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Rhodium(i) complexes with proton-responsive
anionic tethered N-heterocyclic carbene ligands:
synthesis and application in alkyne dimerization
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A series of rhodium(i) complexes of formula Rh{k?C,X-(IPPPR)}(cod) and Rh{k?C.X-(I°PPPR)}(CO), {IPPPR =
1-(R)-3-(2,6-diisopropylphenyl)-imidazolin-2-carbene; X = N, O; R = (6-yl-2-pyridone), (CH,CH,NC(=O0)
Ph), (CH,CH,COO); (cod = 15-cyclooctadiene)} containing anionic-tethered NHC-functionalized
ligands, including pyridonato, amidato or carboxylato groups at the N-wingtip, has been prepared and
their application to alkyne homocoupling has been investigated. The chelate coordination of the NHC-
functionalized ligand generates 5, 6 and 7-membered metallacycles for pyridonato, amidato and carboxy-
lato substituents, respectively. Preparation of the mixed bis-NHC derivative Rh{x?C,O-(I®PPCarbx){(CO)
(IPr) {IPr = 1,3-bis-(2,6-diisopropylphenyl)-imidazolin-2-carbene} is possible due to lability of one of the
CO ligands in the bis-CO precursor. Reversible protonation is observed for pyridonato and carboxylato
moieties but not for amidato counterpart. Alkyne dimerization catalytic activity is reported for N-based
anionic groups whereas carboxylato counterparts are inefficient. A proton transfer mechanism is invoked
for the gem-selectivity observed for cod-based catalysts whereas alkyne insertion is the regioselectivity-
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Introduction

N-Heterocyclic Carbenes (NHCs)' are fascinating molecules
with widespread applications ranging from biomedicine® to
materials science,® but are particularly prominent in catalysis.*
Their unique structural framework allows for fairly unlimited
design possibilities, driving the development of a myriad of
mild-condition synthetic methods.” Notably, the incorporation
of a non-spectator functional group on the N-wingtip has
enabled their participation in very efficient Metal-Ligand
Cooperative (MLC) transformations.® In this context, func-
tional groups based on 0,” N,* P,° §,° and Si'! heteroatoms,
as well as carbon-based substituents,'> have been reported.
Moreover, these types of bidentate or multidentate ligands
could also play a crucial role in catalysis by stabilizing low-co-
ordinated active species.”® In particular, NHCs decorated with
deprotonatable moieties, such as pyridone,'* amide'® or car-
boxylic acids,'® have been successfully used to prepare anionic
tethered NHC-metal catalysts (Chart 1a). The benefits of these
pendant scaffolds are not limited to acting as internal bases
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determining step for CO-containing analogues.

that facilitate proton transfer processes, but also extend to
modulating catalytic activity and selectivity through inter-
actions with the metal center or substrates. Indeed, they
prevent catalyst decomposition in acidic environments
through imidazolium salt formation,"”” where the pendant
basic group act as a proton sponge that inhibits metal-NHC
bond cleavage.®

Alkyne dimerization is a straightforward and atom-econ-
omical route to 1,3-enynes, which are key structural motifs in a
variety of biologically active molecules or functional
materials.”® However, achieving high chemo-, regio- and
stereoselectivity is a challenging task due to a multifaceted
mechanistic scenario,® which also includes competing path-
ways leading to cyclotrimers,*® polymers,> butatrienes® or
other complex cyclic structures such as fulvenes,> penta-
lenes,* azulenes,?® or bicyclooctatrienes.>” While a few selec-
tive catalysts for E-,** Z-*° or gem-enynes'?”° have been devel-
oped, further research is warranted not only to improve cata-
lyst efficiency but also to gain deeper mechanistic insights that
could be valuable for other C-H activation and C-C coupling
transformations. In general, alkyne migratory insertion into
metal-hydride or metal-alkynyl bonds is the rate- and regio-
selectivity-determining step.*’ However, proton transfer pro-
cesses from the terminal position of one alkyne to another
have been demonstrated to be highly efficient alternative path-
ways.>” In this context, our group recently reported highly
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a) Reported catalysts based on pyridonato- and carboxylato-tethered NHCs
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Chart 1 (a) Selected examples of catalysts with pyridonato- and car-
boxylato-tethered NHC ligands. (b) Rn—NHC—-BHetA catalysts for alkyne
functionalization. (c) Complexes prepared in this work.

active Rh—-NHC catalysts for the specific head-to-tail dimeriza-
tion of alkynes to form 1,3-gem-enynes via a Ligand Assisted
Proton Shuttle (LAPS) mechanism.>>** We found that Bis-
Heteroatomic Acidato ligands (BHetA), such as carboxylato,
amidato, amidinato, and especially pyridonato, can act as
efficient proton transfer agents, enhancing activity and selecti-
vity (Chart 1b). Based on these findings, we envisage the
potential of rhodium complexes bearing nitrogen- and oxygen-
tethered NHC ligands as effective proton carriers for catalytic
applications. Herein, we report on the synthesis of Rh(i) com-
plexes with pyridonato-, amidato-, and carboxylato tethered-
NHCs and their performance as alkyne dimerization catalysts.

Results and discussion

Synthesis and characterization of NHC-pyridonato Rh(1)
complexes

The 1-(6-hydroxypyridin-2-yl)-3-(2,6-diisopropylphenyl)-imida-
zol-3-ium bromide salt [I”PPOpyH,]Br (1) was prepared accord-
ing to previously described procedures.** In view of the tauto-
meric equilibrium®® of the heterocyclic tether between pyrido-

“ or hydroxypyridine®**” isomer, the X-ray diffraction ana-
lysis of 1 was carried out (Fig. 1). As a matter of fact, the crystal
structure of 1 revealed that the salt adopts the hydroxypyridine
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Fig. 1 (a) ORTEP views of the crystal structure of 1. For clarity, most
hydrogen atoms are omitted. Thermal ellipsoids are at 50% probability.
(b) Intermolecular I°PPOpyH,---Br contacts along the b axis. Selected
bond lengths (A) and angles (°) are: C1-N2 1.338(4), C1-N5 1.329(4),
C3-N2 1.382(4), C3-C4 1.352(4), C4-N5 1.383(4), C6-N2 1.445(3),
C6-N7 1.325(4), C6-C11 1.363(4), C8—-N7 1.331(4), C8-C9 1.400(5),
C8-012 1.341(4), C9-C10 1.370(5), C10-C11 1.398(4), N7-C6—-N2-
C1-177.23(27), O12-H12.--Br: 0O12-H12 0.840(2), H12-Br 2.372(1),
0O12-Br, 3.211(2), O12-H12-Br 176.66(16), Cl-H1.--Br#: C1-H1
0.950(3), H1-Br# 2.584(1), C1-Br# 3.532(3), C1-H1-Br# 175.82(18),
# equivalent position: —x + 1/2 + 1, +y + 1/2, -z + 1/2.

tautomeric form (Fig. 1a). In agreement with the presence of
the OH group, the C8-012 bond length [1.341(4) A] is similar
to that reported for C***™-0 single bonds [1.362 A, av.].>® The
asymmetric unit of the crystal structure of 1 contains the ion
pair I®PPOpyH,/bromide. Within the I®PPOpyH, cation, the
aromatic ring of the 2,6-Pr,C¢H; group lies almost perpen-
dicular to the NHC core, whereas the hydroxypyridinyl frag-
ment and the NHC core are nearly coplanar [O12-H12-Br
176.66(16)°]. Notably, O12-H12---Br and the C1-H1---Br inter-
molecular contacts are observed, thus rendering infinite
chains growing along the b axis (Fig. 1b).

Metalation of the ligand was achieved by treatment of 1
with [Rh(p-Cl)(cod)], (cod = 1,5-cyclooctadiene) in the presence
of 3 equivalents of ‘BuOK in THF for 30 min. The mono-
nuclear chelate complex Rh{k’C,N-(I"'PPOpy)}(cod) (2) was
obtained as a result of the deprotonation of both the imidazo-
lium and hydroxypyridine moieties (Scheme 1). In contrast to
1, the pyridonato tautomeric form of the tether was observed

2NN Y T NN
[Rh(i-Ci(cod)] 3 eq KO'BU KO'Bu q ;E/\Q co q Y \Q
" + > - Rh/
1PiPPOpYH,Br THF r.t., 30 min R/ CHgC|2 ocC [ 0
1 -IBUOH, -KBY, \7 1omin. rt co
KCl 3

Scheme 1 Preparation of pyridonato-functionalized NHC rhodium
derivatives 2 and 3.

This journal is © The Royal Society of Chemistry 2025
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in 2. The use of an excess of base was deemed to be essential
to incorporate the NHC-functionalized ligand into the metal
center. In fact, several attempts to prepare the putative Rh(1)
derivative RhX{kC-(I""PPOpyH)}(cod) by selective deprotonation
of the imidazolium fragment were unsuccessful. Moreover, the
use of the monoolefin complex [Rh(p-Cl)(n>-coe),], (coe =
cyclooctene) as a synthetic precursor resulted in a mixture of
unidentified products. Bubbling carbon monoxide through a
CH,Cl, solution of 2 afforded the bis-carbonyl compound Rh
{K*C,N-(1""PPOpy)}(CO), 3, which was isolated as a yellow solid
in 78% yield.

The solid-state structure of 2 was determined by X-ray diffr-
action analysis on single crystals obtained by slow diffusion of
n-hexane into a concentrated CDCl; solution of 2 (Fig. 2). The
crystal structure of 2 shows a square planar coordination poly-
hedron at the metal centre given by the bidentate cod and
I°PPOpy ligands. As consequence of the short bite angles
C1-Rh-N7 [78.37(12)°] both the NHC and the pyridine moi-
eties of the I”'PPOpy ligand strongly deviate from the ideal
arrangement with respect to the Rh-C1 and Rh-N7 bonds
(NHC: pitch 9 1.2° yaw y 14.3°; py: pitch 9 7.0°; yaw y 7.0°).%”
Notably, when comparing the C8-012 bond lengths in 1
[1.341(4) A] and 2 [1.247(4) A], the short C8-012 bond length
of 2 is indicative of the fact that the I°'PPOpy moiety switches
from a hydroxypyridine motif in 1 to a pyridonato scaffold in 2
upon deprotonation and coordination to rhodium.

The NMR spectra of 2 are in agreement with the structure
observed in the solid state. The appearance of only one septu-
plet at § 2.72 ppm for the two CH-isopropyl protons along with

Fig. 2 ORTEP view of the crystal structure of Rh{x?C,N-(I°PPOpy)}(cod)
(2). For clarity, hydrogen atoms are omitted and the 2,6-"Pr,CgHs group
is shown in a wireframe style. Thermal ellipsoids are at 50% probability.
Selected bond lengths (A) and angles (°) are: C1-Rh 2.015(3), N7-Rh
2.140(3), Rh—ctl 2.121(3), Rh—ct2 1.993(3), C6-N7 1.355(4), C6-C11
1.365(5), C6—N2 1.411(4), C8-N7 1.388(4), C8-012 1.247(4), C8-C9
1.440(5), C9-C10 1.362(5), C10-C11 1.403(5), C(25)-C(26) 1.374(5),
C(29)-C(30) 1.393(5), C1-Rh-N7 78.37(12), ctl-Rh-ct2 86.34(13),
N7-C6-N2-C1-3.83(15); ctl, centroid of C25 and C26; ct2, centroid of
C29 and C30.

This journal is © The Royal Society of Chemistry 2025
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two multiplets at § 6.18 and 3.50 ppm for the CH moieties of
the cod ligand in the "H NMR spectrum of 2, indicates an in-
plane disposition of the NHC moiety relative to the metal
coordination plane. This molecular topology defines a plane of
symmetry that includes the imidazole and pyridone rings and
bisects both the Dipp and cod groups. The assignment of the
two doublets at § 7.40 and 6.66 ppm, corresponding to the imi-
dazolinyl protons, is inferred from their NOE correlations with
the pyridonato and CH-isopropyl protons, respectively
(Fig. 3a). The most characteristic signals in the “C{'H}-APT
spectrum are the three doublets observed for the carbon
atoms coordinated to the rhodium center at § 174.7 ppm
(Jo-rn = 56.6 Hz) for the carbene, 105.0 ppm (Jc-gn = 6.7 Hz)
for the trans-to-NHC cod, and 70.8 ppm (Jc_gn = 12.4 Hz) for
the cis-to-NHC cod. Additionally, coordination of the nitrogen
atom of the pyridonato tether to form a five-membered metal-
lacycle is confirmed by the long range 'H-'’N HSQC NMR
experiment (Fig. 3b). A correlation peak is observed at &y
195.8 ppm, which falls within the typical range reported for
Rh-kN-pyridonato species, but is approximately 20 ppm more
shielded than that of uncoordinated pyridine-2-olato «O-
derivatives.”* Concurrently, the carbene ligand of the bis-car-
bonyl complex 3 also adopt an in-plane disposition, as evi-
denced by the observation of only one resonance for the CH-
isopropyl protons. Moreover, the *C{'H}-APT spectrum of 3

a) H, UM H,
VT S VL VT U
_z 25
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(J “Hy HM 35
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Fig. 3 (a) Selected regions of the 2D-NOESY for 2. (b) Long range
IH-'5N HSQC NMR spectrum.
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confirms the presence of two carbonyl ligands resonating at §
188.1 ppm (Jc-rn = 57.0 Hz) and 187.3 ppm (Jc-gn = 68.1 Hz).

Synthesis and characterization of NHC-amidato Rh(x)
complexes

With the aim of introducing a basic amidato substituent into
the NHC framework, the new 1-(2-benzamidoethyl)-3-(2,6-
diisopropylphenyl)-imidazol-3-ium chloride salt (4) was syn-
thesized via N-alkylation of 1-(2,6-diisopropylphenyl)-imid-
azole with N-(2-chloroethyl)benzamide in 74% yield
(Scheme 2). Treatment of 4 with [Rh(pu-Cl)(cod)], and 2 equiva-
lents of “BuOK in THF at room temperature for 16 h led to the
formation of the six-membered metallacycle NHC-amidato
complex Rh{x*C,N-(I""PPAmd)}(cod) (5). Exchange of cod by CO
in 5 was not as straightforward as might be expected. Bubbling
CO through a CH,Cl, solution of 5 for 15 min afforded the bis-
carbonyl complex Rh{x*C,N-(I""PPAmd)}(CO), (6), together with
other unidentified products. In contrast, the transformation
proceeds more cleanly upon bubbling CO in THF for only
5 min. It is noteworthy that previous attempts to exchange cod
by CO within a related complex were unsuccessful.'>

The solid-state structure of 5 was determined by X-ray diffr-
action analysis on single crystals obtained by slow diffusion of
n-hexane into a concentrated CH,Cl, solution of 5 (Fig. 4). The
crystal structure of 5 shows a distorted square planar geometry
of the metal centre with a x*C,N coordination of the ligand
1°PPAmd, thus confirming the deprotonation of both the imi-
dazolium and the amido moieties. The resulting six-membered
metallacycle Rh-C1-N2-C6-C7-N8 adopts a boat confor-
mation with the Rh and C6 atoms in the out-of-plane position.
Notably, the atom N8 exhibits a planar geometry
[Z% = 360.0(3)°] and the C9-010 [1.263(3) A] and C9-N8
[C9-N8 1.327(3) A] bond lengths are similar to those reported
for the C*P*>=0 and C°P?>-N moieties.>® On the other hand, the
bidentate coordination [C1-Rh-N8 85.21(8)°] of the ligand
I°PPAmd causes a significant deviation of the NHC core from
the ideal arrangement with respect to the Rh-C1 bond (NHC:
pitch § 4.0°; yaw  12.1°).%”

Cl
=

N/j\N + \ q N/g(_/\N \/\;F\'

OY NH Toluene H o

Ph

90°C, 2d -
Ph cl
4
2 eq KOBu THF,rt. 16 h
[Rh(n-Cl)(cod)] ‘ BUOH, - KCI
= [/ Z [/
NN :2/ Ny N
N_ o co "’\R(h 3
— " ~
oc—Rh Y THF TN,
| Ph 5min, r.t L >:
Cco v Ph
6 - cod 5

Scheme 2 Preparation of amidato-functionalized NHC rhodium

derivatives 5 and 6.
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Fig. 4 ORTEP view of the crystal structure of Rh{x?C,N-(I®"PAmd)}(cod)
(5). For clarity, hydrogen atoms are omitted and the 2,6-iPr,CgHs group
is shown in a wireframe style. Thermal ellipsoids are at 50% probability.
Selected bond lengths (A) and angles (°) are: Rh—ctl 2.100(3), Rh—ct2
2.006(3), C1-Rh 2.044(2), N8—Rh 2.123(2), C9-N8 1.327(3), C9-010
1.263(3), C29-C30 1.382(4), C33-C34 1.401(4), ctl-Rh—ct2 87.00(10),
C1-Rh-N8 85.21(8), C9-N8-C7 111.9(2), C9-N8-Rh 130.27(16),
C7-N8-Rh 117.78(15); ctl, centroid of C29 and C30; ct2, centroid of
C33 and C34.

The NMR spectrum of 5 in CD,Cl, at room temperature dis-
plays broad signals, showcasing the fluxional behaviour of the
molecule, which is likely associated to the ring-flipping
process of the six-membered metallacycle. However, well-
defined resonances were observed in the '"H NMR spectrum at
263 K. In contrast to 2 and 3, an out-of-plane disposition of
the NHC ring is observed for 5. Thus, as a consequence of the
lack of symmetry, the methylene protons of the linker are dia-
stereotopic and display two doublets of doublets of doublets at
4 5.25 and 4.38 ppm for NyucCH, protons, and a multiplet at
3.52 ppm for the N,,,gCH, protons. Also, the four olefin cod
protons and the two CHp;,, hydrogen atoms are inequivalent.
The coordination of the carbene to the rhodium atom is sup-
ported by a doublet at § 178.5 ppm (Jc_rn = 53.7) in the *C
{"H}-APT NMR spectrum. The substitution of cod by two car-
bonyl ligands in 6 results in a steric relief that allows the NHC
ring to adopt an in-plane disposition resulting in Cs symmetry.
This is reflected in the chemical equivalence of the protons of
both methylene linkers of the NHC-amidato ligand. Moreover,
the "*C{"H}-APT spectrum shows two doublets at 186.9 (Jc_gn =
63.0, COsnuc) and 184.9 ppm (Jern = 58.2, COygns-Nrc)
which confirms the presence of two carbonyl ligands in 6.

Synthesis and characterization of NHC-carboxylato Rh(x)
complexes

Complex Rh{k*C,0-(I"'PPCarbx)}(cod) (8), featuring a carboxy-
lato-functionalized NHC ligand, was prepared in a similar way
to that described for 2 and 5 from the known 1-(2-carbox-
yethyl)-3-(2,6-diisopropylphenyl)-imidazol-3-ium chloride salt

This journal is © The Royal Society of Chemistry 2025
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(7)*® and isolated as a yellow solid in 85% yield. The proposed
structure shows a seven-membered metallacycle resulting from
the bidentate ¥°C,0 coordination of the ligand (Scheme 3). In
fact, the difference between the asymmetric (1601 ecm™") and
symmetric (1375 cm™) carboxylato stretching bands in the infra-
red spectrum supports a k'O-carboxylato coordination.*® An ana-
logous chelate structure has been described for a Pd-NHC-car-
boxylato derivative.’® Similar to 5, complex 8 exhibits a fluxional
process that is frozen at 213 K. However, the energy barrier for
the inversion of the seven-membered NHC-carboxylato metalla-
cycle of 8 is expected to be lower than that of the six-membered
metalacyle of 5, for which well-resolved signals are observed
upon cooling to 263 K. At 213 K, the "H NMR spectrum of 8 dis-
plays two sets of signals for the diastereotopic methylene protons
and the CH-isopropyl groups of the NHC wingtips. The '"H-'H
NMR NOESY experiment at 213 K shows misleading cross-peaks
due to a spin diffusion effect, therefore "H-'H NMR ROESY
experiment was recorded instead, confirming the proposed struc-
ture for 8 (see Fig. S30 in SI). Moreover, the carbene carbon atom
is observed as a doublet at 5 178.4 ppm with a Jc gy, of 54.4 Hz in
the "*C{"H}-APT spectrum.

Interestingly, the NHC-carboxylato complex 8 exhibits a dis-
tinct reactivity compared to the NHC-pyridonato (2) and NHC-
amidato (5) analogues upon exposure to carbon monoxide.
Thus, in addition to the expected square planar bis-carbonyl
complex Rh{x*C,0-(I""PPCarbx)}(CO), 9a, a structural isomer 9b
was detected in a 9a: 9b 52 : 48 equilibrium ratio in solution at
233 K, confirmed by the exchange peaks observed in the EXSY
NMR experiment (Fig. S36 in SI). Compound 9a exhibits in the
BC{'H}-APT NMR spectrum the two expected low field doub-
lets for the inequivalent carbonyl ligands at § 186.8 and
186.7 ppm, with a Jcrn of 56.0 and 58.2 Hz, respectively.
However, the two CO ligands in 9b are equivalent, showing a
single resonance at 186.4 ppm (Jcrn = 69.0 Hz) (Fig. 5). A
plausible explanation for this observation is the description of
9b as adopting a saw-horse or pseudo-tetrahedral structure.*'
Nonetheless, at this point an Y-shaped three coordinated zwi-
terionic species, bearing a dangling carboxylate, or a dinuclear
A-frame structure could not be ruled out. A transoid disposi-
tion for two carbonyl ligands within Rh' derivatives is rare but
not unprecedented.*?

Reaction of the mixture of 9a and 9b with IPr {IPr = 1,3-bis-
(2,6-diisopropylphenyl)-imidazolin-2-carbene} in THF gave the
mixed-NHC complex Rh{k?C,0-(I""PPCarbx)}(CO)(IPr) (10),
which was isolated as a white solid in 92% yield. The 'H NMR
spectrum revealed a single isomer displaying the characteristic

[Rh(p-Cl)(cod)] ‘ = [\
N 2 eq KO'Bu : N\YN
NvN\/\C THF, rt. 16 h @h‘o .
q \H( OH =
7 8

Scheme 3 Preparation of carboxylato-functionalized NHC rhodium
derivative 8.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Selected region of the ¥*C{*H}-APT NMR spectrum at 233 K of
the equilibrium mixture of 9a, 9b.

signals of both IPr and I”'PPCarbx carbene ligands, and a
single carbonyl ligand. Thus, three doublets at 6 191.2 (Jc_rn =
79.5 Hz, CO), 189.5 (Jc_rn = 43.3 Hz, Rh-Cpp,), 185.7 ppm
(Je—rn = 43.1 Hz, Rh-Cnpc_carbx) and one singlet at 174.3 ppm
for the k'O-carboxylato ligand appear in the low field region of

e "*C{"H}-APT NMR spectrum of 10. The spectroscopic data
are consistent with a structure in which both NHC moieties
adopt a trans arrangement to minimize steric repulsion
(Scheme 4).**

Protonation of NHC-BHetA ligands

In order to assess the ability of the anionic functionalized
NHC ligands in proton transfer processes, we investigated the
protonation and deprotonation of the cod complexes 2, 5 and
8. Protonation was carried out by adding 1.5 equivalents of
triflic acid to 0.5 mL of CD,Cl, (2 and 5) or CDCl; (8) solutions
of the BHetA complexes in an NMR tube at 223 K (Scheme 5).
Formation of protonated species 11-13 was immediately
observed by "H NMR measurements at 223 K. No high-
shielded signal attributable to the putative Rh(m)-hydride

Ny
= —
= = NN Ta)
NN Q’ Y co i
:3 Y o 0OC—Rh—0 + h N
Su-Rh - o) oc”
( , CH,Cl, oc [0}
15 min, r.t.
, %a 9b
s o]
IPr
THF, -Co
10 minrt.
/_\
o T olo
i \_/ E
10

Scheme 4 Preparation of carboxylato-functionalized NHC rhodium
carbonyl derivatives 9-10.
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Scheme 5 Acid—base equilibrium for Rh—cod complexes 2, 5 and 8.

species, previously observed upon protonation of the IPr-chlor-
ido analogue [Rh(u-Cl)IPr(n*-coe)],,** was detected in the 'H
NMR spectra. It is noteworthy that the complexes remain
stable in solution for over 24 hours upon warming the reaction
mixture to room temperature, with no evidence of imidazo-
lium salt formation.'” Strong evidence for the cationic charac-
ter of the complexes is provided by the detection of a single
fluorine signal at § —78.8 ppm in the '’F NMR spectra.
Protonation of the pyridonato complex 2 occurs at the oxygen
atom, leading to the formation of a hydroxypyridine moiety to
give [Rh{x’C,N-(I""PPOpyH)}(cod)]OTf (11). In agreement with
the proposed formation of the OH group, the broad signal at §
11.46 ppm does not correlate with any nitrogen atom in the
"H-""N HMQC NMR spectrum. Moreover, the resonances
corresponding to the protons of the heterocyclic ring (H;, and
H;,) shifted downfield upon protonation. In contrast to that
observed for 2, protonation of the amidato derivative 5 takes
place at the nitrogen atom resulting in the formation of the
cationic complex [Rh{x*C,0-(I""PPAmdH)}(cod)]OTf (12). The
new N-H signal appears as a broad triplet at § 9.13 ppm and
correlates with a nitrogen atom at 114.0 ppm in the 'H-""N J'-
HMQC NMR spectrum. The observed nitrogen NMR chemical
shift, falling in a similar range to that observed for the free
ligand 4 (106.8 ppm), agrees with an uncoordinated nitrogen
atom for 12. In addition, the presence of a free triflate anion
inferred by "°F NMR suggests that the amide carbonyl group is
likely coordinated given rise to an eight-membered metalla-
cycle.”” In the case of the protonation of the carboxylato
complex 8, the changes in the NMR signals were less pro-
nounced than those observed for the pyridonato and amidato
derivatives. Nevertheless, the observation of diastereotopic
methylene protons supports the presence of a metallacycle
motif in [Rh{x*C,0-(I""PPCarbxH)}(cod)]OTf (13).

Next, the deprotonation of 11-13 was studied. Two equivalents
of triethylamine were added to NMR tubes containing solutions
of freshly formed 11-13 at room temperature. Within
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10 minutes, the hydroxypyridine and carboxylic acid complexes
were deprotonated, reverting to their respective parent complexes
2 and 8, respectively (Fig. 6). In contrast, the amide complex 12
remained unchanged for several days at room temperature, and
heating the sample at 60 °C led to the decomposition of the
complex. Interestingly, it was observed that in CDCl; the amidato
complex 5 transform into a new species RhCHK’C,0-
(I°PPAmdH)}(cod) (14)," after 3 days at room temperature under
day light conditions, likely induced by trace amounts of hydro-
chloric acid generated from CDCl; over time (Scheme 6). In con-
trast, the pyridonato and carboxylato derivatives remain stable
under CDClI; solutions for a week. The distinct behaviour of the
amidato complex can be explained by its higher basicity.
Therefore, the susceptibility of the amidato moiety to protona-
tion, along with its resistance to deprotonation in the presence of
a base such as triethylamine, may represent a limitation in cata-
lytic processes involving proton transfer.

Catalytic reactions

Different mechanistic pathways can be invoked for alkyne
dimerization, including oxidative addition, vinylidene, external
nucleophilic attack, base mediated, or LAPS.***? In addition,
alkyne oligomerization or polymerization can be competitive

Ho
H
Z —/ 10 # OoTf
qN\_/N Y HOTf QN\ N —I
__Rh—N Hi, NEt h/N\
\|_7 (0] J OH
2 11
a) Mo
‘ H CHcod
H12 10
b)
H Ha
2 Ho | CHeog
C) HZ
CH
H‘12 cod
V\ 7H1O 8
7.3 6.5 5.7 ppm

Fig. 6 (a) Selected region of the *H NMR spectrum of 2 in CD,Cl,. (b)
treatment of 2 with HOTf to yield 11. (c) 11 after addition of NEts.

x M = M/
NN
q \r 3 cDCl; q 1 E
~N g ‘Rh N"Xg
S 0 3d,rt |~
S, day light S H
5 14

Scheme 6 Formation of Rh-chlorido complex 14.
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processes. In this context, we have recently disclosed that the
presence of an internal base in Rh-NHC catalysts, such as a
BHetA ligand, enhances the reactivity, but the catalytic
outcome varies as a function of the ancillary ligand
(Scheme 7). Thus, in the presence of a labile cyclooctene
ligand the 1,3-gem-enynes are obtained via a LAPS process,*
but in the case of a CO ligand a (2 + 2 + 1) cyclotrimerization
results in the formation of fulvenes.>* The effect of attaching a
BHetA moiety at the wingtip of a NHC ligand has now been
investigated.

The alkyne tert-butylacetylene was chosen as a benchmark
substrate because of the versatile chemoselectivity previously
observed in function of the catalyst employed. Catalytic reac-
tions were performed in NMR tubes in C¢Dg (0.5 mL) using a
5 mol% of catalyst loading at 90 °C for 72 h (Table 1).
Conversion and selectivity were monitored by '"H NMR spec-
troscopy. The cod derivatives with pyridonato (2) or amidato
(5) ligands are less active than their CO counterparts 3 and 6,
showing high gem-selectivity of 80 and 95%, respectively
(entries 1 and 3), whereas NHC-carboxylato complex 8 is inac-
tive (entry 5). In contrast, the CO-pyridonato compound 3 is
the most active of the series but with reverse regioselectivity
towards the E-enyne. Furthermore, small amounts of fulvene
(4%) were also detected (entry 2). The fulvene quantity slightly
increases when using the amidato-CO catalyst 6, but with a
concomitant decrease in both activity and regioselectivity
(entry 4). Carboxylato-CO catalyst 9 was unselective, whereas
the bis-NHC compound 10 was completely inactive.

The most active catalyst 3 was subsequently evaluated for
other alkynes (Table 2). Selectivity to E-enynes was maintained
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Table 1 Dimerization of t-butylacetylene catalyzed by different Rh(i)

complexes with BHetA functionalized NHC ligands?

_>—_ [Rh] § mol% -
= A =

90 °C, 72 h

Fulvene

Entry  Catalyst  Conversion” (%)  Selectivity” (%) E/gem/fulvene
1 2 22 20/80/—
2 3 83 88/8/4
3 5 14 5/95/—
4 6 67 26/64/10
5 8 — —/—/—
6 9 16 28/71/—
7 10 — —/—/—

“Experiments were carried out in C¢Ds (0.5 mL) at 90 °C using an
alkyne/catalyst ratio of 100/5, [catalyst] = 20 mM. ” Conversion and
selectivity were determined by 'H NMR.

for the substrates studied although with slightly lower values
ranging from 58-72%. In the case of triisopropylsilyl and aro-
matic alkynes also the Z-enyne was also formed.

Catalytic results can be analysed on the basis of our pre-
vious mechanistic studies on untethered NHC-BHetA ana-
logues (Scheme 7).*>***3 The predominant formation of the
gem-enyne from cod derivatives suggests a proton-transfer
mechanism via LAPS promoted by the BHetA-type pyridonato
or amidato ligands (Scheme 6a), although alternative pathways
including oxidative addition or base-mediated could not be
excluded. However, the relatively low activity of these catalysts

NHC
Y{l A
—[Rh]—L
X<y NHC NHC NH
! 5 R )Y R
R—=—[Rh]—L — R—=—[RN] X —=R Rhl—X — [R—=
Deprotonation | - olefin I',-H N H
L R H  Protonation N\-H H
H
L=CO R————H

%
R(H) NHC/-( X>H\NHC

—co — (R

I
|l—[Rh1— o — (RHL [RN] ;
Insertion il Protonolysis
HR) |l RS H H
R
R
Insertion JR =
K
X>\NHC HC B
H S
= [RN—CO ——— X [Rh—CO —— R
| Cyclization ~H™ R Protonolysis
NS — R R I

Py

Scheme 7 Proposed mechanistic pathways for alkyne functionalization.

dimerization.
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(@) LAPS, (b) base-mediated, (c) fulvene formation via interrupted
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Table 2 Dimerization of different terminal alkynes catalyzed by 3°

3,5mol% R R
R—= — \\:R+<\:R+R—:—(R

CéDs.
90°C,72h E z gem
Entry Alkyne Conversion” (%) Selectivity” (%), E/Z/gem
1 ; . 83 88/—/8
A~ 48 67/—/33
D= 63 68/—/32
4 Y 78 64/27/9
s
5 z 77 68/21/11
6 y 93 58/14/28
7 /©/ 53 72/17/11
8 z 82 60/14/26

“Experiments were carried out in Ce¢Dg (0.5 mL) at 90 °C using an
alkyne/catalyst ratio of 100/5, [3] = 20 mM. ” Conversion and selectivity
were determined by "H NMR.

may be attributed to the strongly bound cod ligand, in contrast
to the more labile monoolefin ligand present in untethered Rh
(NHC)(BHetA)(coe) catalysts.>® At this point, the low activity
associated to the carboxylato ligand is unexplained but is con-
sistent with previous observations for related Rh-NHC-carbox-
ylato catalysts.>® Conversely, the reversed selectivity towards
E-enynes and trace formation of fulvenes observed for CO-
bearing catalysts, suggests an insertion process as the regio-
selectivity-determining step (Scheme 7b and c).

Conclusion

A series of rhodium(i) complexes featuring anionic-tethered
NHC-functionalized scaffolds, including pyridonato, amidato,
and carboxylato functionalities, and bearing cod or CO as
ancillary ligands, has been prepared and their application in
alkyne homocoupling has been investigated. The chameleonic
behavior of the pendant N-heterocyclic moiety is evidenced by
its appearance as the hydroxypyridine tautomer in the salt,
while it adopts a pyridonato form in the complexes. A coplanar
arrangement of NHC and pyridonato rings within a five-mem-
bered metallacycle has been observed. In contrast, amidato-
NHC derivatives feature a six-membered metallacycle which
adopts a boat conformation. Moreover, NHC-carboxylato com-
plexes display seven-membered metallacycle structures. The
lability of one CO ligand in bis-CO NHC-carboxylato species
enables the preparation of a mixed bis NHC complex.

Dalton Trans.
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Protonation of the anionic ligand is reversible, except in the
case of the NHC-amidato counterpart, for which the formation
of an eight-membered metallacycle is proposed. Alkyne dimeri-
zation catalytic activity is observed for N-based anionic groups
whereas their carboxylato counterparts are inactive. A proton
transfer mechanism is proposed to account for the gem-selecti-
vity observed with COD-based catalysts, whereas alkyne inser-
tion constitutes the regioselectivity-determining step for CO-
containing analogues. Further studies are currently underway
in our laboratories to develop more efficient catalysts featuring
anionic-tethered NHC motifs.

Experimental
General considerations

All reactions were carried out with rigorous exclusion of air
and moisture using Schlenk-tube techniques and a dry box
when necessary. Reagents were purchased from commercial
suppliers and used as received except for alkynes which were
dried over molecular sieves. Particularly, phenylacetylene was
first dried over molecular sieves and then distilled and stored
over anhydrous CaCl,. Organic solvents were obtained oxygen-
and water-free from a Solvent Purification System (Innovative
Technologies). Deuterated solvents were dried and deoxyge-
nated prior to use: CsDg and toluene-dg with sodium, CD,Cl,
with calcium hydride, and CDCl; and CD;CN with molecular
sieves. The organometallic precursor [Rh(p-Cl)(cod)],*® and
the imidazolium salts 1°* and 7,*® were prepared as previously
described in the literature. NMR chemical shifts (expressed in
parts per million) are referenced to residual solvent peaks ("H
and **C) or external CFCl; (*°F) and NH; (*°N). Coupling con-
stants, J, are given in hertz (Hz). Spectral assignments were
achieved by combination of 'H, *C{'H}-APT, 'H-"H COSY, and
'H-"*C HSQC and HMBC experiments. The 2D "H-'>N HMQC
long range experiments were recorded with a /. = 8 or 4 Hz.
Attenuated total reflection infrared spectra (ATR-IR) of solid
samples were recorded on a PerkinElmer Spectrum 100 FT-IR
spectrometer. C, H, and N analyses were carried out in a
PerkinElmer 2400 CHNS/O analyzer. High-resolution electro-
spray ionization mass spectra (HRMS-ESI) were recorded using
a Bruker MicroToF-Q equipped with an API-ESI source and a
Q-ToF mass analyzer, which leads to a maximum error in the
measurement of 5 ppm, using sodium formate as a reference.

Synthesis procedures and characterization data of Rh-NHC
complexes

87

2 2
. 1 W 73—7 ! 21
4% N N/ s 4 N N—o 5 & N N—o
5 2/
64::33 Y/N \12 eé 23 Y jw . 3 \r ©
Rh 13 Rh-y R}l 1
(e] " o [O X6

13 12
14

15

Preparation of Rh{k*C,N-(I"""POpy)}(cod) (2). A mixture of 1
(300 mg, 0.75 mmol) and potassium tert-butoxide (250 mg,
2.23 mmol) in THF (20 mL) was stirred at 253 K for 10 min.

This journal is © The Royal Society of Chemistry 2025
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Then, a solution of [Rh(p-Cl)(cod)], (182 mg, 0.37 mmol) in
THF (10 mL) at 253 K was transferred to the reaction mixture.
After stirring for 10 min at 253 K, the mixture was allowed to
warm to room temperature and stirred for additional 30 min.
The solvent was removed in vacuo and the residue dissolved in
toluene (20 mL) and filtered through Celite. After concen-
tration of the filtrate to ca. 1 mL, the addition of n-hexane
(3 mL) produced the precipitation of an orange solid that was
washed with n-hexane (3 x 5 mL) and dried in vacuo. Yield:
145 mg (37%). Anal. caled for C,gH3,N;ORh-1.5(CH,ClL,): C,
53.77; H, 5.66; N, 6.38. Found: C, 54.22; H, 6.03; N, 6.01.
HRMS (ESI) m/z caled for C,gH3sN;ORh [M + H]'": 532.1835,
found: 532.1832. '"H NMR (500.1 MHz, CDCl;, 298 K): § 7.45 (t,
Ju-n = 7.8, 1H, Hy), 7.40 (d, Jy_y = 1.8, 1H, H;), 7.23 (d, Jiy =
7.8, 2H, Hj;), 7.20 (dd, Jy_y = 8.7, 7.8, 1H, Hyy), 6.66 (d, Jy_g =
1.8, 1H, H,), 6.34 (d, Ju-u = 8.7, 1H, H;,), 6.18 (m, 2H,
CHeod—transnuc), 6.04 (d, Ju_y = 7.1, 1H, Hy,), 3.50 (m, 2H,
CHcod-cisnmc), 2-72 (sept, Ju-u = 6.8, 2H, H;), 2.2-1.7 (8H,
CH,.c0q), 1.39 and 1.08 (both d, Ji i = 6.8, 12H, Hg). “C{'H}-
APT NMR (125.8 MHz, CDCl;, 298 K): § 174.7 (d, Jo_gn = 56.6,
Rh-Cnpc), 171.9 (C=0), 150.1 (Co), 145.6 (C,), 137.6 (Cyy),
134.5 (C;), 130.8 (Cs), 124.9 (C,), 124.2 (Cs), 119.4 (Cy,), 114.7
(Cy), 105.0 (d, Je_rn = 6.7, CHeod—trans-niic), 89-8 (Cio), 70.8 (d,
Jo-rh = 12.4, CHcog-cis-nmc), 31.5 and 30.0 (CHj.coa), 28.5 (Cy),
26.0 and 22.5 (Cg). 'H-"N HMQC (long range) NMR
(40.5 MHz, CDCly, 298 K): § 214.0 (Nnmc-opy), 195.8 (Nopy),
185.9 (NxHC-Dpipp)- '

Preparation of Rh{k’C,N-(I"""’Opy)}(CO), (3). Carbon mon-
oxide was bubbled through a yellow solution of 2 (100 mg,
0.19 mmol) in dichloromethane (20 mL) for 15 min at room
temperature. After removing the solvent in vacuo, n-hexane was
added to induce the precipitation of a yellow solid, which was
washed with n-hexane (3 x 5 mL) and dried in vacuo. Yield:
70 mg (78%). Anal. caled for C,,H,,N;03Rh: C, 55.13; H, 4.63;
N, 8.67. Found: C, 55.37; H, 4.13; N, 8.45. IR (cm ™", ATR): 2075
Y(CO)gymy 2005 1(CO)ysyr. "H NMR (400.1 MHz, CD,Cl,, 243K):
5 7.54 (d, Jyu-u = 2.0, 1H, H,), 7.52 (t, Jiz-u = 7.6, 1H, Hg), 7.33
(d, Jy-u = 7.8, 2H, Hs), 7.26 (dd, Jy_y; = 8.7, 6.8, 1H, H;,), 7.05
(d, Ju-u = 2.0, 1H, H,), 6.36 (d, Ju-u = 8.7, 1H, H;,), 6.16 (d,
Jun = 6.8, 1H, Hy,), 2.56 (sept, Jun = 6.8, 2H, H;), 1.29 and
119 (both d, Juy = 6.8, 12H, Hg). “C{'H}-APT NMR
(100.1 MHz, CD,Cl,, 243K): & 188.1 (d, Jocrn = 57.0,
COtrans-NHC); 187.3 (d;]C—Rh = 68.1, COcis-NHC); 181.8 (d’]C—Rh =
48.7, Rh-Cyyc), 167.6 (C=0), 150.4 (C), 146.5 (C,), 139.2
(C11), 135.2 (C3), 131.6 (Cg), 125.0 (C5), 124.7 (C,), 117.2 (Cyp),
116.5 (Cy), 90.3 (Cyo), 28.9 (C), 24.7 and 23.9 (Cg).

Preparation of [I”’PPAmdH,]Cl (4). A mixture of 1-(2,6-diiso-
propylphenyl)imidazole (456 mg, 2.00 mmol) and N-(2-chlor-
oethyl)benzamide (367 mg, 2.00 mmol) in toluene (5 mL) was
stirred at 363 K for 2 days. Then, the solution was allowed to
cool to room temperature, and diethyl ether (20 mL) was
added. The precipitate formed was filtered, washed with a
diethyl ether-toluene mixture (9/1, 3 x 10 mL) and dried in
vacuo. Yield: 610 mg (74%). Anal. caled for C,4H3,N;OCLO.5
(H,0): C, 68.47; H, 7.42; N, 9.98. Found: C, 68.58; H, 7.66; N,
9.92. 'H NMR (300 MHz, CDCl;, 298 K): § 10.17 (s, 1H, NCHN),
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9.32 (t, Jzz-u = 4.4, 1H, NH), 8.18 (d, Ju-u = 6.5, 2H, Hy3), 7.81
(br, 1H, Hy), 7.5-7.4 (m, 4H, Hg 14.15), 7-22 (d, Juu = 7.9, 2H,
H;), 7.26 (m, 1H, H,), 5.19 (br, 2H, H,), 4.18 (br, 2H, H,,), 2.08
(sept, Ju-u = 6.8, H7), 0.97 and 0.91 (both d, Jy = 6.8, 12H,
Hjg). "*C{'H}-APT NMR (75 MHz, CDCl;, 298 K): § 168.1 (C=0),
145.5 (C,), 138.9 (NCHN), 132.8 (Cy,), 132.0 (Cq), 131.8 (Cy5),
130.1 (C3), 128.6 (C14), 128.0 (Cy3), 124.7 (Cs), 124.3 (C,), 123.4
(C1), 49.2 (Co), 39.2 (Cyy), 28.7 (C;), 24.4 and 23.9 (Cg). 'H-"N
HMQC (long range) NMR (40.5 MHz, CDCl;, 298 K): § 183.0
(Nxwc-Dipp)s 1798 (Nxtc-ama), 106.4 (NHama).

Preparation of Rh{k’C,N-(I""?’Amd)}(cod) (5). This com-
pound was prepared as described for 2 starting from 4
(334 mg, 0.81 mmol), potassium tert-butoxide (182 mg,
1.62 mmol) and [Rh(p-Cl)(cod)], (200, 0.41 mmol) with a reac-
tion time of 16 h at room temperature. Yellow solid, yield:
290 mg (61%). Anal. caled for C3,H,,N;ORh: C, 65.63; H, 6.88;
N, 7.18. Found: C, 65.87; H, 7.14; N, 7.33. 'H NMR
(400.1 MHz, CD,Cl,, 263 K): 6 8.36 (d, Jy_y = 6.5, 2H, Hy3), 7.50
(t, Jau = 7.7, 1H, Hy), 7.4-7.2 (5H, Hs 14.15), 715 (d, Ju_u = 1.7,
1H, H,), 6.76 (d, Ju-u = 1.7, 1H, H,), 5.25 (ddd, Ju.u = 13.1,
12.1, 5.1, 1H, Hy), 4.72 (m, 1H, CHcod_sransnuc), 4-38 (ddd, Jyu
= 13.1, 2.9, 2.3, 1H, Hy), 3.52 (m, 2H, Hy,), 3.45 (m, 1H,
CHeogq—cis-nuc)s 322 (m, 1H, CHeogcisnmc), 2.97 and 2.20 (both
sept, Ju_u = 6.7, 2H, H;), 2.44 (m, 1H, CHcoq_srans nuc)s 2+4-1.1
(m, 8H, CH,.coq), 1.42, 1.16, 1.08, and 0.88 (all d, Jy_y = 6.7,
6H, Hg). *C{'"H}-APT NMR (100.1 MHz, CD,Cl,, 263 K): § 178.5
(dy Jo-rn = 53.7, Rh-Cnpuc), 173.7 (C=O0), 146.5 and 146.3 (C,),
142.5 (C1), 135.6 (C3), 130.4 (Cg), 129.1 (Cy5), 128.1 (Cy3), 127.3
(C14), 123.9 (C,), 123.8 and 123.7 (Cs), 120.4 (Cy), 97.2 (d, Je-rn
=8.8, CHcod—trans—NHC)y 88.5 (d’]C—Rh =7.3, CHcod—tmnstHC): 72.4
(d; Jern = 11.9, CHcod—cis-NHC]; 70.0 (d: Jern = 12.3,
CHeogq-cisnuc)y 52.1 (Co), 46.6 (Cyp), 34.9, 32.4, 29.2, and 26.1
(CH,.coa), 28.7 and 28.2 (C,), 26.8, 26.3, 22.6, and 22.2 (all s,
Cg). 'H-"’N HMQC (long range) NMR (40.5 MHz, CDCls,
263 K): 5 188.1 (Nwc pipp)s 187-7 (Nnsc-ama)-

Preparation of Rh{kx’C,N(I""®’Amd)}(CO), (6). Carbon mon-
oxide was bubbled through a yellow solution of 5 (100 mg,
0.17 mmol) in THF (20 mL) for 5 min at room temperature.
After removing the solvent in vacuo, n-hexane was added to
induce the precipitation of an orange solid, which was washed
with n-hexane (3 x 5 mL) and dried in vacuo. Yield: 60 mg
(63%). IR (cm™", ATR): 2065 1(CO)gym, 1994 1(CO)ysym. Accurate
elemental analysis could not be obtained. HRMS (ESI) m/z
caled for C,sHpoN;O,Rh [M + H — COJ": 506.1315, found:
506.1337. '"H NMR (400.1 MHz, toluene-dgs, 298 K): § 8.10 (m,
2H, Hi3), 7.24 (t, Ju-u = 7.2, 1H, Hg), 7.3-7.0 (5H, Hs14,15), 6.86
(br, 1H, H,), 6.48 (br, 1H, H,), 3.98 (m, 2H, H,), 3.84 (m, 2H,
Hy,), 2.61 (sept, Ji_y = 6.8, 2H, H,), 1.30 and 0.96 (both d, Ji;_i
= 6.8, 12H, Hg). “C{'H}-APT NMR (100.1 MHz, toluene-ds,
298 K): & 186.9 (d, Jogn = 63.0, COsniic), 184.9 (d, Je_rn =
58.2, COpansnuc), 176.8 (C=0), 174.0 (d, Jcrn = 49.1, Rh-
Cnnc), 146.5 (Cy), 145.0 (Cyp), 137.5 (C3), 131.0 (Cg), 129.0
(Ci5), 128.4 (Cy3), 127.4 (Cy4), 124.4 (C5), 124.0 (Cy), 122.8 (Cy),
51.9 (Cyp), 44.3 (Cy), 28.9 (C5), 25.5 and 23.0 (Cy).

Preparation of Rh{k>*C,0-(I"'PPCarbx)}(cod) (8). This com-
pound was prepared as described 5 starting from 7 (270 mg,
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0.81 mmol) potassium tert-butoxide (182 mg, 1.62 mmol) and
[Rh(p-Cl)(cod)], (200, 0.41 mmol). Yellow solid, yield: 348 mg
(85%). IR (cm™, ATR): 1601 (OCO)ugm, 1375 L(OCO)gym.
Accurate elemental analysis could not be obtained. HRMS
(EST) m/z caled for C,gH36N,O,Rh [M + H]": 511.1832, found:
511.1826. '"H NMR [400.1 MHz, CD,Cl,, 213 K): § 7.45 [t,]H,H =
7.5, 1H, Hg), 7.35 and 7.14 (both d, Ji i = 7.5, 2H, H;), 7.06
(br, 1H, H,), 6.77 (br, 1H, H,), 5.82 (t, Jy_y = 12.9, 1H, Hy),
4.63 and 4.53 (both m, 2H, CHcod_sransnuc)s 4-15 (d, Juu =
12.9, 1H, Hy), 3.39 (m, 2H, CHeod_cisnic), 2.7 (m, 2H, Hyg),
2.47 and 2.05 (both sept, Juu = 6.5, 2H, H), 2.3-1.7 (8H,
CHy.coq), 1.80, 1.04, 0.98, and 0.97 (all d, Jy_y = 6.5, 12H, Hg).
BC{'H}-APT NMR (100.1 MHz, CDCl;, 213 K): § 178.4 (Jo_rn =
54.4, Rh-Cyyyc), 175.6 (OCO), 146.9 and 144.8 (C,), 134.2 (Cj),
129.7 (C¢), 124.3 and 123.2 (C;), 124.2 (Cy), 119.9 (C4), 98.5 and
98.2 (both br, CHcod-trans-nmic), 65.6 and 63.5 (bot d, Jc-rn =
12.4, CHeod_cis-nmic), 47.9 (Co), 38.2 (Cy), 34.3, 31.8, 28.1, and
27.4 (CHpc0q), 28.4 and 27.8 (C;), 25.8, 25.3, 24.8, and 22.9
(Cy)- )

Preparation of Rh{k’C,0-(I"'PPCarbx)}(CO),, (9a,b). This
compound was prepared as described for 3 starting from 8
(150 mg, 0.30 mmol). Pale yellow solid, yield: 92 mg (69%). IR
(em™, ATR): 2070 1(CO)gym, 1990 1(CO)ugym, 1613 L(OCO)usym,
1383 1(OCO)y,,. NMR data evidenced the presence of two
isomers 9a and 9b in a 52 : 48 ratio. HRMS (ESI) m/z caled for
C10H,4N,0,Rh [M + HJ': 459.0791, found: 459.0786.

9a: '"H NMR (400.1 MHz, CD,Cl,, 233 K): § 7.64 (d, Jy =
2.0, 1H, Hy), 7.49 (t, Jyu = 7.7, 1H, Hy), 7.29 (d, Jyypt = 7.7, 1H,
Hs), 6.96 (d, Jy_y = 2.0, 1H, H,), 4.64 (t, Jyu = 5.1, 2H, Hy),
2.70 (t, Jyus = 5.1, 2H, Hy,), 2.44 (sept, Jyy = 6.5, 2H, H;), 1.20
and 1.01 (both d, Ju g = 6.5, 12H, Hg). C{'H}-APT NMR
(100.1 MHz, CD,Cl,, 233 K): 6 186.8 (d, Joxn = 56.0,
COyransniic), 186.7 (d, Je_rn = 58.2, COisnmic)s 176.0 (d, Jo-rn =
47.8, Rh-Cypc), 175.8 (OCO), 146.1 (C,), 134.9 (C;), 130.2
(CHg), 124.7 (C,), 124.1 (CH;), 122.6 (Cy), 48.5 (Co), 37.4 (Cy0),
28.4 (C,), 26.4 and 22.5 (Cg).

9b: "H NMR (400 MHz, CD,Cl,, 233 K): 6 7.49 (t, Ju_u = 7.7,
1H, Hg), 7.28 (d, Jyy = 7.7, 1H, Hs), 7.21 (d, J_y = 1.7, 1H,
H,), 7.04 (d, Juu = 1.7, 1H, Hy), 4.49 (t, Juu = 9.0, 2H, Hy),
2.84 (t, Jiz-u = 9.0, 2H, Hyo), 2.45 (sept, Ju-u = 6.5, 2H, H;), 1.14
and 1.01 (both d, Jy_y = 6.5, 12H, Hg). “*C{'"H}-APT NMR
(100 MHz, CDCl;, 233 K): § 186.4 (d, Jo_grn = 69.0, 2C, CO),
176.6 (d, Jo-rn = 47.9, Rh—Cnpc), 174.4 (s, OCO), 146.0 (s, Cy),
134.9 (s, C3), 130.2 (s, CHg), 124.9 (C,), 124.1 (s, CH;), 121.2
(C1), 48.6 (s, Co), 38.0 (s, Cy0), 28.4 (C5), 26.3 and 22.7 (Cg).

Preparation of Rh{k’C,0-(I""PPCarbx)}(CO)(IPr) (10). A THF
(10 mL) solution of 9a and 9b (55 mg, 0.12 mmol) and IPr
(47 mg, 0.12 mmol) was stirred at room temperature for
10 min. Then, the solvent was removed in vacuo and the
addition of n-hexane (3 mL) produced the precipitation of a
white solid that was washed with n-hexane (3 x 5 mL) and
dried in vacuo. Yield: 90 mg (92%). IR (cm™"): 1948 1(CO), 1627
1(OCO)agym, 1367 1(OCO)yy,,. Accurate elemental analysis could
not be obtained. HRMS (ESI) m/z caled for C,6HgoN,O3Rh [M +
H]": 819.3720, found: 819.3715. 'H NMR (300 MHz, CeDs,
298 K): & 7.33 (m, 2H, H,p,), 7.23-7.19 (m, 4H, H,,1p,), 7.20
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(m, 1H, Hg), 7.03 (d, Jy1 = 7.7, 2H, Hs), 6.60 (s, 2H, —=CHNp,),
6.27 (d, Ji_y = 1.6, 1H, Hy), 5.97 (d, Jy_p = 1.6, 1H, H,), 3.71
(m, 2H, Hy), 3.09 (sept, Ju-u = 6.7, 4H, CHMeyp,), 2.51 (sept,
Ju-n = 6.7, 2H, Hy,), 2.41 (m, 2H, Hy,), 1.43 and 1.06 (both d,
Ju-n = 6.7, 24H, Meyp,), 1.09 and 0.94 (both d, Jy; = 6.8, 12H,
Hjg). C{'H}-APT NMR (75 MHz, C¢Ds, 298 K): & 191. 2 (d, Jc_rn
= 79.5, CO), 189.5 (d, Jo_rn = 43.3, Rh-Cypy), 185.7 (d, Jorn =
43.1, Rh-Cnpc), 174.3 (OCO), 147.1 (Cyupr), 146.8 (Cy), 137.1
(CqNipy), 136.4 (C3), 129.8 (Cpipr), 129.4 (Cg), 124.1 (—=CHNypy),
124.0 (Cprrpr)y 123.7 (Cs), 123.5 (C,), 119.7 (C,), 47.9 (Co), 42.2
(Cy0), 28.8 (CHMeyp,), 28.7 (C;), 26.4 and 23.1 (Meyp,), 25.9 and
23.9 (Cg).

In situ formation of [Rh{k>*C,N-(I""PPOpyH)}(cod)]OTf (11). A
solution of 2 (21 mg, 0.04 mmol) in CD,Cl, at 243 K (0.5 mL,
NMR tube) was treated with trifluoromethanesulfonic acid
(5 pL, 0.06 mmol). NMR spectra were recorded immediately at
low temperature. "H NMR (400.1 MHz, CD,Cl,, 243K): § 11.46
(br, OH), 7.92 (t, Ju_u = 8.0, 1H, Hy,), 7.73 (br, 1H, H,), 7.54 (t,
Jun = 7.8, 1H, Hg), 7.31 (d, Juu = 7.8, 2H, H;), 7.14 (m, 2H,
Hio12), 6.90 (br, 1H, H,), 5.83 (m, 2H, CHcod_sransNuc)s 3-72
(m, 2H, CHcod-cis-nuc), 2.63 (sept, 2H, Jy-u = 6.8, Hy), 2.3-1.7
(m, 8H, CHyeoq), 1.38 and 1.08 (both d, Jiy = 6.8, 12H, Hy).
BC{"H}-APT NMR (100.1 MHz, CD,Cl,, 243K): § 173.7 (d, Jc_rn
= 55.3, Rh-Cypc), 166.3 (C=0), 149.9 (Co), 145.0 (C,), 144.3
(C11), 133.4 (C3), 131.2 (Cq), 126.4 (C,), 124.4 (Cs), 120.8 (q, Jor
=320.1, CF;), 115.9 (C;), 111.2 (Cy,), 101.7 (Cy), 104.4 (d, Jo_rn
= 6.5, CHeod-trans-nuc)y 729 (d, Jo-rn = 13.3, CHeod-cisnuc); 31.4
and 29.4 (both s, CH, coa), 28.5 (C5), 25.8 and 22.2 (both s, Cg).
'H-">N HMQC (long range) NMR (40.5 MHz, CD,Cl,, 243K): §
209.6 (Nnuc-opy), 198.9 (Nopy), 189.8 (Nnuc-pipp): ' F NMR
(282.3 MHz, CD,Cl,, 243 K): § —78.8.

In situ formation of Rh[{k*C,0-(I’""PAmdH)}(cod)]OTf (12).
This compound was prepared as described for 11 starting from
5 (24 mg, 0.04 mmol) and trifluoromethanesulfonic acid (5 pL,
0.06 mmol). "H NMR (400.1 MHz, CD,Cl,, 243K): § 9.13 (t,
Jun = 6.9, 1H, N-H), 7.79 (m, 2H, H,3), 7.6-7.5 (m, 2H, Hg 15),
7.48 (m, 2H, Hy,), 7.36 (m, 1H, Hy), 7.31 (m, 2H, Hs), 7.27 (d,
Ju-n = 1.9, 1H, Hy), 6.87 (d, Ju_u = 1.9, 1H, H,), 4.80 and 4.69
(both m, 2H, CHcoq—transnmic), 4.19 (m, 1H, Hy), 3.81 and 3.05
(both m, 2H, CHcoq_cis nuc), 2-78 (sept, Juu = 6.8, 1H, H,),
1.90 (m, 1H, H,), 2.51 and 1.95 (m, 2H, H,,), 2.5-1.3 (m, 8H,
CHycoa), 1.58, 1.31, 1.12, and 0.63 (all d, Ji-5 = 6.8, 12H, Hg).
BC{"H}-APT NMR (75 MHz, CD,Cl,, 298 K): § 178.6 (d, Jo_grn =
51.6, Rh-Cypic), 173.1 (C=0), 146.2 (C,), 145.7 (Cyp), 135.7
(Cs), 132.6 (Cg), 130.2 (Cys), 128.5 (Cy4), 127.3 (Cy3), 124.7 (Cs),
124.6 (Cy), 124.2 and 123.8 (Cs), 120.1 (q, Jc-r = 318.9, CF3),
99.4 and 95.1 (both d, Jo_rn = 7.5, CHeod—trans-ntc), 67.6 and
67.2 (both d, Jo grn = 15.2, CHeod_cis-ntic), 51.3 (Cs), 39.1 (C1o),
34.2, 31.5, 30.4, and 27.4 (all s, CHycoq), 28.4 and 28.1 (C,),
25.9, 24.9, 22.7, and 22.5 (all s, Cg). 'H-">N HMQC (long
range) NMR (40.5 MHz, CD,Cl,, 263 K): § 192.8 (Nnuc-pipp)s
187.9 (Nnuc-amd), 114.3 (NHgma). °F NMR (282.3 MHz,
CD,Cl,, 243 K): 6 —78.9.

In situ formation of Rh[{ik*C,0-(I""PPCarbxH)}(cod)]OTf (13).
This compound was prepared as described for 11 starting from
8 (45 mg, 0.08 mmol) and trifluoromethanesulfonic acid

This journal is © The Royal Society of Chemistry 2025
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(10 pL, 0.12 mmol). '"H NMR (400 MHz, CDCl;, 243 K): § 7.51
(t, Ju-u = 7.5, 1H, Hy), 7.42 and 7.22 (both d, Jy_y = 7.5, 2H,
H;), 7.19 (m, 1H, H,), 6.85 (m, 2H, H,), 5.29 and 4.83 (both m,
1H, Ho), 4.79 (m, 2H, CHeoq_transnuc), 3-49 (m, 1H, Hy), 3.47
(m, 1H, CHcod_cisnnc), 3.28 (m, 1H, H,,), 2.86 (m, 1H,
CHcod-cis-nmc), 2.5-1.4 (m, 8H, CHjcoq), 1.98 (sept, Ju-u = 6.8,
1H, H;), 1.88 (m, 1H, H;), 1.55 and 0.98 (both d, iy = 6.8,
6H, Hg), 1.13 (m, 6H, Hg). “C{'H}-APT NMR (100.1 MHz,
CDCl3, 298 K): 6 181.2 (d, Jo_gn = 51.3, Rh-Cnpc), 177.5 (C=0),
147.5 and 145.1 (C,), 135.4 (C;), 129.9 (Cg), 124.6 (C,), 124.5
and 123.3 (Cs), 121.5 (C,), 97.9 and 97.0 (both d, Jc_gn = 5.4,
CHeod—transnuc), 68.7 and 68.1 (both d, Jorn = 14.0,
CHeod_cisnmc), 46.6 (Co), 35.8 (Cyo), 34.5, 30.9, 29.6, and 27.6
(all s, CH,eoq), 28.4 and 28.3 (C-), 26.7, 26.2, 23.8, and 22.9 (all
s, Cg). "°F NMR (282.3 MHz, CDCl;, 243 K): 6 —78.7.

In situ formation of RhCH{k>C,0-(I""PPAmdH)}(cod) (14). A
solution of 5 (24 mg, 0.04 mmol) in CDCIl; (0.5 mL, NMR tube)
was kept in day light conditions at room temperature for 3
days. 'H NMR (400.1 MHz, CDClj, 298 K): § 8.37 (d, Jy-r = 7.7,
1H, N-H), 8.00 (d, Jy_i; = 7.2, 2H, Hy3), 7.49 (t, Jy_n = 7.7, 1H,
Hy), 7.4-7.3 (m, 4H, Hs 14.15), 7.23 (dd, Ju_u = 7.7, 1.3, 1H, Hy),
7.19 (d, Jipu = 2.0, 1H, Hy), 6.82 (d, Ji_p = 2.0, 1H, H,), 6.07
and 4.42 (both m, 2H, Hy), 4.8-4.7 (m, 2H, CHcod_srans-NHC),
4.65 and 3.73 (both m, 2H, H;,), 3.58 and 2.94 (both m, 2H,
CHcod-cis-nmc), 3-26 and 2.10 (both sept, Jiu = 6.8, 2H, Hy),
2.5-1.3 (m, 8H, CH,coq), 1.43, 1.17, 1.13, and 0.58 (all d, Ji;_y =
6.8, 12H, Hg). C{"H}-APT NMR (100.1 MHz, CDCl;, 298 K): §
182.9 (d, Jrn-c = 51.6, Rh-Cnyc), 168.1 (C=0), 147.7 (C,),
145.0 (Cy,), 135.4 (C3), 131.2 (Cg), 129.8 (Cy5), 128.2 (Cy4), 127.6
(C13), 125.4 (C,), 124.3 and 123.3 (Cs), 118.9 (C;), 98.3 (d, Jrn-c
=71, CHcod—trans-NHC)y 97.0 (d, Jrh-¢ = 7.3, CHcod—tmns-NHC); 69.1
(d, Jenc = 147, CHeodecisnuc), 67.2 (d, Jrnc = 14.7,
CHeod-cis-ntic), 48.5 (Co), 37.8 (Cyo), 34.9, 30.5, 29.8, and 27.3
(all s, CH,coq), 28.4 and 28.3 (C), 26.7, 25.4, 23.2, and 22.6 (all
s, Cg).

Catalytic alkyne dimerization reactions. Alkyne dimerization
catalytic reactions were carried out in NMR tubes under argon
atmosphere. In a typical procedure, an NMR tube was charged
with the catalyst (5 mol%, 0.01 mmol), C¢De (0.5 mL) and
alkyne (0.20 mmol). The solution was kept in a thermostatic
bath at 363 K and monitored by '"H NMR spectroscopy. The
reaction products were unambiguously characterized on the
basis NMR literature data.>*?°»3!“>47 Gonversion and selectiv-
ities were determined by "H NMR spectroscopy.

Crystal structure determination. X-ray diffraction data were
collected on Bruker Smart Apex (2), Apex Duo CCD (5) and D8
Venture (1) diffractometers with graphite-monochromated Mo-
Ka radiation (4 = 0.71073 A) using o rotations. Intensities were
integrated and corrected for absorption effects with SAINT-
PLUS*® and SADABS® programs, both included in APEX3
package. The structures were solved by the Patterson method
with SHELXS-97°° and refined by full matrix least-squares on
F? with SHELXL-2014,*" under WinGX.”> After the structural
refinement, the residual electron density in 2 and 5 was
treated using the program Squeeze (Platon).>® Pitch and yaw
angles have been calculated according to the literature.?”
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Crystal data and structure refinement for 1.
C,1H,5BrCl;N;0, 521.70 ¢ mol™?, 100(2) K, monoclinic, P2,/n,
a=11.9779(6) A, b = 14.1815(7) A, ¢ = 14.4172(9) A, § = 100.042
(2)°, V = 2411.5(2) A’, Z = 4, Dege = 1.437 g cm™, u =
2.054 mm™*, F(000) = 1064, 0.150 x 0.120 X 0.080 mm?>, Oppin/
Omax 2.030/27.101°, index ranges —15 < h < 15, —18 < k < 18,
—18 < [ < 16, reflections collected/independent 64 512/5318
[R(int) = 0.0486], Trmax/Tmin 0.7458/0.6765, data/restraints/para-
meters 5318/30/294, GoF(F*) = 1.061, R, = 0.0481 [I > 24(1)],
WR, = 0.1240 (all data), largest diff. peak/hole 0.953/—1.017 e
A~3. CCDC deposit number 2464206.

Crystal data and structure refinement for 2.
C1sH34N;0Rh-1.5(CH,Cl,), 658.88 g mol~", 100(2) K, monocli-
nic, P2,/n, a = 9.8550(15) A, b = 10.5806(16) A, ¢ = 28.689(4) A, 8
= 96.195(2)°, V = 2974.0(8) A%, Z = 4, Degre = 1.472 g cm™, i =
0.871 mm™", F(000) = 1356, 0.250 x 0.200 X 0.170 mm?>, Opin/
Omax 2.053/28.361°, index ranges —13 < 1 < 13, —14 < k < 14,
—37 <[ < 38, reflections collected/independent 34 483/7311
[R(int) = 0.0449], Trmax/Tmin 0.8132/0.7353, data/restraints/para-
meters 7311/0/303, GOF(F®) = 1.125, R, = 0.0469 [I > 26(I)], WR,
= 0.1061 (all data), largest diff. peak/hole 1.066/—1.297 e A™>.
CCDC deposit number 2464205.

Crystal data and structure refinement for 5.
C3,H,40N30Rh-0.5(CgHy4), 628.66 ¢ mol™, 120(2) K, monocli-
nic, C2/c, a = 33.795(4) A, b = 11.1748(12) A, ¢ = 18.4247(19) A,
£ =119.0060(10)°, V = 6085.3(11) A*, Z = 8, Dcqic = 1.372 g cm ™2,
u = 0.593 mm™"', F(000) = 2648, 0.250 x 0.240 x 0.070 mm?>,
Omin/Omax 1.378/26.368°, index ranges —42 < h <42, -13 <k <
13, =23 < [ < 23, reflections collected/independent 52 609/
6223 [R(int) = 0.0614], Tynax/Timin 0.9010/0.7685, data/restraints/
parameters 6223/0/338, GoF(F°) = 1.038, R, = 0.0302 [I > 25(1)],
WR, = 0.0753 (all data), largest diff. peak/hole 0.785/—0.720 e
A™3. CCDC deposit number 2464207.
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