Cp-type ligand and
three S ligands. The [Mo3Salr] core of 2 and 4 also has nearly
the same structure, as found in the average distances of Ir—
Mo, Mo—Mo, Ir—S, and Mo—S in 2 (2.84(3), 2.885(13),
2.310(13), and 2.344(8) A, respectively) and 4 (2.84(3),
2.873(6), 2.31(2), and 2.345(11) &, respectively) (Table 1).
It is also clear that the core structure of Ir-incorporated
clusters (2, 4) is similar to that of Rh-incorporated clusters
(1, 3) probably due to the close ionic radii of Ir and Rh. It is
interesting to note that 2 and 4 are the first examples of
structurally identified cubic [MosSalr] clusters, while vari-
ous [Mo3SsM] clusters have been reported.

In this study, two [Mo3S4Rh] clusters were synthesized
and structurally characterized. Thus, we compared the
bond distances of the Rh-incorporated clusters (1, 3) with
two relevant instances, [(CsMeH4)3sMo3SsRhCI(PPhs)] and
[(H20)7M03S+RhCp*]2(u2-0)2 (Table S4).949 The average dis-
tances of Rh—-Mo and Mo—Mo in 1 (2.84(2) and 2.872(10) 4,
respectively) and 3 (2.83(2) and 2.861(8) A, respectively)
are comparable to those of the known [Mo3S4Rh] clusters
(2.92(3)-3.04(8) A for Rh—Mo and 2.80(3)-2.833(16) A for
Mo—Mo), suggesting that the core structures of the Rh-in-
corporated clusters are rigid and have no obvious deviation
from the known. It is also supported by the averaged bond
distances of Rh—S and Mo—S in 1 (2.319(11) and 2.338(7) A,
respectively) and 3 (2.31(2) and 2.337(6) A, respectively),
which displayed no significant difference from the reported
structures (2.36(4)—2.39(2) A for Rh—S and 2.320(12)-
2.35(3) A for Mo-S).

Table 2. C-H borylation of benzene catalyzed by the
[Mo03SsM] (M = Rh, Ir) clusters.®

© + HBpin

[cat.]

(2.0 mol% vs. HBpin) ©/Bpin
150 °C, 24 hours

o | e [ T T
1 1 Rh CpX. 55%

2 2 Ir CpXt 12%

3 3 Rh Cp* 59%

4 4 Ir Cp* 6%

5 [CpXL3sMo3S4] - CpXt n.d.

6 [Cp*3Mo3S4] - Cp* n.d.

7 [RhCl(cod)]2 Rh - 2%

8 [IrCl(coe)2]2 Ir - 11%

(a) Reaction condition: HBpin (200 pmol) and [cat.] (2.0 mol%
vs. HBpin) in 10 mL of benzene at 150 2C under Ar for 24 hours.
(b) Yield was calculated by the following equation: yield =
[amount of product (pmol) / HBpin (200 umol)] x 100. *n.d.
means “not detected”.

We also compared the structural features of 1-4 with Co-
incorporated congeners, [CpXL3sMo3S4CoCl] and
[Cp*3Mo03S4CoCl], which we have previously reported (Table
§5).1516 The average distances of Mo—Mo and Mo-S are al-
most constant with a narrow variation range among the Rh-,
Ir-, and Co-incorporated clusters (2.848(8)-2.885(13) and
2.337(5)-2.345(11) A, respectively). In contrast, the M—Mo
and M-S distances (M = Co, Rh, Ir) tend to be longer in 1-4
than in Co-incorporated clusters (2.83(2) —2.84(3) vs
2.769(9)-2.7778(3) A in M—Mo distances and 2.310(13)-
2.319(11) vs 2.216(5)-2.217(2) A in M-S distances, respec-
tively). These differences are due to the variation in ionic
radii of the incorporated metal; the average distances in-
volving Rh or Ir in 1-4, which have larger ionic radii, are
longer than those in Co-incorporated clusters.

With cubic [Mo3SsM] (M = Rh, Ir) clusters in hand, we ex-
amined the C—H borylation of benzene to illustrate its reac-
tivity, and the evaluation was performed using the following
reaction conditions: HBpin (200 umol) as the boron source
and 2.0 mol % of 1-4 as the catalyst in benzene (10 mL) at
150 °C (oil bath temperature) in an autoclave for 24 h. All
clusters gave C¢Hs(Bpin) as the product, along with no side
product such as C¢H4(Bpin)z (Table 2, entries 1-4). The clus-
ters with a Rh active site (1 and 3) exhibited higher yields
(55% for 1 and 59% for 3) than the Ir variants (12% for 2
and 6% for 4), indicating that Rh is more suitable as the cat-
alytic center in our system. The steric influence of the Cp lig-
ands was negligible in the borylation of benzene, as evi-
denced by the comparable yields of C¢Hs(Bpin) by the



Table 3. C-H borylation of toluene catalyzed by the
[Mo03SsM] (M = Rh, Ir) clusters.®

[cat.]
(2.0 mol% vs. HBpin)
+ HBpin > +
150 °C, 24 hours Bpin

Bpin
meta-isomer para-isomel
Yieldb / %
entr [cat] active ligands
y | center onMo | Mmeta- | para-
isomer | isomer

1 1 Rh CpXt 9% 5%
2 2 Ir CpXt 2% 1%
3 3 Rh Cp* 60% 32%
4 4 Ir Cp* 1% <1%

(a) Reaction condition: HBpin (200 pmol) and [cat.] (2.0 mol%
vs. HBpin) in 10 mL of toluene at 150 °C under Ar for 24 hours.
(b) Yield was calculated by the following equation: yield =
[amount of product (umol) / HBpin (200 pmol)] x 100.

clusters with the bulky CpX-ligands (1, 2) and the less bulky
Cp*ligands (3, 4). Further support for catalysis by the Rh or
Ir centers in these borylation reactions was provided by the
lack of catalytic activity in the [CpRsMo3S4] clusters under
the same reaction conditions (Table 2, entries 5 and 6). In-
terestingly, the catalytic activities of clusters 1 and 3 were
superior to those of [RhCl(cod)]z and [IrCl(coe):]2 (Table 2,
entries 7 and 8), possibly due to the robust nature of the
[Mo03SsM] (M = Rh, Ir) framework, which leads to their
longer lifetime at elevated temperatures. The robustness of
each cluster was monitored by *H NMR under the catalytic
conditions. The results showed that 95% of 1, 99% of 2,
81% of 3, and 99% of 4 remained intact after the reaction
(Figure S5). To our knowledge, this study represents the
first example of C—H borylation catalyzed by metal—sulfur
clusters, while the B-H bond heterolysis of HBpin at the Ru
—S sites of mononuclear Ru(Il) thiolate complexes enabled
the catalytic electrophilic borylation of nitrogen heterocy-
cles.5? In general, Ir is the superior catalyst for arene boryla-
tion to Rh, while Rh frequently catalyzes the borylation of
alkanes.3438742 |n this sense, our [CpRsMo03SsM] framework
shifted the reactivity of Rh to be more suitable for arene
borylation.

We next investigated the borylation of toluene catalyzed
by 1-4 under the same reaction conditions as in Table 2. For
[MosS4Rh] clusters (1, 3), borylation occurred at the meta-
and para-positions of toluene (Table 3, entries 1, 3), while
negligible catalytic activity was observed for the [Mo3Salr]
clusters (2, 4) (Table 3, entries 2, 4). Ortho-borylation did
not occur, likely due to steric hindrance. In these reactions,
the steric influence of the Cp ligands was significant (Table
3, entries 1, 3). In the Cp*- variant (1), the space around the
Rh site is restricted, limiting the approach of the substrate.
The interaction between the Rh or Ir sites and m-electrons
of the aromatic ring is essential for this catalytic reaction, as

Table 4. C-H borylation of 0-, m-, and p-xylenes catalyzed
by the [M03S:M] (M = Rh, Ir) clusters.®

[cat.]
(2.0 mol% vs. HBpin)
+ HBpin
150 °C, 24 hours

4-Bpin-o-xylene

v

o-xylene Bpin
[cat.]
\©/ (2.0 mol% vs. HBpin)
+ HBpin > 5-Bpin-m-xylene
150 °C, 24 hours
m-xylene Bpin
[cat.] )
(2.0 mol% vs. HBpin) Bpin
+ HBpin > 2-Bpin-p-xylene
150 °C, 24 hours
p-xylene
1o- i b /0
active lig Yield® / %
entry | [cat.] ¢ ands
center | oMo | oxXy | mxy | p-xy
1 1 Rh CpXL 10% 2% 2%
2 2 Ir CpXL 6% 4% n.d.
3 3 Rh Cp* 87% 97% 55%
4 4 Ir cp* | 4% | 3% | 1%

(a) Reaction condition: HBpin (200 pmol) and [cat.] (2.0 mol%
vs. HBpin) in 10 mL of o-xylene, m-xylene, or p-xylene at 150 °C
under Ar for 24 hours. (b) Yield was calculated by the following
equation: yield = [amount of product (umol) / HBpin (200
umol)] x 100. *o-xy = 0-xylene, m-xy = m-xylene, p-xy = p-xylene.
*n.d. means “not detected”.

evidenced by the borylation occurring exclusively at the ar-
omatic C—H bonds, leaving the benzylic C-H bonds intact.

Interestingly, Cp*-supported [Mo3SsRh] cluster 3 proved
effective in the borylation of 0-, m-, and p-xylenes, giving the
borylated xylenes as single regio-isomers in 87, 97, and
55% yields, respectively (Table 4, entry 3). In contrast, clus-
ters 1, 2, and 4 yielded only modest amounts of the
borylated products (Table 4, entries 1, 2, and 4). Notably,
the catalytic activity of cluster 3 increased for the bulkier
arenes (entries 3 in Table 2, Table 3, and Table 4), despite
the increasing steric hindrance between the Cp* ligands and
the substrates, as benzene is replaced by toluene and then
by xylene. A possible explanation for this trend is the for-
mation of a transient and catalytically inactive “resting”
state, where the Rh site is capped by an aromatic ring (ei-
ther in n2- or n*-coordination modes), preventing HBpin
from approaching for further reactions. Such a putative
resting state becomes unstable for bulky toluene and xylene
compared to benzene due to steric hindrance between the
substrates and Cp* ligands. The inhibited formation of the
putative resting state could help maintain the cluster in an
active state.

To test this hypothesis, we attempted to detect potential
intermediates by electrospray ionization mass spectrome-
try (ESI-MS). Although the speculated arene-capped cluster



was not observed in the catalytic reaction mixtures, further
attempts were made to detect cluster species in the pres-
ence and absence of arenes. A mixture of cluster 2 and ex-
cess HBpin in hexane exhibited an intense signal at m/z =
1441.2, which is assignable as [CpX-3MosS4lr(Bpin)]* (Fig-
ure S10). A similar treatment using 1, instead of 2, exhibited
signals at m/z = 1506.5 and 1632.6. Isotope patterns of
these signals correspond to [Cp*:3sMo3SsRh + 2HBpin + H +
Na]* and [Cp*.3Mo3S4Rh + 3HBpin + Na]*, respectively (Fig-
ure S11). These results implicate that the cluster precata-
lysts can be activated via treatment with HBpin. The Bpin
adduct observed for the Ir cluster is ascribable to one of the
intermediates, as proposed in previous Rh- and Ir-catalyzed
C—H borylation reactions.>1 53 We thus propose a similar
catalytic cycle, shown in Scheme S1. In this cycle, the oxida-
tive addition of HBpin to Rh or Ir occurs to generate a
boryl/hydride intermediate (A), followed by the = -coordi-
nation of arenes, a o-bond metathesis-type reaction for
borylation, and subsequent reductive Hz elimination.

CONCLUSIONS

We have successfully synthesized cubic [Mo3SsM] (M =
Rh, Ir) clusters featuring rhodium or iridium reaction sites,
namely, [CpX:3sMo3SsRh(cod)] (1), [CpXtsMosSalr(coe)] (2),
[Cp*3Mo3S4Rh(coe)] (3), and [Cp*3sMosS4lr(coe)] (4). The Rh
or Ir atoms in these clusters served as catalytic sites for the
C—H borylation of arenes (benzene, toluene, o-xylene, m-xy-
lene, and p-xylene), demonstrating the first examples of C—-
H borylation mediated by metal—sulfur clusters. This is sig-
nificant given that the interactions between Lewis acidic bo-
ron centers and sulfur atoms are typically strong and can
retard or quench the anticipated borylation reactions. Alt-
hough uncertainty remains regarding the pathway of the
catalytic reactions, the HBpin adduct of cluster 2 indicates
generation of the boryl /hydride intermediate. The choice of
the Mo-bound Cp ligands and element M of the reaction site
allowed us to modulate the reactivity of the [M03S:M] (M =
Rh, Ir) clusters, supporting the potential of [M03SsM] cubes
for a wide range of applications.

EXPERIMENTAL SECTION

All reactions were carried out under an atmosphere of N2 or Ar
using either a Schlenk line or glovebox techniques. Tetrahydrofu-
ran (THF) and hexane were purified by passing over columns of
activated alumina and a supported copper catalyst supplied by
Hansen & Co. Ltd. [CpXL3Mo03S4], (CpXL = CsMe4SiEt3)16 [Cp*3Mo3S4],
(Cp* = CsMes)t6 [RhCl(cod)]z (cod = 1,5-cyclooctadiene),*
[IrCl(coe)z]2 (coe = cyclooctene),55 [RhCl(coe)z2]2,55 and KCg56 were
synthesized according to the reported procedure. All other chemi-
cals were purchased from standard commercial sources and used
without further purification. Deuterated solvents were dried and
vacuum-transferred before use. tH NMR spectra were recorded on
a Bruker AV400 M. Electrospray ionization mass spectrometry
(ESI-MS) was carried out using a Bruker micrOTOFII time-of-flight
mass spectrometer. UV—vis spectra were recorded on a JASCO
V770 spectrometer. Elemental analysis was carried out on powder
crystalline samples sealed in tin capsules under Ar, using a J-Sci-
ence Micro Corder JM11.

Synthesis of [CpXL3Mo3SsRh(cod)](1).

[CpXL3sMo3S4] (450 mg, 0.40 mmol) was dissolved in 20 mL of THF.
KCs (66 mg, 0.49 mmol) was added to the solution, followed by stir-
ring at room temperature for 5 min. [RhCl(cod)]2 (201 mg, 0.41
mmol) was added to the mixture, and the reaction mixture was

heated and stirred at 70 °C overnight, affording a brown suspen-
sion. The reaction mixture was evaporated to dryness under a vac-
uum, and the resultant residue was extracted with hexane. The
hexane solution was evaporated to dryness under a vacuum. The
residue was extracted with a mixed solvent (THF/hexane = 1/2),
and the extract was kept at —40 °C to give crystals of 1 (207.9 mg,
0.15 mmol, 39%).1H NMR (CsDs, 400 MHz, ppm): § 2.2-2.0 (m, 18H,
CsMes), 1.9-1.7 (m, 18H, CsMeas), 1.2-1.0 (m, 45H, SiCH2CH3). Anal.
Calcd for Cs3HozsMo3S4RhSi3: C, 47.73; H, 7.03. Found: C, 47.31; H,
7.04.

Synthesis of [CpXLzMosS4Ir(coe)] (2).

[CpXL3sMo3S4] (449 mg, 0.40 mmol) was dissolved in 20 mL of THF.
KCs (70 mg, 0.52 mmol) was added to the solution, followed by stir-
ring at room temperature for 5 min. [IrCl(coe)2]2 (359 mg, 0.40
mmol) was added to the mixture, and the reaction mixture was
heated and stirred at 70 °C overnight, affording a brown suspen-
sion. The reaction mixture was evaporated to dryness under vac-
uum, and the resultant residue was extracted with hexane. The
hexane solution was evaporated to dryness under vacuum. The
residue was extracted with a mixed solvent (THF/hexane = 1/2),
and the extract was kept at =40 °C to give crystals of 2 (227 mg,
0.16 mmol, 40%). 'H NMR (CsDe, 400 MHz, ppm): § 2.19 (s, 18H,
CsMes), 1.83 (s, 18H, CsMes), 1.2—1.0 (m, 45H, SiCH:CH3). Anal.
Calcd for Cs7H103M0308S4IrSis (2-THF): C, 45.73; H, 6.94. Found: C,
45.71; H, 6.93.

Synthesis of [Cp*3Mo3SsRh(coe)] (3).

[Cp*3Mo3S4] (331 mg, 0.40 mmol) was dissolved in 20 mL of THF.
KCs (72 mg, 0.54 mmol) was added to the solution, followed by stir-
ring at room temperature for 5 min. [RhCl(coe):]z (288 mg, 0.40
mmol) was added to the mixture, and the reaction mixture was
heated and stirred at 70 °C overnight, affording a brown suspen-
sion. The reaction mixture was evaporated to dryness under vac-
uum, and the resultant residue was extracted with hexane. The
hexane solution was evaporated to dryness under vacuum. The
residue was extracted with a mixed solvent (THF/hexane = 1/2),
and the extract was kept at —40 °C to give crystals of 3 (130.1 mg,
0.13 mmol, 31%). 'H NMR (CsDe, 400 MHz, ppm): § 1.92 (s, 45H,
CMe). Anal. Calcd for C3gHsoMo3SsRh: C, 44.10; H, 5.75. Found: C,
43.72; H, 5.69.

Synthesis of [Cp*3Mo3S4lr(coe)] (4).

[Cp*3Mo3S4] (328 mg, 0.399 mmol) was dissolved in 20 mL of THF.
KCs (62 mg, 0.46 mmol) was added to the solution, followed by stir-
ring at room temperature for 5 min. [IrCl(coe)2]2 (359 mg, 0.401
mmol) was added to the mixture, and the reaction mixture was
heated and stirred at 70 °C overnight, affording a brown suspen-
sion. The reaction mixture was evaporated to dryness under vac-
uum, and the resultant residue was extracted with hexane. The
hexane solution was evaporated to dryness under vacuum. The
residue was extracted with a mixed solvent (THF/hexane = 1/2),
and the extract was kept at =40 °C to give crystals of 4 (173 mg,
0.154 mmol, 39%). 'H NMR (CeDs, 400 MHz, ppm): 6 1.94 (s, 45H,
CMe). Anal. Calcd for CzgHsoMosSalr: C, 40.60%; H, 5.29%. Found: C,
40.64; H, 5.29.

X-ray Crystallographic Analysis.

Single-crystal X-ray diffraction data of 1, 2, 3, and 4 were collected
on a Rigaku RA-Micro 7 equipped with a PILATUS 200 K detector
that uses graphite-monochromated Mo Ka radiation (A= 0.710690
&) at =150 °C under a cold N stream. Single crystals of the com-
pound were coated with oil (immersion oil, type B: code 1248, Car-
gille Laboratories, Inc.) and placed on polyimide crystal mounts.
The crystal quality and preliminary cell parameters were deter-
mined by 18 data frames measured in 0.5° increments of w. After-
ward, the full data sets were also measured in 0.5° intervals of w.
Each frame of data was integrated using the CrystalClear program
package, followed by the data correction for absorption using the
REQAB program. All structures were solved by direct methods
with refinement by full-matrix least squares. OMIT was applied to
the data of 1 and 2 because some diffractions were affected by the



beamstop. Anisotropic refinement was applied to all non-hydrogen
atoms. Hydrogen atoms were placed by using a riding model. Crys-
tallographic data have been deposited with the Cambridge Crystal-
lographic Data Centre. Deposition numbers CCDC 2365446 (for 1),
2365445 (for 2), 2365447 (for 3), and 2365448 (for 4) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.

General Procedure for Catalytic Borylation of Aromatic Com-
pounds.

In a pressure-resistant reactor, 4,4,5,5-tetramethyl-1,3,2-dioxabo-
rolane (HBpin) (200 pmol) and the catalyst (1—-4) (4.0 umol, 2
mol % vs HBpin) were dissolved in 10 mL of substrates (benzene,
toluene, o-xylene, m-xylene, and p-xylene). The reactor was sealed
and held at 150 °C for 24 h. After the reaction, the solvent was re-
moved under reduced pressure and the residue was extracted with
CDCl; containing hexamethylbenzene (0.02 mmol) as an internal
standard. The amount of product was evaluated by the 1H NMR
measurement.37
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1. Single crystal X-ray structure determination

Table S1. Summary of crystallographic data for [Cp*-sMo3SsRh(cod)] (1), [Cp*-3MosSalr(coe)] (2),

[Cp*3sMo3SsRh(coe)] (3), and [Cp*3sMosSalr(coe)] (4).

1 2 3 4
Formula [Cs3HesM03RhS4Sis]  [CssHesMoslrS4Sis]  [CasHssMo3sRhS4]  [CasHsoMoslrSa)
Fw 1333.51 1424.81 1034.82 1124 .11
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P 24/n P 24/n P 24/c P 24/c
a, A 11.82200(10) 11.8413(2) 10.9030(14) 10.9370(14)
b, A 40.8676(3) 40.8078(6) 17.9583(18) 17.995(2)
c, A 12.51620(10) 12.5577(2) 21.205(3) 21.163(3)
B ° 106.1130(10) 106.180(2) 104.207(3) 104.393(3)
v, A3 5809.48(8) 5827.75(17) 4024.9(9) 4034.4(9)
Z 4 4 4 4
F (000) 2752 2888 2088 2216
d calc, glcm?® 1.525 1.624 1.708 1.851
T,K 123 123 123 123
R; 0.0317 0.0390 0.0283 0.0130
WR; 0.0743 0.0798 0.0842 0.0446
GOF 1.084 1.077 0.987 1.182
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Table S2. Selected bond lengths of Rh-incorporated clusters (1 and 3).

length / A
bond 1 3
Mo1-Mo2 2.8589(6) 2.8614(6)
Mo1-Mo3 2.8838(6) 2.8508(6)
Mo-Mo Mo2-Mo3 2.873(1) 2.8696(6)
average 2.872(10) 2.861(8)
Rh-Mo1 2.8394(6) 2.8504(5)
Rh-Mo2 2.863(1) 2.8064(6)
Rh-Mo Rh-Mo3 2.8101(4)  2.8329(5)
average 2.84(3) 2.83(2)
Rh-S1 2.330(1) 2.2996(8)
Rh-S2 2.3243(7) 2.3043(8)
Rh-S Rh-S3 2.3039(9) 2.337(1)
average 2.319(11) 2.31(2)
Mo1-S1 2.3229(9) 2.3414(9)
Mo1-S3 2.347(1) 2.3268(9)
Mo1-S4 2.3361(7) 2.3375(8)
Mo2-S1 2.3307(7) 2.3293(8)
Mo2-S2 2.343(1) 2.3379(8)
Mo-S Mo2-S4 2.3402(9) 2.3415(9)
Mo3-S2 2.3479(9) 2.3468(9)
Mo3-S3 2.3388(7) 2.3340(9)
Mo3-S4 2.336(1) 2.3362(8)
average 2.338(7) 2.337(6)
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Table S3. Selected bond lengths of Ir-incorporated clusters (2 and 4).

length / A
bond ) 4
Mo1-Mo2 2.8988(7) 2.8653(6)
Mo1-Mo3 2.8673(7) 2.8720(6)
Mo-Mo

Mo2-Mo3 2.890(1) 2.8806(6)

average 2.885(13) 2.873(6)
Ir-Mo1 2.8451(7) 2.8635(5)
Mo Ir-Mo2 2.8034(5) 2.8450(5)
Ir-Mo3 2.869(1) 2.7972(6)

average 2.84(3) 2.84(3)
Ir-S2 2.299(1) 2.3442(6)
Ir-S3 2.300(1) 2.2983(6)
S Ir-S4 2.328(1) 2.2942(6)

average 2.310(13) 2.31(2)
Mo1-S1 2.339(1) 2.3664(5)
Mo1-S2 2.357(1) 2.3302(6)
Mo1-S4 2.329(1) 2.3529(6)
Mo2-S1 2.340(1) 2.3352(5)
Mo2-S2 2.344(1) 2.3360(6)

Mo-S

Mo2-S3 2.353(1) 2.3579(6)
Mo3-S1 2.343(1) 2.3442(6)
Mo3-S3 2.352(1) 2.3455(5)
Mo3-S4 2.339(1) 2.3359(5)
average 2.344(8) 2.345(11)
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Table S4. Selected and averaged atomic distances (A) of Rh-incorporated clusters (1 and 3) and
the known [MosSRh] clusters. ©

Core oxidation

Average bond length / A

Cluster Ref.
state Mo-Rh Mo-Mo Rh-S Mo-S
[Cp*-3sMo3S4Rh(cod)] (1) [Mo3SsRh]3* 2.84(2) 2.872(10) = 2.319(11) i 2.338(7)  (This work)
[Cp*3sMo3S4Rh(coe)] (3) [Mo3SsRh]3* 2.82(2) 2.861(8) 2.31(2) 2.337(6)  (This work)
[(CsMe4)3sMo3SsRhCI(PPhs)] [Mo3SsRh]%* 2.92(3) 2.833(16) 2.36(4) 2.320(12) Ref. 9
[(H20)7M03S4RhCp*]2(p2-O)2 [Mo3SsRh]%* 3.04(8) 2.80(3) 2.39(2) 2.35(3) Ref. 45

(a) Averaged when multiple values were available.

Table S5. Selected and averaged atomic distances (A) of 1-4 and the known [Mo3S4Co] clusters. @

Core oxidation

Average bond length / A

reference Ref.
state Mo-M ®©) Mo-Mo M ®)-S Mo-S

[Cp*tsMosSsRh(cod)] (1) [MosS4RNJ* 2.84(2) | 2.872(10) 2.319(11) | 2.338(7)  (This work)
[Cp*tsMosS4lr(coe)] (2) [Mo3S4lr]3* 2.84(3) | 2.885(13) 2.310(13) | 2.344(8)  (This work)
[Cp*sMosS4Rh(coe)] (3) [MosS4RNJ* 2.82(2) | 2861(8)  2.31(2) 2.337(6) | (This work)
[Cp*sMosSalr(coe)] (4) [Mo3S4lr)3* 2.84(3) | 2873(6)  2.31(2) | 2.345(11)  (This work)

[Cp*tsM03S4CoCl] [MosS4Col** 2.769(9)  2.861(9)  2.216(5) @ 2.337(5) Ref. 16

[Cp*sM03S4CoCl] [MosSsCol** | 2.7778(3)  2.848(8) = 2.217(2) = 2.339(4) Ref. 15

(a) M = Co or Rh or Ir. (b) Averaged when multiple values were available.
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2. '"H NMR measurements

i I —

h

o/ ppm

Figure S1. "H NMR spectrum of [Cp*-3Mo3S4Rh(cod)] (1) (400 MHz, C¢Ds).

8 7 6 5 4 3 2
o/ ppm

Figure S2. "H NMR spectrum of [Cp*-3Mo3S4lr(coe)] (2) (400 MHz, C¢Ds).
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Figure S3. "H NMR spectrum of [Cp*sMo3SsRh(coe)] (3) (400 MHz, CsDs).

8 7 6 5 4 3 2
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Figure S4. "H NMR spectrum of [Cp*sMozSalr(coe)] (4) (400 MHz, CsDs).

S8




HMB 1 HMB

HMB HMB

3.0 25 2.0 1.5 1.0 0.5 0.0 3.0 25 2.0 1.5 1.0 0.5 0.0
S5/ ppm o/ ppm

HMB HMB

N/ \

HMB A/3 HMB 4
J;_J L_L__ L A

3.0 25 2.0 15 1.0 0.5 0.0 3.0 25 2.0 15 1.0 0.5 0.0
S/ ppm S/ ppm

Figure S5. 'H NMR spectra of (a) 1, (b) 2, (c) 3, and (d) 4 before (bottom) and after (top) the reaction
using following condition: HBpin (10.0 umol) as the boron source and 1-4 (2.0 umol) as the catalyst

[ —

in CsDs containing hexamethylbenzene (HMB, 2.0 umol) as an internal standard at 150 °C (oil bath
temperature) in an NMR tube for 24 hours.
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3. UV-vis absorption spectra
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Figure S6. UV-vis absorption spectra of (a) [Cp*-sMosSsRh(cod)] (1, 50 uM), (b) [Cp*-sMosSalr(coe)]
(2, 50 uM), (c) [Cp*sMosSsRh(coe)] (3, 50 uM), and (d) [Cp*3sMo3sSalr(coe)] (4, 50 uM) in THF.

Table S6. Summary of UV-vis absorption spectra of 1-4.

cluster Amax / nm
1 482 (sh), 638
2 460 (sh), 588, 785
3 435 (sh), 484 (sh), 628 (sh)
4 449 (sh), 607 (sh), 785
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Figure S7. (a) UV-vis absorption spectra of [Cp*-3Mo3SsRh(cod)] (1, 50 uM, red line), [Cp*-3M03S4]"
(50 pM, black line), [Cp*-3M03S4] (50 uM, blue line), and [Cp*3Mo3Ss]~ (50 uM, green line) in THF.
(b) UV-vis absorption spectra of [Cp*-sMo3Salr(coe)] (2, 50 uM, red line), [Cp*-3M03S4]* (50 uM, black
line), [Cp*'sM03S4] (50 UM, blue line), and [Cp*sM03S4]~ (50 uM, green line) in THF.
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Figure S8. (a) UV-vis absorption spectra of [Cp*3sMosSsRh(coe)] (3, 50 uM, red line), [Cp*sM0o3S4]* (50
MM, black line), [Cp*3Mo03S4] (50 uM, blue line), and [Cp*3sMo3S4]~ (50 pM, green line) in THF. (b) UV-
vis absorption spectra of [Cp*3sMosSlr(coe)] (4, 50 uM, red line), [Cp*sMosS4]* (50 uM, black line),
[Cp*3sM03S4] (50 pM, blue line), and [Cp*3sMo03S4]~ (50 uM, green line) in THF.
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4. Electro-spray ionization mass spectrum (ESI-MS)

(a)

[(CsMe,SiEty);Mo;S,Rh + O,]* (c)
[(CsMe,SiEt,);Mo,S,Rh]* (d)
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Figure S9. Positive-mode ESI-MS spectrum of [Cp*-3sMo3SsRh(cod)] (1) in THF. (a) overall spectrum,
(b) expanded spectrum (1310-1350 m/z) and the simulated isotope pattern for [(CsMesSiEts)sMo03S4Rh
+ cod]’, (c) expanded spectrum (1230-1290 m/z) and the simulated isotope pattern for
[(CsMesSiEts)sMosSsRh + O], (d) expanded spectrum (1200-1250 m/z) and the simulated isotope

pattern for

[(C5M84SiEt3)3MOsS4Rh]+.

*Note

that this cluster

is air-sensitive.

Therefore,

[(CsMesSiEts)sMosSsRh + O2]" was detected due to the inevitable air exposure during spraying

injection.
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Observed \

Simulation for [CpXL.;Mo03S,Ir(Bpin)]*

1425 1430 1435 1440 1445 1450 1455
m/z
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Figure S10. Positive-mode ESI-MS spectrum of a reaction mixture [Cp*-sMo3S4lr(coe)] (2) and HBpin,
which was generated by the following condition: [Cp*-3Mo3Salr(coe)] (2, 5 umol) with HBpin (200 umol)
in hexane (10 mL) at 150 °C under Ar for 24 hours. The reaction was carried out in an autoclave.
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(a)

[(Na)(Cp*-sMo;S,Rh)(H,Bpin)(HBpin)]* (b)

[(Na)(Cp*-3Mo;S,Rh)(HBpin)s]* (c)
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Figure S11. Positive-mode ESI-MS spectrum of a reaction mixture [Cp*-3MosS4Rh(cod)] (1) and
HBpin, which was generated by the following condition: [Cp*-3M03;SsRh(cod)] (1, 5 umol) with HBpin
(200 pmol) in hexane (10 mL) at 150 °C under Ar for 24 hours. The reaction was carried out in an
autoclave. (a) overall spectrum, (b) expanded spectrum (1490-1520 m/z) and the simulated isotope
pattern for [(Na)(CsMesSiEts)3(Mo3SsRh)(H2Bpin)(HBpin)]*, (c) expanded spectrum (1620-1645 m/z)
and the simulated isotope pattern for [(Na)(CsMesSiEts)s(MosSsRh)(HBpin)s]*.

The results in Figure S11 suggested that the Rh site has enough space for two or three Bpin
moieties. Thus, replacing one of the Bpin moieties with an arene molecule seems possible, as the
size of Bpin is comparable to an aromatic ring. The Cp ligands also affect the accessibility of arenes,
and the clusters with bulkier Cp** ligands (cluster 1 and 2) displayed lower reactivity toward larger
substrates such as toluene and xylenes.
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5. Possible catalytic cycle in our system

Scheme S1. A possible catalytic cycle

Ho M0384'M HBpln
T H
MO3S4'|\|’I M03S4'M_Bpin (A)
H
QBpin @
H H
M0384'N‘|‘; """ :Bpin M0384'N“I,‘_Bpin

D

Table S7. Effect of the boron source (HBpin vs Bzpinz) in the borylation of benzene.

entry [cat.] active center ligands on Mo boron source amount of product/umol

1 1 Rh cpt HBpin 107.0
2 1 Rh cp™t By (pin), 19.5
3 2 Ir cp™ HBpin 24.9
4 2 Ir cp™ Ba(pin), n.d.
5 3 Rh Cp* HBpin 120.7
6 3 Rh Cp* B,(pin); 93.8
7 4 Ir Cp* HBpin 11.3
8 4 Ir Cp* B,(pin), n.d.

Conditions: HBpin (200 umol) or B2pin2 (100 umol) as the boron source and 2.0 mol% (vs. Bpin
moiety) of 1-4 as the catalyst in benzene (10 mL) at 150 °C (oil bath temperature) in an autoclave for
24 hours.

The lower reactivity of Bz(pin)2 might be explicable by the steric hindrance around the B atoms,
which prevents B(pin). from approaching the M sites, while we cannot draw definitive conclusions
from these results only.
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