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ABSTRACT

A series of new Rh'-N-Heterocyclic carbene dinuclear complexes of type [Rh(u-Cl)(5>-coe)(NHC)],, containing IPr® AN, IPr!, and
IPr* ligands, has been prepared. The crystal structure of the IPr"! functionalized rhodium-dinuclear complex reveals an inter-
molecular Cl---Cl halogen bond. The chlorido-bridges can be cleaved by pyridine to afford the corresponding mononuclear
derivatives RhCl(7*-coe)(NHC)(py). These complexes are efficient alkyne hydropyridonation catalysts, with the IMes complex

exhibiting the highest reactivity within the series.

1 | Introduction

The remarkable success of organometallic catalysis in modern syn-
thetic chemistry undeniably stems from the rational design of
catalyst architectures guided by mechanistic insight and struc-
ture-activity relationships [1-4]. Among the diverse classes of
ligands investigated, N-heterocyclic carbenes (NHCs) have
emerged as particularly significant because of their unique stereo-
electronic properties, which can be readily tailored through struc-
tural modification [5-11]. Notably, the incorporation of NHCs into
rhodium-based complexes has enabled the development of a wide
array of catalytic systems with broad applicability [12-17].
Typically, the RhX(NHC)(cod) (cod = cyclooctadiene) platform
has been the most successful entry for incorporating newly
designed NHC architectures into the metal coordination sphere,
owing to the synthetic accessibility and robustness of the resulting
complexes [18-23]. However, the strong coordination of the diene
ligand may hinder catalytic activity in transformations that require
the rapid generation of vacant coordination sites. As an alterna-
tive, dinuclear complexes of the type [Rh(p-X)(*-olefin)(NHC)],
provide more active precursors, as they undergo faster initiation

through bridge cleavage and mono-olefin decoordination, albeit
at the expense of catalyst stability [24-37]. Following the seminal
synthetic studies by the groups of Nolan [24, 25], James [26, 27],
and Crudden [28-30], further efforts have been devoted to the prep-
aration of this type of well-defined complexes, incorporating struc-
tural modifications at either the NHC or the olefin ligands (Chart 1)
[31-37]. Notably, the advantages associated with dinuclear archi-
tectures have also been demonstrated in related M-NHC chlorido-
bridged systems of other transition metals, such as [Pd(p-Cl)
CI(NHC)]; [38], [Ni(u-CIXNHC)], [39], [FeCl(n-CIXNHC)], [40],
[Ru(p-CDs(NHC),]," [41], [CoCl(u-CIYNHC)], [42], or [MnCl(p-
CD(NHO)], [43].

Alkyne functionalization holds a pivotal role in carbon-heteroatom
coupling reactions [44-46]. In particular, metal-catalyzed alkyne
hydroamidation provides a straightforward approach to elaborated
organic scaffolds [47]. Unlike other X-H addition substrates, amides
display versatile reactivity, enabling the formation of either car-
bon-nitrogen or carbon-oxygen bonds. However, the chemoselec-
tivity is largely driven by nitrogen nucleophilic attack on the triple
bond, typically proceeding via an anti-Markovnikov pathway to
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CHART1 | (a)Comparison of Rh'-NHC platforms. (b) Selectivity in alkyne hydroamidation and hydropyridonation. (c) Our approach: Synthesis of

new dinuclear Rh-NHC complexes as catalysts for selective formation of O-gem-alkenyloxypyridines.

afford E/Z-enamides [48-51]. In contrast, the formation of gem-
inal counterparts has only recently been achieved through the
use of dioxazolones as amide surrogates [52]. Moreover,
O-nucleophilic attack is considerably less common and has
been reported exclusively in the intramolecular cyclization of
propargylamides [53, 54].

Pyridones constitute a unique class of amides. A defining fea-
ture of these molecules is the amide-iminol tautomerization
equilibrium [55], which confers distinctive reactivity [56-59]
and opens new avenues for chemoselective transformations
[60]. The addition of pyridones to alkynes has been demon-
strated with substrates bearing strong electron-withdrawing
[61-63] or electron-donating [64] groups, as well as internal
alkynes [65-71], affording E- [62], Z- [63], or gem-alkenyl
[61, 64] pyridone derivatives. However, all reported alkyne
hydropyridonations proceed exclusively via N-nucleophilic
attack. As far as we are aware, only three examples of
O-H addition of pyridones to carbon-carbon multiple bonds
have been reported [72-74], involving either allenes [72, 73]
or a styrene coupling partner [74]. Actually, in the latter
two cases, some uncertainty remains regarding the possible
formation of the N-alkylated derivative. In this context,

we have recently reported a dinuclear Rh-NHC -catalyst
[Rh(p-Cl)(5*-coe)(IPr)], (1) {coe = cyclooctene, IPr=1,3-bis
(2,6-diisopropylphenyl)imidazolin-2-carbene} capable of
overturning the inherent N-selectivity of pyridones in alkyne
hydropyridonation, thereby enabling chemoselective O-alkenylation
[75]. Notably, this catalytic system also exhibits specific
Markovnikov-regioselectivity, furnishing geminal alkenylated
products exclusively.

Building on the principle of rational catalyst design driven by
mechanistic insight and structure-activity relationships, we
recently introduced the concept of “Shim Chemistry” [76], a
catalyst design philosophy inspired by the adjustment of mag-
netic field homogeneity in NMR experiments, which provides
a framework for systematic catalyst optimization. Guided by
this approach, we have developed Rh—-NHC-based successive
generations of catalysts for efficient Markovnikov-selective
alkyne hydrothiolation [77, 78] and alkyne dimerization
[79-83]. In line with this strategy, we now report on the syn-
thesis of a series of [Rh(p-Cl)(5*-coe)(NHC)], complexes fea-
turing NHC ligands with distinct stereolectronic properties
and evaluate their impact on the catalytic performance in
alkyne hydropyridonation.
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2 | Results and Discussion

2.1 | Synthesis of [Rh(p-Cl)(7°*-Coe)(NHC)], and
RhCI(#*-Coe)(NHC)(py) Complexes

Dinuclear complexes of type [Rh(p-Cl)(;*-coe)( NHC)], (2-4) {NHC;
IPr®AN = 1,3-bis(2,6-diisopropylphenyl)acenaphthoimidazolin-
2-carbene  (2); IPr¢' = 1,3-bis(2,6-diisopropylphenyl)-4,5-
dichloroimidazolin-2-carbene 3); IPr* = 1,3-bis{2,6-bis
(diphenylmethyl)-4-methylphenyl}imidazolin-2-carbene (4)} were
prepared from the organometallic precursor [Rh(u-CI)(7*-
coe),], [84] via substitution of one olefin by the corresponding
NHC at each rhodium center (Scheme 1). The stability of the
free carbene dictates the synthetic strategy. Thus, in the case
of 2, the moderately unstable carbene IPr®™N [85] was gener-
ated in situ, whereas the isolated free carbenes IPr! [86] or IPr*
[87, 88] were used directly to obtain complexes 3 and 4, respec-
tively. The reactivity of the [Rh(p-Cl)(5*-coe)(NHC)], frame-
work imposes certain limitations on the nature of NHC
ligands that can be incorporated. In particular, activation of
the wingtip substituents has been reported for related systems
[24-26, 29, 89, 90], and decreasing of the steric bulk of the NHC
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SCHEME 1 | Preparation of complexes 1-9.

(2)

ligand often results in the undesired formation of bis- or tris-
NHC rhodium complexes rather than the targeted dinuclear
species [91-94]. Furthermore, formation of metal-peroxides
[95-97] or paramagnetic Rh'' species [29, 95] may occur if
strictly inert conditions are not maintained. In this regard, com-
plex 4, bearing the bulky IPr* ligand, undergoes partial decom-
position during the work-up for isolation; therefore, in situ
preparation in an NMR tube provides a more reliable synthetic
method. Attempts to incorporate a more electron-rich
ligand such as IPr™e [98] {1,3-bis(2,6-diisopropylphenyl)-4,5-
dimethylimidazolin-2-carbene}, less bulky derivatives, includ-
ing IMe [99] (1,3-dimethylimidazolin-2-carbene), ICy [100]
(1,3-dicyclohexylimidazolin-2-carbene), and IMeDipp {1-methyl-
3-(2,6-diisopropylphenyl)imidazolin-2-carbene} [101], as well
as difunctionalized scaffolds, IBuCou [102] [1-butyl-3-
{(7,8-dimethyl-2H-coumarin-4-yl)methyl}imidazolin-2-carbene],
IDippOpy [103] {1-(6-hydroxypyridin-2-y1)-3-(2,6-diisopropylphenyl)
imidazolin-2-carbene}, IDippAmd [83] {1-(2-benzamidoethyl)-3-
(2,6-diisopropylphenyl)imidazolin-2-carbene}, or IDippCarbx
[104] {1-(2-carboxyethyl)-3-(2,6-diisopropylphenyl)imidazolin-
2-carbene}, were unsuccessful.

The solid-state structure of complexes 2 and 3 was determined by
X-ray diffraction analysis on single crystals obtained by slow
diffusion of n-hexane into concentrated CH,Cl, solutions of 2
or slow evaporation of a C4Dg solution of 3 (Figure 1). The crystal
structure in both cases shows a planar dinuclear chlorido-bridged
Rh,Cl, core with symmetry-related rhodium and chloro atoms.
The coordination sphere of each metal center is completed by the
NHC [2, C1-Rh 1.9512(17), 3, C1-Rh 1.9488(13) A] and coe
ligands [2, Ct-Rh 1.976(2); 3, Ct-Rh 1.986(2) A] rendering a
square planar environment and a trans disposition of the
NHC and coe ligands at the dinuclear core, respectively. The
intermetallic distance Rh--Rh’ [2, 3.7389(1); 3, 3.7469(4) A] rules
out any metal-metal interaction. The NHC ring C1-N2-C3-C4-N5
lies almost perpendicular to the coordination plane [2, N2-C1-
Rh-ClI1 92.2(1); 3, N5-C1-Rh-Cl1 90.7(1)°] and tilts away from
the adjacent coe ligand [pitch angles 6 11.8° (2) and 11.6° (3)],

FIGURE1 | ORTEP views of 2 and 3. Ellipsoids are at 50% probability, and most hydrogen atoms have been omitted for clarity. Selected bond lengths
(A) and angles (°) are: 2, C1-Rh 1.9512(17), C11-Rh 2.4229(4), Rh-CI1’ 2.4630(4), Ct-Rh 1.976(2), C41-Rh 2.1070(17), C40-Rh 2.0933(18), C41-C42 1.509(3),
C1-Rh-CI1’ 169.76(5), C11-Rh-CI1’ 80.146(15), C1-Rh-Cl1 91.15(5), Ct-Rh-C1 92.33(7), Rh-Cl-Rh’ 99.854(15), pitch 6 11.8, yaw y 2.3, Ct centroid of C41
and C42; 3, C1-Rh 1.9488(13), Cl1-Rh 2.4209(3), Rh-CI1’ 2.4662(3), Ct-Rh 1.986(2), C31-C32 1.403(2), C31-Rh 2.1120(14), C32-Rh 2.1027(14), C1-Rh-CI
90.62(4), C1-Rh-Cl1 168.90(4), C11’-Rh-Cl1 79.888(12), Ct-Rh-C1 92.82(6), Rh’-C11-Rh 100.113(12), pitch 6 11.6, yaw y 3.1, Ct centroid of C31 and C32.

Symmetry operation for equivalent atoms: -x+ 2, -y, -z + 1.
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reasonably as a consequence of the steric congestion between coe
and the NHC wingtips. Also, due to the higher trans influence of
the carbene ligands when compared with coe, the rhodium-
chloro bond length Rh-CI1’ is longer than Rh-Cl1 [2 Cl1-Rh
2.4229(4), Rh-ClII’ 2.4630(4); 3, Cl1-Rh 2.4209(3), Rh-CI1’
2.4662(3) A.

An interesting feature emerges from the analysis of the intermo-
lecular interactions in the crystal structure of complex 3. A sym-
metrical type I halogen bond is observed between the chlorine
atoms of the functionalized NHC ligand, as indicated by the
Cl3.--CI3" separation of 3.197 A and the C3-CI3--CI3” angle
of 160.6° (Figure 2) [105-107]. These noncovalent Cl---Cl contacts
give rise to one-dimensional chains extending parallel to the
¢ — d direction. Although halogen bonding between the lone pair
of an NHC as an electron donor and the o-hole of a chloride atom
has been explored computationally [107], to the best of our
knowledge, no Cl---Cl halogen bond involving the chlorinated
NHC ligand IPr“" has been previously described.

The NMR spectroscopic data of complexes 2—4 confirm that the
solid-state structure is maintained in solution. The "H NMR spec-
tra of complexes 2 and 3 recorded at room temperature exhibit
broadened resonances for the isopropyl substituents, a feature
commonly attributed to restricted rotation of the NHC ligand
about the Rh—C bond on the NMR timescale [31, 97]. This flux-
ional process is frozen out at —20°C. At this temperature, the
characteristic resonances of both the 7*-coe and the correspond-
ing NHC ligand are observed in the 'H and "*C{*"H}-APT NMR
spectra. The chemical shift of the carbene carbon atom varies
significantly among the different NHC ligands, appearing at
5 191.9ppm for IPr®AN, 185.6 ppm for IPr‘, and 177.0 ppm
for IPr*. Particularly for the IPr* counterpart, an inversion of
the chemical shifts between the wingtip aliphatic protons
(6 6.40ppm) and the imidazolium backbone ones (6 4.58 ppm)
is observed, a feature typically found in these derivatives [108-113].

The chlorido-bridge of dinuclear species [Rh(pu-C)(*-
olefin)(NHC)], can be cleaved upon addition of nucleophilic
ligands [31, 36]. Thus, treatment of 2, 3, and [Rh(u-Cl)(*-
coe)(IMes)], (5) [26] with pyridine (py) in toluene for 1 hr at
room temperature resulted in the formation of mononuclear
RhCl(*-coe)(NHC)(py) 6-8 derivatives {NHC =IPr®™" (6),
IPr! (7), IMes (8)}, which were isolated as yellow solids in
62%-79% yields (Scheme 1). A mutually trans NHC-py disposi-
tion is assumed based on previously reported analogous

complexes characterized by X-ray analysis [31, 97]. The most
noticeable feature of the NMR spectra is the presence of pyridine
signals without loss of the diagnostic resonances of the 5>-coe and
NHC ligands. Unlike dinuclear complexes 2-3, the pyridine deriv-
atives exhibit well-resolved isopropyl resonances at room temper-
ature, consistent with an increased energy barrier for the rhodium-
carbene rotational process. In addition, the carbene carbon dou-
blets of Rh-py derivatives in the *C{"H}-APT NMR spectra are
deshielded by approximately 4 ppm, accompanied by a decrease
of the Jcrp value by around 8 Hz, indicating increased electron
density at the rhodium center in complexes 6-8 [114].

2.2 | Catalytic Activity in Alkyne
Hydropyridonation

We have previously communicated that the dinuclear complex
[Rh(pu-CL)(7*-coe)(IPr)], (1) is an efficient catalyst for alkyne hydro-
pyridonation, selectively affording O-gem-alkenyl-oxypyridines
(Scheme 2) [75]. The proposed mechanism begins with coordina-
tion of both the pyridone and the alkyne ligands, enabled by chlor-
ido-bridge cleavage and #°-coe decoordination from the dinuclear
Rh-NHC precatalyst. Subsequently, an intramolecular oxidative
protonation of a z-alkyne at its terminal carbon by a k'N-bound
hydroxypyridine ligand accounts for the gem-specificity observed
in the catalytic outcome. At this stage, since direct reductive elimi-
nation within the resulting alkenyl-pyridonato intermediate was
found to be energetically inaccessible, isomerization to a metalacy-
clopropene species provides an alternative pathway that enables
the subsequent nucleophilic attack. The chemoselectivity forma-
tion of the less thermodynamically favored O-alkenylated products
most likely arises from the preferred coordination of a pyridine
moiety trans to NHC, which induces a seesaw effect responsible
of the O-nucleophilic attack. Finally, the release of the coupled
product regenerates the catalytically active species, which has been
identified as the rate-determining step of the overall process.

The catalytic activity of the newly prepared NHC-functionalized
rhodium complexes 2-4 and 8, as well as the previously
reported derivatives [Rh(p-Cl)(;*-coe)(IMes)], (5) {IMes = 1,3-bis
(2,4,6-trimethylphenyl)imidazolin-2-carbene}, and [Rh(u-Cl)
(7*-coe)(SIMes)], (9) {SIMes = 1,3-bis(2,4,6-trimethylphenyl)
imidazolidin-2-carbene} has been evaluated. The addition of
2-pyridone to phenylacetylene (1:1 ratio) was chosen as a bench-
mark reaction. Catalytic experiments were carried out in NMR

FIGURE 2 | View of the Cl--Cl intermolecular contacts in 3 and the resulting 1D chain. Symmetry operation for equivalent atoms: -2x + 2, -y, +1.
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SCHEME 2 | Mechanistic proposal for alkyne hydropyridonation.

tubes in CDCl; (0.5 mL) using 5 mol% of catalyst loading at 50°C
directly inside the NMR spectrometer. The reaction progress was
monitored through sequential "H NMR spectra acquired at regular
time intervals, enabling the operando direct observation of sub-
strate consumption and product formation (Figure 3, Table 1).
This setup provided reproducible kinetic profiles suitable for com-
parative evaluation of catalyst performance.

Several studies have reported superior catalytic performance of
IPr®™N.based complexes compared to their IPr analogs [115-
118], a trend generally attributed to their greater robustness
and stronger o-donating ability [119-121], although examples
of reduced activity have also been documented [122]. Notably,
the enhanced stability of the Rh-IPr®N bond was anticipated
to be a key factor in improving catalytic efficiency, as decompo-
sition to the corresponding imidazolium salt in protic media
[123] has been identified as a major limitation of this catalytic
system [75]. Despite this, the catalytic performance of Rh-
IPr®™N catalyst 2 in alkyne hydropyridonation is lower than that
of the Rh-IPr complex 1, achieving only 45% conversion after
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FIGURE 3 | Reaction profile for the hydropyridonation of phenylace-
tylene with 2-pyridone for different Rh—-NHC catalysts.

TABLE 1 | Catalyst screening for the hydropyridonation of
phenylacetylene with 2-pyridone.

N-

Conv., Gem- O-alkenyl- alkenyl-

Entry Cat. %° dimer oxypyridine pyridone
1 1 88 5 95 —
2 2 45 — >99 —
3 3 9 — >99 —
4 4 <1 — —
5 5 95 — >99 —
6 7 19 23 77 —
7 8 84 1 99 —
8 9 81 — >99 —

“Reaction conditions: 0.20 mmol of phenylacetylene, 0.20 mmol of 2-pyridone,
0.07 mmol of mesitylene (internal standard), 5 mol% catalyst based on Rh
atom (2.5 mol% for dinuclear complexes), 0.5 mL of CDCl;, 50°C, 14 h.
“Conversion of phenylacetylene.

14h at 50°C (entry 2). Alternatively, decreasing the electron-
donating ability of the NHC by introducing the IPr"' ligand
[124] in catalyst 3 led to an even lower conversion (9%, entry
3). Conversely, increasing the steric bulk at the carbene wingtip
in the IPr* catalyst 4 almost completely inhibited catalytic activ-
ity (entry 4). Nevertheless, replacing the IPr ligand with IMes in
catalyst 5 gratifyingly led to enhanced catalytic performance (entry
5). Not only does the conversion after 14 h increased to 95%, but the
selectivity toward the O-alkenylated derivative also rises up to 99%.
In view of this, further modifications of the Rh-IMes framework
were investigated. However, the mononuclear IMes-pyridine cata-
lyst 8 is slightly less active than 5, affording 84% conversion (entry
7). In addition, incorporation of the saturated SIMes ligand in com-
plex 9 also leads to a slight decrease in catalytic efficiency compared
to complex 5 (entry 8 Cross-Coupling Reactions Of Organoboranes:
An Easy Way To Construct C-C Bonds (Nobel Lecture)). It is worth
noting the excellent selectivity for the O-alkenylated product
achieved with both catalysts (>99%).

The catalytic performance of the most active catalyst of the series,
complex 5, was further evaluated using various combinations
of pyridone and alkyne substrates (Figure 4). The aliphatic
cyclopropylacetylene substrate exhibited lower reactivity than
phenylacetylene with catalyst 1, affording only 72% conversion
before catalyst decomposition occurred. The trend in alkyne reac-
tivity was maintained for catalyst 5. However, complete conver-
sion and high selectivity toward a single O-alkenylated product
were achieved. In other way, 6-chloro-2-pyridone represents a par-
ticular case, as the formation of the N-alkenylated product was
also observed with catalyst 1, resulting in an O- to N-selectivity
ratio of 53:30, along with formation of 17% of gem-dimers [75].
Under similar conditions, catalyst 5 afforded 85% selectivity for
the O-alkenylated product, suppressing the formation of alkyne
dimers. Interesting to point out is that differentiating between
potential O- or N-alkenylated products is challenging based solely
on '3C NMR data, as the chemical shift of the C2-imidic (C-O cou-
pling) and C2-amidic (C-N coupling) carbon atoms differ only
slightly. At this point, the 2D "H-'">N NMR experiment proved cru-
cial for an unambiguous characterization, as a correlation between
one olefinic proton and the nitrogen atom is observed for the
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__ 5mol % of Rh

" 0.5mL of CDCl;
48 h, 50°C

N._O F
R1L‘ % + N + "
e R2 = R

R2

[Cat1]| 99% (95/--15)  72% (99/--11)
[Cat 5]| 99% (>99/-/-) 99% (>99/--I--)

99% (53/30/17)
99% (85/15/--)

86% (96/--14)  99% (88/--/12)
99% (>99/--/-) 89% (>99/--/--)

conversion % (selectivity a/b/c)

FIGURE 4 | Comparison of catalytic activity of 1 and 5 for different substrates.

N-alkenylated product, whereas it is absent in the O-alkenylated
counterpart, in which the two nuclei are five bonds away.
Moreover, catalyst 5 is also more active in the transformation
of 5-nitro-2-pyridone. However, its activity for 4-methyl-2-pyri-
done is lower, although the reaction proceeds with higher selec-
tivity for hydropyridonation.

Rh-NHC dinuclear catalysts efficiently promote alkyne hydropyr-
idonation, with both steric and electronic effects exerting a decisive
influence on activity and selectivity. While a comprehensive assess-
ment of various NHC ligands is limited by the challenging synthe-
sis of Rh-NHC dinuclear species, distinct structure-reactivity
trends can nevertheless be discerned from the present study.
Taking the IPr ligand as a reference, reducing its o-donation in
IPr! proves detrimental to catalytic activity, as a more electron-
poor rhodium center should disfavor both p-Cl bridge cleavage
and the oxidative protonation step. Moreover, the highly hindered
metal environment provided by IPr* completely suppresses cataly-
sis, most likely because steric crowding around rhodium prevents
the simultaneous coordination of alkyne and pyridone ligands
required for productive turnover. At this point, it is important to
note that introducing a chloro substituent on the imidazole back-
bone also increases steric hindrance due to a buttressing effect. In
contrast, the IMes complex displays the highest reactivity in the
series, suggesting that moderate steric demand combined with bal-
anced o-donation facilitates precatalyst activation and substrate
exchange. The reduced activity of IPr®™N, despite its stronger
donor character, can therefore be attributed to its rigid, axially
encumbered framework, which hampers access to adjacent coor-
dination sites. Overall, catalytic performance appears to be gov-
erned not by the electronic strength of the carbene alone but by
the way each NHC modulates the dynamic lability of the metal
environment. Within this window, IMes achieves the optimal com-
promise between stability and reactivity, while both overly donat-
ing or excessively hindered ligands deactivate the system. Smaller
NHCs, such as IMe, ICy, or IMeDipp, could, in principle, further
enhance turnover. However, attempts to isolate the corresponding
Rh-NHC dinuclear complexes have so far been unsuccessful, pre-
venting experimental verification of this hypothesis.

3 | Conclusion

A series of new Rh'-NHC dinuclear complexes of type [Rh
(n-CI)(7*-coe)(NHC)],, containing IPr®'AN, 1Pr!, and IPr* ligands,

has been prepared and characterized by NMR spectroscopy, with
single-crystal X-ray diffraction for the first two complexes.
Notably, a symmetrical type I noncovalent halogen bond has been
observed between the chlorine atoms of the functionalized NHC
ligand in the crystal structure of the IPr' dinuclear complex. The
chlorido-bridges can be cleaved by pyridine to afford the mononu-
clear derivatives RhCl(17*-coe)(NHC)(py). The catalytic activity for
alkyne hydropyridonation has been studied, revealing that both
steric and electronic effects exert a decisive influence. Taking
the IPr ligand as a reference, a reduction of its o-donation
(IPrY) or an increment in the steric hindrance by (IPr*) proved
detrimental to the catalytic performance. In contrast, the
IMes complex displays the highest reactivity of the series, suggest-
ing that a moderate steric demand combined with balanced
o-donation facilitates precatalyst activation and substrate
exchange. Further studies are currently underway in our labora-
tories to develop more efficient alkyne pyridonation catalysts
incorporating alternative NHC motifs.

4 | Experimental Section
4.1 | General Considerations

All reactions were carried out with rigorous exclusion of air and
moisture using Schlenk-tube techniques and a dry box when nec-
essary. Reagents were purchased from commercial suppliers and
used as received, except for phenylacetylene, which 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 deoxygenated
prior to use: C4Dg, toluene-dg, and THF-dg with sodium, CD,Cl,
with calcium hydride, and CDCl; with molecular sieves. The
organometallic precursors [Rh(p-Cl)(*-coe),], [84], [Rh(u-
Cl)(n*-coe)IPr)], (1) [26], and [Rh(u-Cl)(*-coe)(IMes)], (5)
[26], and carbenes IPr®AN [85], IPr“! [86], and IPr* [87, 88] were
prepared as previously described in the literature. NMR spectra
were recorded on either a Bruker ARX 300 MHz, a Bruker
Avance 400 MHz, or a Bruker Avance 500 MHz instrument.
NMR chemical shifts (expressed in parts per million) are refer-
enced to residual solvent peaks (‘H and **C). Coupling constants,
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. C, H, and N analyses were
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carried out in a Perkin-Elmer 2400 CHNS/O analyzer. High-
resolution electrospray 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 for-
mate as a reference.

4.2 | Preparation of [Rh(p-Cl)(;*-coe) IPr*™*M)], (2)

A mixture of [HIPr®™N]Cl (336 mg, 0.60 mmol) and KO'Bu
(76 mg, 0.65 mmol) in 20 mL of THF was stirred for 30 min at
r.t. Then, a solution of [Rh(u-C1)(3>-coe),], (200 mg, 0.28 mmol)
in 10 mL of THF was cannulated to this mixture and was stirred
for 1h at r.t. After removal of the solvent, the residue was dis-
solved in toluene (15mL), and it was filtered through celite.
The filtrate was evaporated to dryness and the addition of n-hexane
induced the precipitation of a yellow solid, which was washed with
n-hexane (3x4mL) and dried in vacuo. Yield: 182 mg (42%).
HRMS (ESI4): m/z Caled for C,4HgoCLN4Rh, [M-2coe]*:
1300.3864. Exp: 1300.3852. 'H NMR (400 MHz, THF-dg, 243 K):
5 7.7-7.3 (m, 12H, Hpy), 7.57 (d, Jgp = 8.3, 4H, Hgpran), 7.21
(t, i =8.3, 7,7, 4H, Hypian), 6.70 (d, Jepr = 7.7, 4H, Hj pran)s
4.00 and 2.30 (both sept, Jy_z=6.1, 8H, CHMe), 2.86 (br, 2H,
=CH_oe), 1.6-0.8(m, 12H, CH,.c0e), 1.59, 1.28, 1.09, and 0.69 (all
d, Jg_u = 6.1, 48H, Me). *C{*H}-APT NMR (100.5 MHz, THF-ds,
243 K): 1919 (d, Jo.gn = 61.4, Rh-Cyjan), 148.6 and 147.9 (Cqpn),
141.0 (Cypian)s 137.1 (CoNpy), 130.8, 1254, and 125.0 (CHpy),
1308 (Coapmian), 1302 (Coppian)s 128.2 (CsHpran), 127.9
(C4Hpran), 127.8 (Csapian), 122.0 (CsHpan), 57.0 (d, Jorn=
17.0, =CHy), 30.8, 30.2, and 27.1 (CH,.o.), 29.4 and 28.6
(CHMe), 25.5, 25,0, 24.9, and 23.2 (Me).

4.3 | Preparation of [Rh(j-Cl)(#*-coe) IPrY], (3)

A mixture of [Rh(u-Cl)(57>-coe),], (294 mg, 0.41 mmol) and P!
(366 mg, 0.80 mmol) in 20 mL of THF was stirred for 1h at r.t.
After removal of the solvent, the residue was dissolved in toluene
(15mL), and it was filtered through celite. Then, the filtrate was
evaporated to dryness. The addition of n-hexane induced the pre-
cipitation of a yellow solid, which was washed with n-hexane
(3x 4mL) and dried in vacuo. Yield: 454 mg (81%). Anal. calcd
for C,oHgsN4ClgRh,: C, 59.54; H, 6.85; N, 3.97. Found: C, 59.45;
H, 7.13; N, 4.13. "H NMR (400 MHz, toluene-dsg, 253 K): § 7.6-7.0
(12H, Hpy,), 3.79 and 2.13 (both sept, Jy_y = 6.6, 8H, CHMe), 2.91
(m, 4H, =CHye), 2.1-1.2 (24H, CH,_¢0e), 1.60, 1.30, 1.12, and 1.05
(all d, Jy_p = 6.6, 48H, Me). *C{*H}-APT NMR (100 MHz, tolu-
ene-dg, 253 K): 6 185.6 (d, Jo.rp, = 63.7, Rh-Cypc), 148.9 and 146.5
(Cgnmic), 134.0 (CgN), 130.5 (CH, pp), 125.8 and 123.7 (CH,y,.pn.),
118.2 (=CCIN), 57.0 (d, Jo.rn = 16.6 =CH,e), 30.1, 30.0, and 27.1
(CHa.coe), 28.8 and 28.7 (CHMe), 26.2, 26.1, 25.1, and 23.9 (Me).

4.4 | In situ formation of [Rh(p-C1)(/*-coe)(IPr*)], (4)

This complex was prepared from [Rh(u-Cl)(*-coe),],
(8.2mg, 0.02mmol) and IPr* (20 mg, 0.04 mmol) in THF-dg
at 298K (0.5mL, NMR tube). HRMS (ESI+): m/z Calcd for
Ci3sH112CLN,Rh:  [M-2coe]™: 2100.6368. Exp: 2100.6358.'H
NMR (400 MHz, THF-dg, 298K): 7.5-6.6 (m, S8H, Hpy), 6.40
(s, 8H, CHPh,), 4.58 (s, 4H, =CHN), 3.23 (m, 4H, =CH,),

222 (s, 12H, Me), 1.6-1.2 (m, 24H, CH,coe). “C{'H}-APT
NMR (100.5 MHz, THF-dg, 298 K): & 177.0 (d, Jc.gn = 64.8, Rh-
Cipr+), 146.0 and 145.5 (Cypp), 144.2 (Cq.cripn)s 1384 (Cymern),
138.2 (CyN), 131.9, 130.7, 130.6, 128.8, 128.6, and 126.9
(CHpp), 124.2 (=CHN), 60.4 (d, Jo.gn = 16.0, =CHoe), 52.3 (s,
CHPh,), 30.8, 30.2, and 27.2 (all s, CH,.¢qe), 21.8 (S, Mepy,).

4.5 | Preparation of RhCI(7*-coe) IPr®*™*N)(py) (6)

A solution of 2 (133 mg, 0.08 mmol) in toluene (15mL) was
treated with pyridine (20 uL, 0.24 mmol), and it was stirred
for 1h at r.t. Then, the solution was filtered through celite,
and the filtrate was evaporated to dryness. The addition of n-hex-
ane induced the precipitation of a yellow solid, which was
washed with n-hexane (3 x4 mL) and dried in vacuo. Yield:
83 mg (62%). Anal. calcd for CsoHsoCIN3;Rh: C, 71.46; H, 7.08;
N, 5.00. Found: C, 71.23; H, 6.69; N, 4.96. 'H NMR (400 MHz,
toluene-dg, 253K): & 8.44 (d, Ju =52, 2H, H, ), 7.58 (dd,
Ju =77, 1.5, 2H, Hy pn), 7.50 (t, Ju_u=7.7, 2H, Hpypn), 7.27
(dd, Jy_g=7.7, 1.5, 2H, Hypp), 7.17 (dd, Jyg=5.2, 3.9, 2H,
Hy pian), 6.81 (m, 4H, Hy 5 gian), 6.56 (t, Ju_u = 7.8, 1H, Hy ),
625 (dd, Ju =78, 52, 2H, Hy,), 498 and 2.70 (sept,
Ja-u = 6.6, 4H, CHMe), 3.41 (m, 2H, =CH,), 1.7 - 0.8 (m,
12H, CH,.coe), 1.85, 1.43, 1.16, and 0.86 (all d, Jy_y; = 6.6, 24H,
Me). *C{*H}-APT NMR (100.5 MHz, Toluene-ds, 253 K): 195.4
(d, Jorn = 54.3, Rh-Cgjan), 153.3 (Capy), 149.5 and 146.2 (Cy pn),
140.2 (Cypian), 136.4 (CqNpp), 134.8 (C4H,y), 130.3 (CHppp),
129.9 and 1298 (Caa pian)s 128.6 (Csapan), 127.3
(C4Hgian), 127.1 (CsHgpian), 125.7 and 123.4 (CHppn), 122.5
(s, CsHpy), 121.5 (C3Hpan), 55.3 (d, Jorn = 16.7, =CHeoe)s 29.2
and 29.1 (CHMe), 32.1, 29.7, 29.5, 26.7, 26.3, and 25.6 (CH,.coc)s
26.1, 25.9, 25.6, and 23.4 (Me).

4.6 | Preparation of RhCl(i’-coe)(IPr<")(py) (7)

This compound was prepared as described for 6 starting from 3
(125 mg, 0.09 mmol) and pyridine (20 pL, 0.24 mmol). Yellow
solid. Yield: 125 mg (79%). Anal. calcd for C,,Hs;N3;Cl;Rh: C,
61.19; H, 6.80; N, 5.35. Found: C, 60.95; H, 7.17; N, 5.48. 'H
NMR (300 MHz, C¢Ds, 298 K): & 8.35 (d, Jy_g = 5.0, 2H, H, ),
7.46 and 7.16 (both m, 4H, H,,pp), 7.37 (t, 2H, H,pp), 6.52
(d, Jun=75, 1H, Hapy), 6.21 (dd, Jyu=7.3, 5.0, 2H, Hs ),
4.54 and 2.39 (both sept, Jyy_y = 6.6, 4H, CHMeyp,cy), 3.21 (m,
2H, =CH,,.), 1.8-0.9 (12H, CH, ..), 1.82, 1.39, 1.24, and 1.11
(@ll d, Jy_y=6.6, 24H, Meprc). *C{*H}-APT NMR (75 MHz,
CeDe, 298 K): & 190.7 (d, Jogn=54.5, Rh-Cipcr), 153.3
(C;Hpy), 150.5 and 146.9 (Cqiprcr)s 135.0 (C4Hpy), 134.8 (CgN),
130.7 (CHpphaprc), 1261 and 1234 (CHppnipc), 122.6
(C3Hpy), 118.8 (=CCIN), 56.3 (d, Jern = 15.5 =CH.oe), 30.1, (d,
Jern=1.5 CHycoe), 29.8, and 26.9 (CH,coe), 29.3 and 29.1
(CHMe), 26.6, 25.9, 25.6, and 23.9 (Me).

4.7 | Preparation of RhCl(;*-coe)(IMes)(py) (8)

This compound was prepared as described for 6 starting from 5
(155mg, 0.14mmol) and pyridine (34 pL, 0.42 mmol). Yellow
solid. Yield: 110mg (62%). HRMS (ESI+): m/z Calcd for
C34H,;CINsRh: [M-CgH,,-Cl]™: 486.1411. Exp: 486.1405. 'H
NMR (300 MHz, C¢Dgs, 298 K): & 8.38 (d, Jyp=4.0, 2H,
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Ha py), 6.94 and 6.90 (both s, 4H, Hj 1yes), 6.52 (t, Ju = 6.8, 1H,
Hypy), 6.21 (s, 2H, =CHN), 6.15 (t, J_iz = 5.8, 2H, Hs py), 3.13 (m,
2H, =CH,,.), 2.80 and 2.24 (s, 6H, Meoves), 2.19 (both s, 12H,
Mep ves)s 1.8-1.1 (12H, CH,.coe). “C{'H}-APT NMR (75 MHz,
CeDe, 298 K): 6 183.7 (d, Jorn = 534, Rh-Cyes), 153.6 (CoHpy),
139.0 and 1350 (Cqomves) 1381 (Cqpimes): 137.9 (CqNimes),
134.7 (C4Hpy), 130.3 and 128.2 (CHp.1mes), 123.2 (=CHN), 122.4
(C3Hpy), 555 (d, Jern=16.7, =CHepe), 30.6, 29.8, and 27.1
(CH;.coe); 21.2 and 18.5 (Meo.1ues)s 20.8 (Mep.vies)-

4.8 | Standard Conditions for the Catalytic
Reactions

Alkyne hydropyridonation catalytic reactions were carried out in
NMR tubes under argon atmosphere. In a typical experiment, an
NMR tube was charged with the catalyst (5 mol% based on Rh atom,
0.01 mmol), alkyne (0.20 mmol), pyridone (0.20 mmol), mesitylene
(0.07 mmol, internal standard), and CDCl; (0.5 mL). The sealed tube
was placed in the NMR spectrometer and maintained at 50°C, and
the reaction progress was monitored by "H NMR spectroscopy for the
determined time. The reaction products were unambiguously char-
acterized on the basis of NMR literature data [75]. Conversion and
selectivities were determined by "H NMR spectroscopy.

4.9 | Crystal Structure Determination

Single crystals suitable for the X-ray diffraction studies were grown
by slow diffusion of n-hexane over saturated CH,Cl, solution of 2
or slow evaporation of C¢Dg solution of 3. X-ray diffraction data
were collected at 100(2) K on a Venture D8 (2) or APEX DUO
Bruker (3) diffractometer with graphite-monochromated
Mo—Ka radiation (4=0.71073 A) using w-scans. Intensities were
integrated and corrected for absorption effects with SAINT-PLUS
[125] and SADABS [126] programs, both included in APEX4 pack-
age. The structures were solved by the Patterson method with
SHELXS-97 [127] and refined by full matrix least-squares on F*
with SHELXL-2014 [128] under WinGX [129]. Pitch and yaw
angles have been calculated according to the literature [130].

4.10 | Crystal Data and Structure Refinement for
2

Co3H114ClsN4Rh,, 1777.30 g mol ™, triclinic, P-1, a = 12.0571(5) A,
b=13.4056(7) A, ¢=15.0626(7) A, a=89.508(2)°, f=67.959(2)°,
y=71716(2)°, V=212620(18) A% Z=1, D..=1.388gcm™,
p=0.688mm, F(000)=926, 0.300 X 0.290 X 0.190 mm?,
Omin/Omax 1.934/28.338°, index ranges -16 <h <16, -17<k <17,
-20<1<20, reflections collected/independent 117310/10 567
[R(int) = 0.0468], Tmax/ Tmin 0.7457/0.6870, data/restraints/parame-
ters 10567/0/495, GooF(F?)=1.071, R,=0.0339 [I>24(D)],
WR, =0.0887 (all data), largest diff. peak/hole 1.736/-1.006 e A=>.
CCDC deposit number 2 502 428.

411 | Crystal Data and Structure Refinement for 3

CgoH;0sCIsN4Rh,, 1568.24 g mol™, triclinic, P-1, a = 11.9432(4)
A, b=11.9671(4) A, ¢=15.0437(5) A, a=81.55°, f=76.20°
y=69.62°, V=1952.50(11) A%, Z=1, Dy =1.334gcm™, u=0.
673 mm™, F(000)=2820, 0.200 X 0.180 X 0.80 mm>, 6nin/Omax

1.397/29.603°, index ranges -16<h<16, -16<k<16,
-20 <1<20, reflections collected/independent 41 351/10275
[R(int) = 0.0293], Tmax/Tmin 0.8892/0.8129, data/restraints/
parameters  10275/3/459, GooF(F*)=1.054, R;=0.0251
[I>20 (I)], wR,=0.0644 (all data), largest diff. peak/hole
0.605/-0.498 e A™>. CCDC deposit number 2 502 427.
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