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a b s t r a c t

The catalytic activities of three Ni(II) complexes with fluorinated and non–fluorinated N–heterocyclic
carbene (NHC) ligands were evaluated in the C–S cross–coupling reaction between iodobenzene and thio-
phenol. The complexes with fluorinated–NHC ligands exhibited lower catalytic activities compared to the
non–fluorinated derivative. This can be attributed to the lower electron–donating character of the fluo-
rinated ligands in comparison to the non–fluorinated ligand. Complex 3–Ni was tested towards different
substrates, achieving moderate to good conversions. Additionally, the reaction mechanism of the C–S
cross–coupling using two substrates, tert–butylthiol and 2,4–dichlorobenzenethiol, was determined.
Tert–butylthiol produced a stable intermediate that inhibited the last step of the reaction mechanism (re-
ductive elimination). On the other hand, 2,4–dichlorobenzenethiol formed a less stable intermediate,
favoring the reductive elimination. This observation aligns with the lower yield observed when using
tert–butylthiol compared to 2,4–dichlorobenzenethiol (20% vs 99%).

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

N–heterocyclic carbene (NHC) ligands have been extensively
studied in organometallics and catalysis over the last two decades
for the design of highly catalytically active species in processes
such as cross–coupling, metathesis, dehydrogenation, hydrogena-
tion, and other industrially relevant reactions.[1–27] Their wide
applicability is mainly due to their facile preparation and tunabil-
ity, forming very strong r bonds with practically any transition
metal. However, their use in C–S cross–coupling has been scarcely
explored, even though this transformation promises to be a
greener route for the formation of C–S bonds, which are widely
found in important biological and pharmaceutical products, such
as nelfinavir, vortioxethine, etcetera.[28–31] Thus, C–S bond for-
mation has become one of the most important targets in modern
organic synthesis.

Some examples of Pd(II), Cu(I) and Ni(0/II) NHC complexes for
C–S cross–couplings have been reported.[32–42] In the case of
Ni-NHC catalysts, the focus has predominantly been on utilizing
imidazolylidene derivatives to generate the catalytically active
species. In 2007, Zhang and Ying described a catalytic system based
on Ni(0) and imidazolylidene ligands with N–benzyl substituents.
[32] Subsequently, Nicasio and co–workers described a well–de-
fined imidazolylidene–based Ni(II) complex.[34] The NHC ligand
featured N-aryl substituents, while the metal center was coordi-
nated with both an allyl and a chloride ligand. Jun and Lee sup-
ported imidazolineylidene–Ni(II) complexes on magnetite/silica
nanoparticles, facilitating their recycling and the purification of
the products.[37] Puerta and Valerga reported the synthesis of a
bidentate ligand incorporating imidazolylidene and pyridine moi-
eties. The metal coordination sphere of the Ni(II) was completed
by a cyclopentadienyl (Cp) ligand.[39] More recently, our group
described the catalytic activity of well–defined Ni(II) complexes
of the type [(NHC)Ni(Cp)(Br)], where the imidazolylidene ligand
included a phthalimide moiety (Fig. 1).[41] In this study, we
observed a trend: the more electron–donating the NHC ligand,
the more active the produced catalyst. To tune the electronic prop-
erties of those NHC ligands,[43,44] we used different N–sub-
stituents i.e. –NnBu, –NMe and –NBn. However, all yielded
electron–donating effects and the influence of electron–withdraw-
ing groups was not clear for the design of catalysts for C–S cross–
coupling reactions.
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Fig. 1. Examples of NHC–Ni complexes used for C–S couplings.
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Despite the existence of interesting examples of Ni(II)–based
catalysts, the reaction mechanism of C–S cross–coupling has not
been thoroughly investigated.[35,40,41] Sun and Zhou proposed
a reaction mechanism involving three steps: oxidative addition,
ligand exchange, and reductive elimination.[40] They also sug-
gested that the catalytically active species is Ni(0), which can be
formed through reductive elimination of the [LNi(SR)2] species,
leading to the formation of L–Ni(0) and RS–SR. The presence of
RS–SR was detected in the catalytic reaction mixture. However,
Scheme 1. Synthesis o
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there is a lack of further experimental studies and theoretical cal-
culations to support this proposed reaction mechanism.

To further elucidate this topic, we conducted a study on the cat-
alytic activities of three NHC complexes with clearly different elec-
tronic properties,[43,44] including N–substituents possessing
electron–withdrawing properties. To achieve this, we employed
both fluorinated and non–fluorinated N–benzyl groups (Fig. 1).
Drawing from our previous research, we focused on complexes of
the type [(NHC)Ni(Cp)Br], with the NHC ligand being benzimida-
zolylidene. This ligand choice was based on its ability to generate
more catalytically active complexes when compared to their imi-
dazolylidene counterparts.[45] Furthermore, we evaluated the cor-
responding complexes in C–S cross–coupling reactions, and
performed theorical calculations to delve into the catalytic
mechanism.
2. Results and discussion

We synthesized three benzimidazolium–based salts with
different N–benzyl substituents: compound 1, containing two
perfluorinated benzyl fragments; compound 2, comprising a
non–fluorinated benzyl fragment and a perfluorinated benzyl frag-
ment; and compound 3, consisting of two non–fluorinated benzyl
fragments. The synthesis of compounds 1 and 3 involved the reac-
tion of benzimidazole with NaH and the respective benzyl bromide
in refluxing toluene (Scheme 1). Compound 2was prepared follow-
ing a previously reported method.[46].

Next, we synthesized Ni(II) complexes of the type [(NHC)Ni(Cp)
(Br)] by reacting the corresponding azolium salt and [Ni(Cp)2] in
DMF at 80 �C for 35 min (Scheme 1). After purification, complexes
1–Ni, 2–Ni, and 3–Ni were obtained in yields of 65%, 52%, and 65%,
respectively. Due to the diamagnetic nature of the Ni(II) com-
plexes, they were amenable to be characterized by NMR spectro-
scopic techniques, characterization that was complemented with
mass spectrometry, and elemental analyses.

The 1H NMR spectra of the complexes showed the absence of
the signal corresponding to the proton NCHN, while a signal due
to the presence of the Cp ligand was observed. Interestingly, this
Cp signal was shifted downfield in the presence of the fluori-
nated–NHC ligands, following the trend 1–Ni > 2–Ni > 3–Ni (5.42
> 5.27 > 5.12 ppm). DFT calculations at S12g/TZ2P level were also
performed and supported this trend, with Cp values of 5.15 ppm
(1–Ni), 5.00 ppm (2–Ni), 4.91 ppm (3–Ni). Similarly, in the 13C
{1H} NMR spectra the signals attributed to Cp displayed a similar
f Ni(II) complexes.
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trend, 93.2 > 92.8 > 92.5 ppm, respectively. The corresponding cal-
culated peaks appeared at 98.3 ppm (1–Ni), 97.7 ppm (2–Ni), 97.6
ppm (3–Ni). This trend was also observed for the characteristic
Ccarbene–Ni signal, which appeared at 186.0 ppm for 1–Ni > 183.9
ppm for 2–Ni and 181.7 ppm for 3–Ni. The computational data fur-
ther confirmed this trend, with values of 210.6 ppm (1–Ni),
210.0 ppm (2–Ni), 208.9 (3–Ni). These findings are noteworthy,
as the chemical shift of the carbene carbon is closely related with
its electron–donating properties.[43,44] Hence, based on their
structures, the NHC ligand with more fluorine atoms exhibited
the least electron–donating character. Consequently, the NHC–Ni
bond is weaker, resulting in an enhanced ‘‘free–NHC” character,
and a downfield shift. This observation is consistent with the fact
that the 13C{1H} NMR chemical shift of free–NHC ligands appears
above 200 ppm, data that is further supported by DFT calculations
(181.7 ppm).

Cyclic voltammetry studies were conducted on the three com-
pounds to assess the electronics of the ligands (Fig. 2).[45] All com-
pounds exhibited a one–electron reversible oxidation wave
corresponding to a metal center redox process. To determine the
half–wave potential of the complexes, differential pulse voltamme-
try (DPV) was employed. Complex 1–Ni exhibited the highest
potential (0.603 V), followed by 2–Ni (0.590 V) and 3–Ni
(0.517 V). These values indicate that the presence of fluorine atoms
decreases the electron–donating ability of the ligands on 1–Ni and
2–Ni. Conversely, the lower oxidation potential observed for 3–Ni
suggests a greater degree of electron–donating power of the non–
fluorinated NHC ligand.
Fig. 2. A) cyclic voltammetry and b) differential pulse voltammetry of 1–Ni (���), 2–
Ni (�) and 3–Ni (���). The measurements were conducted in dry CH2Cl2 with
1 mM of analyte, using 0.1 M of (NBu4)PF6 as electrolyte, at a scan rate of
100 mV�s�1. The reference electrode was shifted to SCE by setting ferrocene at
440 mV.
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The series of complexes were also analyzed by mass spectrom-
etry analysis techniques (ESI+), resulting in clean spectra. For com-
plex 1–Ni the molecular ion [M]+ was observed at 681.9 m/z, while
for complexes 2–Ni and 3–Ni the molecular ions [M�Br]+ were
observed at 511.2 and 421.3 m/z, respectively. Moreover, crystals
suitable for single crystal X–ray diffraction analysis were obtained
for 1–Ni and 3–Ni, enabling the unequivocal determination of their
molecular structures (Fig. 3). Both complexes exhibited an
isostructural arrangement, showing the NHC ligand coordinated
to the Ni center, with a bromide and a Cp ligand completing its
coordination sphere. As expected, the metal center exhibited a ‘pi-
ano stool’ geometry. The Ni–Ccarbene bond lengths for both com-
plexes were very similar, 1.874(3) Å for 1–Ni vs 1.872(3) Å for 3–
Ni. Our DFT studies showed similar bond–lengths with values of
1.848 Å (1–Ni), 1.846 Å (2–Ni) and 1.848 Å (3–Ni). The small vari-
ation in the Ni–Ccarbene bond lengths may appear contradictory to
the NMR and CV results, which indicate distinct electronic proper-
ties for the NHC ligands. However, the complexity of the Ni–Ccarbene

bond, particularly the interplay between r–donation and p–back-
donation properties of the carbenes, likely contributes significantly
to the observed bond distances.[47].

With the complexes at hand, we studied their catalytic activi-
ties in C–S cross–coupling reactions. For this purpose, we moni-
tored the progress of the catalytic reaction between iodobenzene
and thiophenol in the presence of potassium tert–butoxide. The
reactions were conducted using a 5 mol % catalyst loading in
DMF at 100 �C (Fig. 4). As can be seen from the reaction profiles,
the complex including the fluorinated NHC ligand (1–Ni) did not
exhibit any activity throughout the process. In contrast, the com-
plex with the non–fluorinated NHC ligand (3–Ni) displayed the
highest activity, achieving an 89 % yield after 337 min, which cor-
responds to a TON of 18 and TOF of 3.2. As expected, the complex
with a fluorinated N–substituent (2–Ni) was moderately active,
affording a 40 % yield after the same reaction time. These findings
agree well with the electronic character of the NHC ligands,
whereby an increase in the electron–donating abilities of the
NHC ligand leads to more active complexes. We have previously
observed a similar trend under similar reaction conditions.[41]
Moreover, we performed the mercury drop test and found no
decrease in the reaction yield, suggesting that the reaction pro-
ceeds homogeneously.

The catalytic activity of complex 3–Ni was good and compara-
ble to that reported in the literature. For example, Zhang and Ying
achieved a 99% yield of diphenylsulfane after 16 h using 1 mol% of
their catalyst (Fig. 1), corresponding to a TON of 99 and a TOF of
6.2.[32] Nicasio and co–workers reported a 76% yield of diphenyl-
sulfane after 24 h with their catalyst (TON = 76, TOF = 3.2), using
NaOtBu as the base and 1 mol% of catalyst.[34] Puerta and Valerga
utilized 5 mol% of their catalyst and NaOtBu, resulting in an 89%
yield of diphenylsulfane after 24 h,[39] corresponding to a TON
of 89 and a TOF of 0.7. In our previous work, the imidazolyli-
dene–based Ni(II) complex reached a TON of 19 and a TOF of
38.4.[41] It is worth mentioning that these values were obtained
by conducting the catalytic reactionunder similar conditions, in
DMF at 100 �C.

Encouraged by these results, we further explored the catalytic
activity of complex 3–Ni towards different thiol substrates, includ-
ing aliphatic, aromatic, and heterocyclic derivatives (Table 1).
Under similar reaction conditions, we observed low conversions
when using aliphatic substrates. Interestingly, while using alipha-
tic substrates, we detected the formation of RS–SR product by GC–
MS (see Supporting Information). This product can be formed
through the coordination of two thiols to the nickel center, fol-
lowed by reductive elimination (vide infra). In contrast, thiophenol
derivatives showed conversions of up to > 99. The catalytic perfor-
mance was influenced by the nature and position of substituent



Fig. 3. Molecular structures of a) 1–Ni and b) 3–Ni. The ellipsoids are represented at
50% probability and hydrogen atoms were omitted for clarity. Selected bond lengths
(Å): 1–Ni = Ni(1)–C(2) 1.874(3), Ni(1)–Br(1) 2.3319(5). 3–Ni = Ni(1)–C(2) 1.872(3),
Ni(1)–Br(1) 2.3240(6).

Fig. 4. Time–course reaction profiles for the reaction of iodobenzene and thiophe-
nol. Reaction conditions: iodobenzene (0.25 mmol), thiophenol (0.25 mmol), KOtBu
(0.25 mmol) and [cat] (5 mol %) in DMF (3 mL) at 100 �C.
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groups. For instance, when a fluorine atom is at the para– or meta–
position the conversions were of 68 and 58%, however using the
meta–derivative produced no conversion at all. Interestingly, the
highly electron–withdrawing group –CF3 located at the meta–posi-
tion produces a conversion of 94% (Entry 11, Table 1), but when
located at the para–position the conversion reaches only 39%
(Entry 10, Table 1). Unfortunately, catalyst 3–Ni failed to produce
the expected C–S coupling products for certain heterocyclic–thiol
substrates (entries 14–15, Table 1). However, it displayed low
activity towards 2–benzothiazolethiol (Entry 16, Table 1).

Once we completed the evaluation and exploration of the C–S
couplings, we proceeded to investigate the reaction mechanism
through DFT calculations. Our hypothesis is that the mechanism
follows three main steps: oxidative addition, ligand exchange,
and reductive elimination. Similar to other cross–coupling reac-
tions, we anticipated that metals in a low oxidation state would
perform the oxidative addition. Therefore, we proposed that the
Ni(II) is reduced to Ni(0). Considering the formation of a disulfur
compound, we proposed that two thiolate ligands coordinate to
the metal center. Subsequently, through a reductive elimination
process, the disulfur compound and the Ni(0) species are formed.
To facilitate the coordination of the two thiolate ligands, we sug-
gest that the Cp ligand undergoes protonation.

Previous to perform the DFT calculations (vide infra) to support
our hypothesis, we investigated the formation of four possible
rotamers of complex 3–Ni (Fig. 5). This analysis was conducted
because these rotamers could potentially stabilize some of the cat-
alytic intermediate species. The presence of N–benzyl substituents
on the NHC ligand allows for flexibility and rotation around the C–
N bond. Consequently, at each point along the reaction pathway,
there could be four potential orientations of the phenyl groups:
both phenyl groups oriented upwards (+z; syn to Cp) or down-
wards (–z; anti to Cp) when the NHC backbone is in the xy–plane;
i.e. in isomer a, both phenyls are syn to Cp, while in isomer b, both
are anti to Cp. Isomers c exhibit one phenyl group in the syn orien-
tation and one phenyl in the anti orientation. In the X–ray struc-
tures (vide supra), these phenyl groups were observed as anti–syn
(c’ for 1–Ni and c for 3–Ni) but a rotational energy profile at
S12g/TZ2P level showed that the rotational barriers are in general
low, in the order of 5–6 kcal�mol�1. Interestingly, the preferred ori-
entation of the aromatic rings changed along the C–S cross–cou-
pling reaction pathway (vide infra), rearranging between syn–syn,
anti–syn and anti–anti, as the reaction proceeds.
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To gain insight into the influence of electron–withdrawing sub-
stituents on the reaction mechanism (Fig. 6), we conducted a com-
putational study of the reaction mechanism with two substrates:
tert–butylthiol (Fig. 7) and 2,4–dichlorobenzenethiol (Fig. 8). In
the proposed mechanism depicted in Fig. 6, the reaction starts
from complex I, and during the transition state, a reductive elimi-
nation takes place, leading to the release of tert–butyl disulfide,
and the reduction of nickel to complex II Ni(0), which then serve
as the starting point for the catalytic cycle with two available coor-
dination sites. It is noteworthy the fact that tert–butyl disulfide
was experimentally observed in the catalytic reaction. This is fol-
lowed by the oxidative addition of aryl iodide; oxidizing this nickel
species to complex III, a Ni(II) compound. The next transition state
occurs in two steps, first the iodide is released, forming a reaction
intermediate and then the thiolate is incorporated into the mole-
cule to form complex IV. Finally, a reductive elimination occurs,
where the C–S bond is formed, releasing the final product and
starting the cycle once again with the initial complex II.

By comparing the free energy profiles of the two substrates
(Fig. 9), we found that complex IV showed the highest energetic
difference. Tert–butylthiolate forms a more stable complex than
2,4–dichlorobenzenethiolate, so the reductive elimination requires
more energy using the alkyl–thiolate than the aromatic thiolate.
Thus, the formation of the final product demands a higher amount
of energy (�8.5 kcal�mol�1), which justifies the difference in the
yields obtained experimentally: 20% for tert–butylthiol vs 99% for
2,4–dichlorobenzenethiol.
3. Conclusion

In conclusion, we have prepared three Ni complexes of the type
[(NHC)Ni(Cp)(Br)], two of them including fluorinated–NHC ligands.
The complexes were characterized through NMR spectrometry,
mass spectrometry, elemental analysis, and computational chem-
istry. The molecular structures of two complexes were determined
unambiguously by single crystal X–ray diffraction analysis, and
confirmed by DFT.

The catalytic performance of the three complexes was deter-
mined in the C–S cross–coupling of benzenethiol and iodobenzene,
being the most active catalyst the non–fluorinated complex 3–Ni,
while the perfluorinated complex 1–Ni was inactive in this trans-
formation. This simple comparative study allows us to determine
that the higher the electron–donating character of the NHC ligand
is, leads to a higher catalytic activity of the complex. These results



Table 1
Cross–couplings between iodobenzene and different thiols catalyzed by 3–Ni.a.

Entry Substrate
(HS–R)

Product Conversion
(%)b

Turnover number
(TON)c

Turnover frequency
(TOF)d

1 20 4 0.2

2 0.0 0 0.0

3 16 3 0.2

4 88 18 0.9

5 57 11 0.6

6 68 14 0.7

7 0.0 0 0.0

8 58 12 0.6

9 71 14 0.7

10 39 8 0.4

11 94 19 1.0

12 36 7 0.4

13 >99 20 1.0

14 0.0 0 0.0

15 0.0 0 0.0

16 26 5 0.3

[a] Reaction conditions: iodobenzene (0.25 mmol), thiol (0.25 mmol), KOtBu (0.25 mmol) and [cat] (5 mol %) in DMF (3 mL), 100 �C for 19 h. [b] Conversions obtained by GC–
MS are based on residual iodobenzene and are the average of two runs. [c] TON = number of moles of product / number of moles of catalyst. [d] TOF = TON / reaction time (h).

Fig. 5. Orientations of the N–benzyl group.
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are important and must be considered for the design of future cat-
alyst for this important C–S cross–coupling reaction.

A mechanistic hypothesis consistent with the experimental and
computational results is illustrated in Fig. 6. The hypothesis eluci-
dates the feasibility of each step of the reaction, considering differ-
ent conformations. Moreover, the nucleophilic character of the
thiol emerges as a crucial factor influencing the catalytic perfor-
mance. Highly nucleophilic thiols, such as tert–butylthiol, facilitate
the stabilization of the last intermediate (intermediate IV) in the
catalytic cycle. This additional stabilization prevents the reductive
elimination step, resulting in the quenching of the C–S cross–cou-
pling reaction, and consequently leading to low yields. In contrast,
the utilization of less nucleophilic thiols, such as aromatic thiols
251
like 2,4–dichlorobenzenethiol, reduces the energy requirement
for reductive elimination. Consequently, the C–S cross–coupling
reaction becomes feasible, leading to higher yields.



Fig. 6. Transition states of the reaction mechanism.
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4. Experimental section

4.1. Materials

All reactions were carried out under nitrogen with standard
Schlenk techniques unless otherwise stated. All chemical com-
pounds were commercially obtained from Aldrich Chemical Co.
and used as received without further purification. The azolium salt
2 was prepared according to the literature.[46] The 1H and 13C{1H}
NMR spectra were recorded on a Bruker Ascend 500 spectrometer
or on a JEOL GX300 spectrometer. Chemical shifts are reported in
ppm down field of TMS using the residual signals in the solvent
as internal standard. Elemental analyses were performed on a Per-
kin Elmer 240. MS–Electrospray determinations were recorded on
a Bruker Daltonics–Esquire 3000 plus Electrospray Mass Spectrom-
eter. Mass measurements in FAB+ were performed at a resolution
of 3000 using magnetic field scans and the matrix ions as the ref-
erence material or, alternatively, by electric field scans with the
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sample peak bracketed by two (polyethylene glycol or cesium
iodide) reference ions. CV and DPV experiments were conducted
using a CH Instrument Potentiostat model CHI620D. The cell was
equipped with platinum working and counter electrodes, as well
as a silver wire reference electrode. In all experiments, [NBu4]
[PF6] (0.1 M in dry CH2Cl2) was used as the supporting electrolyte
with an analyte concentration of approximately 1 mM. Measure-
ments were performed at scan rates of 50 and 100 mV/s�1. All
redox potentials were referenced to the Fc+/Fc couple as an internal
standard, with E1/2(Fc/Fc+) vs. SCE = +0.44 V.

4.2. General procedure for the synthesis of the azolium salts

A solution of benzimidazole (474 mg, 4.0 mmol) and NaH
(144mg, 6.0 mmol) in toluene (10 mL) was stirred at room temper-
ature for 10 min. Then, the corresponding benzyl bromide
(11 mmol) was added to the solution. The resulting solution was
heated to reflux for 12 h. After this time, the solution was allowed



Fig. 7. Free energy profile of the C–S cross–coupling using tert–butylthiol.

Fig. 8. Free energy profile of the C–S cross–coupling using 2,4–dichlorobenzenethiol.

E. Jaimes–Romano, H. Valdés, S. Hernández–Ortega et al. Journal of Catalysis 426 (2023) 247–256
to cool down to room temperature and filtered. The white solid
was triturated in CH2Cl2 (100 mL) and filtered through celite�.
The solution was concentrated under high vacuum to afford a
white solid that contained the desired product.

4.2.1. Azolium salt (1)
The synthesis of 1 was carried out using 2,3,4,5,6–pentafluoro

benzyl bromide (1.7 mL, 11 mmol). Yield: 2.1 g (81 %). 1H NMR
(301 MHz, CDCl3) d 11.41 (s, 1H, NCHN), 7.86 – 7.55 (m, 4H,
253
CHBIm), 6.23 (s, 4H, –CH2–). 13C{1H} NMR (76 MHz, CDCl3) d
147.3 – 147.3 (m, CFArom), 144.1 (NCHN), 144.0 – 143.6 (m, CFArom),
141.1 – 140.4 (m, CFArom), 139.8 – 139.8 (m, CFArom), 136.2 – 136.2
(m, CFArom), 130.7 (CBIm), 128.3 (CHBIm), 113.0 (CHBIm), 106.7 –
106.6 (m, CArom), 39.7 (–CH2–). 19F{1H} NMR (283 MHz, CDCl3) d
–140.2 (d, J = 15.1 Hz), –149.7 (t, J = 21.0 Hz), –158.8 – �159.6
(m). MS (IE+) m/z 479.06 [M�Br]+. Elem. Anal. Calcd. for C21H9F10-
N2Br�7/8C7H8: C, 50.64; H, 2.68; N 4.35. Found: C, 50.60; H, 2.66;
4.31.



Fig. 9. Free energy profile of the C–S cross–coupling: tert–butylthiol (blue line) vs 2,4–dichlorobenzenethiol (red line). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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4.2.2. Azolium salt (3)
The synthesis of 3 was carried out using benzyl bromide

(1.3 mL, 11 mmol). Yield: 0.9 g (60 %). The spectroscopic data were
similar to those previously reported in the literature.[48].

4.3. General procedure for the synthesis of NHC–Ni(II) complexes

A solution of [Ni(Cp)2] (100 mg, 0.5 mmol) and the correspond-
ing azolium salt (0.2 mmol) in DMF was heated at 80 �C. After 30–
40 min the color of the solution changes from dark green to red.
After this time, the solution was cooled to room temperature and
all the volatiles were removed under high vacuum. The crude solid
residue was dissolved in CH2Cl2 (1 mL) and purified by column
chromatography using silica gel. Elution with CH2Cl2 afforded the
separation of a red band that contained the desired complex.

4.3.1. Complex (1–Ni)
The synthesis of complex 1–Ni was carried out using azolium

salt 1 (127.9 mg, 0.2 mmol). Yield: 89 mg (65 %). 1H NMR
(301 MHz, CDCl3) d 7.44 – 6.94 (m, 6H, –CH2– (2) and CHBIm (4)),
5.97 (d, J = 16.0 Hz, 2H, –CH2–), 5.42 (s, 5H, CHCp). 13C{1H} NMR
(76 MHz, CDCl3) d 186.0 (Ni–Ccarbene), 147.9 – 146.5 (m, CFArom),
144.8 – 142.6 (m, CFArom), 140.2 – 138.6 (m, CFArom), 136.8 –
135.9 (m, CFArom), 135.0 (CBIm), 123.7 (CHBIm), 110.0 (CHBIm),
109.7 – 108.3 (m, CArom), 93.2 (CHCp), 43.7 (–CH2–). MS (ESI+): m/
z 681.9 [M]+. Elem. Anal. Calcd. for C26H13BrF10N2Ni: C, 45.79; H,
1.92; N, 4.11. Found: C, 45.72; H, 1.84; N, 4.06.

4.3.2. Complex (2–Ni)
The synthesis of complex 2–Ni was carried out using azolium

salt 2 (93.8 mg, 0.2 mmol). Yield: 62 mg (52 %). 1H NMR
(301 MHz, CDCl3) d 7.50 – 7.24 (m, 4H, –CH2– (1) and CHArom

(3)), 7.24 – 6.97 (m, 6H, CHBIm (4) and CHArom (2)), 6.89 (d,
J = 15.9 Hz, 1H, –CH2–), 6.19 – 5.86 (m, 2H, –CH2–), 5.27 (s, 5H,
CHCp). 13C{1H} NMR (76 MHz, CDCl3) d 183.9 (Ni–Ccarbene), 144.7
– 143.7 (m, CFArom), 137.1 – 135.0 (m, CFArom), 129.2 (CHArom),
128.1 (CBIm), 126.4 (CHArom), 123.4 (CHBIm), 111.2 (CArom), 109.6
(CHBIm), 92.8 (CHCp), 54.0 (–CH2–), 43.6 (–CH2–). MS (ESI+): m/z
254
511.2 [M�Br]+. Elem. Anal. Calcd. for C26H18BrF5N2Ni: C, 52.75;
H, 3.06; N, 4.73. Found: C, 52.86; H, 3.16; N, 4.63.

4.3.3. Complex (3–Ni)
The synthesis of complex 3–Ni was carried out using azolium

salt 3 (75.9 mg, 0.2 mmol). Yield: 65 mg (65%). 1H NMR
(301 MHz, CDCl3) d 7.50 – 7.32 (m, 6H, CHArom), 7.32 – 7.27 (m,
4H, CHArom), 7.11 (s, 4H, CHBIm), 6.93 (d, J = 16.2 Hz, 2H, –CH2–),
6.18 (d, J = 16.2 Hz, 2H, –CH2–), 5.16 (s, 5H, CHCp). 13C{1H} NMR
(76 MHz, CDCl3) d 181.7 (Ni–Ccarbene), 136.2 (CArom), 135.7 (CBIm),
129.2 (CHArom), 128.1 (CHArom), 126.7 (CHArom), 123.0 (CHBIm),
110.9 (CHBIm), 92.5 (CHCp), 54.0 (–CH2–). MS (ESI+): m/z 421.3
[M�Br]+. Elem. Anal. Calcd. for [C26H23N2BrNi]: C, 62.20; H, 4.62;
N, 5.58. Found: C, 61.98; H, 4.67; N, 5.60.

4.4. General procedure for the C–S cross–coupling

Under inert atmosphere of nitrogen, a solution of KOtBu
(0.25 mmol) and the corresponding catalyst (5 mol %) in DMF
(3 mL) was stirred at room temperature for 10 min. Then, iodoben-
zene (0.25 mmol) and the respective thiol (0.25 mmol) were added
to the solution. The reaction was heated at 100 �C for the desired
time. The reaction mixture was cooled to room temperature and
the organic phase analyzed by gas chromatography (GC–MS)
(Quantitative analyses were performed on an Agilent 6890 N GC
with a 30.0 m DB–1MS capillary column couple to an Agilent
5973 Inert Mass Selective detector).

4.5. Data collection and refinement for compound (1–Ni) and (3–Ni)

Crystals of 1–Ni (CCDC 2061468) and 3–Ni (CCDC 2061469)
were grown by slow diffusion of n–hexane intro a saturated solu-
tion of the corresponding compound in CH2Cl2. The crystals were
mounted on glass fibers, then placed on a Bruker Smart Apex II
diffractometer with a Mo–target X–ray source (k = 0.71073 Å).
The detector was placed at a distance of 5.0 cm from the crystals
and frames were collected with a scan width of 0.5 in x and an
exposure time of 10 s/frame. Frames were integrated with the Bru-
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ker SAINT software package[49] using a narrow–frame integration
algorithm. Non–systematic absence and intensity statistics were
used in monoclinic C2/c and monoclinic P2/c space groups respec-
tively. The structures were solved using Patterson methods using
SHELXS–2014/7 program.[50] The remaining atoms were located
via a few cycles of least squares refinements and difference Fourier
maps. Hydrogen atoms were input at calculated position and
allowed to ride on the atoms to which they are attached. The final
cycles of refinement were carried out on all non–zero data using
SHELXL–2014/7.[50] Absorption corrections were applied using
SADABS program.[51].

4.6. Computational details

To support the experimental results of the thioetherification
reaction mechanism, we carried out the study of the possible ener-
getic pathways of each reaction step, using density functional the-
ory by means of the Amsterdam Density Functional (ADF) and
QUILD programs. A triple–z valence basis set with double polariza-
tion functions (TZ2P) of Slater–type orbitals (STO) was used.[52,53]
Relativistic corrections using the zero–order regular approxima-
tion (ZORA) combined with the S12g[54] density functional were
used to calculate energies and gradients, which include the
Grimme D3 dispersion model. The COSMO model for the solvent
dimethylformamide (DMF) is included in which a dielectric contin-
uummodel of the solvent is taken into account. Note that both dis-
persion, solvation and relativistic effects were included self–
consistently in all calculations. This method is suitable for nickel
complexes, as shown in previous studies.[55,56].

4.7. Supplementary information

Supplementary data for compounds 1–Ni and 3–Ni was
deposited at the Cambridge Crystallographic Data Centre. Copies
of this information are available free of charge on request from
The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(Fax: +44–1223–336033; e–mail deposit@ccdc.cam.ac.uk or
www: https://www.ccdc.cam.ac.uk) quoting the deposition
numbers 2061468–2061469.

All computational data have been uploaded (https://doi.org/10.
19061/iochem-bd-4-59, link: https://doi.org/10.19061/iochem-bd-
4-59) onto the IOCHEM–BD platform (https://www.iochem-bd.
org) to facilitate data exchange and dissemination, according to
the FAIR principles[57] of Open Data sharing.
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