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Rhodium(1)-NHC Complexes Bearing Bidentate Bis-Heteroatomic
Acidato Ligands as gem-Selective Catalysts for Alkyne
Dimerization

Maria Galiana-Cameo,@ Marina Borraz,'@ Yaroslava Zelenkova,® Vincenzo Passarelli,[®b! Fernando J.
Lahoz,[@ JesUs J. Pérez-Torrente,[ Luis A. Oro,@ Andrea Di Giuseppe,*@ and Ricardo Castarlenas*@

Abstract: A series of Rh(k?>-BHetA)(n?-coe)(IPr) complexes
bearing 1,3-bis-hetereoatomic acidato ligands (BHetA) including
carboxylato (O,0), thioacetato (O,S), amidato (O,N), thioamidato
(N,S), and amidinato (N,N), have been prepared by reaction of the
dinuclear  precursor  [Rh(u-C(IPr)(n?-coe)],  with  the
corresponding anionic BHetA species. The Rh'-NHC-BHetA
compounds catalyze the dimerization of aryl alkynes, showing
excellent selectivity for the head-to-tail enynes. Among them, the
acetanilidato-based catalyst has shown an outstanding catalytic
performance reaching unprecedented TOF levels of 2500 h* with
complete selectivity for the gem isomer. Investigation of the
reaction mechanism supports a non-oxidative pathway in which
the BHetA ligand behaves as proton shuttle through intermediate
k*-HBHetA species. However, in the presence of pyridine as
additive, the identification of the common Rh"H(C=CPh),(IPr)(py).
intermediate gives support for an alternative oxidative route.

Introduction

Transition-metal complexes bearing 1,3-bis-heteroatomic LX-
type ligands such as carboxylato,M amidato,?@ amidinato,®! or
the corresponding thio-substituted derivatives,* are versatile
compounds that have found relevant applications in a variety
of areas ranging from functional materials,®) medicinal
chemistry® or catalysis.[”! These anionic derivatives can be
termed as “BHetA” (Bis-Hetereoatomic Acidato) species since
they formally arise from a hydrogen atom abstraction within the
bis-heteroatomic neutral precursors, even for the sparingly
acidic derivatives (Chart 1). However, synthetic methods are
not limited to deprotonation procedures as it can also be
accessed via X=C=Y insertion into M-R bonds or nucleophilic
attack over C=X functionalities.?®! The reactivity of 1,3-BHetA
complexes is mainly governed by the coordination mode and
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basicity of the ligand. In this context, although bridging di- or
polynuclear paddlewheel or lantern derivatives are by far the
most common,®l'a wide array of monodentate or bidentate
chelating complexes have also been described. Flexibility of
coordination modes spans from tight bridging, which is a key
feature in the structural stabilization of M-M multiple bonds,®
to a hemilabile behavior as a practical attribute for catalytic
applications.[*® Regarding basicity there is also great variability,
from the highly basic amidinato species to the lower pK, value
of the thioacetic acid. The versatility of these metal-ligand
frameworks enables a cooperative effect essential in C-H
functionalization processes proceeding via a CMD/AMLA
(Concerted Metalation-Deprotonation/Ambiphilic Metal-Ligand
Activation) mechanism.*Y) Therefore, highly basic BHetA
ligands would promote the initial C-H activation, whereas the
final protonolysis occurring after the coupling event should be
favored by strong acidic derivatives. Thus, a balance between
the strength of the conjugated acid-base pair is required for
efficient proton shuttle.
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Chart 1. Typical BHetA complexes and potential application in C-H
functionalization.

Within catalytic coupling reactions via C-H activation,
alkyne dimerization constitutes an efficient atom
economical method for the preparation of conjugated 1,3-
enynes, which are important subunits in a variety of
functional organic materials and biologically active
molecules.!’? The relevance of this transformation is
reflected in the myriad of efficient catalysts available in the
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literature, including f-block,!*® early™ or late transition
metals,*® main group,*® and more recently first-row earth-
abundant transition metalsi'”) or organocatalysts.l*8! The
formation of head-to-head (E/Z) or head-to-tail (gem) dimers
usually competes with that of oligomers,i*3¢l polymers,i9
butatrienes,?? cyclotrimers,?Y or azulenes,”? among others.
Although a few highly selective catalysts have been described
for E_][ng,v,l7b] Z_,[13c,14d,17c,f] or gem-enynes,[15“17“"9'18*3] the
precise elucidation of the factors that control the catalytic
process for a defined combination of metal-ligands-additives is
far to be resolved and still represents a passionate challenge.
Further, the operative mechanism is made unpredictable due
to the diverse reactivity of alkynes toward transition metals. In
fact, a diversity of -alkyne, hydride-alkynyl, or vinylidene
species have been proposed as key intermediates. Moreover,
small energy differences are typically found for the selectivity-
determining step, therefore, fine tuning of the ancillary ligands
arise as a key factor for an efficient catalytic outcome.[t5a.w.17¢]

The operative mechanisms for transition-metal-mediated
alkyne dimerization can be classified into four main pathways,
each one leading to different regioisomers: i) external attack
on coordinated T-alkyne; ii) oxidative addition of terminal
alkyne; iii) non-oxidative base-mediated formation of metal-
alkynyl species, and iv) dimerization via a vinylidene
intermediate (Scheme 1). Given our interest in the selective
preparation of gem-enynes as useful molecules and valuable
synthetic intermediates,*®"+1623 pathways i and iv can be
excluded as practical approaches. Vinylidene intermediates
via pathway iv vyield exclusively head-to-head isomers,
whereas external attack promoted by bimetallic catalytic
systems (route i) gives preferentially Z-regioisomers,3¢.d.14dl
although gem-enyne formation has also been occasionally
observed.'>" Within the remaining alternatives, the most
common pathway for metal precursors in low oxidation states
is oxidative addition of alkyne to yield metal-hydride-alkynyl
intermediates via route ii. Then, alkyne insertion into metal-
hydride bond prevails over carbometalation with subsequent
preferential 1,2- versus 2,1-insertion, therefore leading to the
E-isomer after reductive elimination. However, remarkable
research efforts have been made in order to reverse this trend
by ligand design in order to obtain preferentially gem-
enynes.[5nprw24l An glternative approach directed to improve
gem-selectivity is the non-oxidative pathway iii. The presence
of a base prevents the formation of a hydride species, thus
only the carbometalation route would be operative. Indeed, the
generally preferred 1,2-insertion pave the way to gem-enynes
after a protonolysis step. However, as it can rationally be
deduced from Scheme 1, although the non-oxidative pathway
iii seems to be the best option for high head-to-tail selectivity,
many other possibilities remain open. Therefore, an in depth
understanding of the particular mechanistic issues is crucial in
order to fine tune the catalytic system to direct the selectivity
outcome of this intricate catalytic process.
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Scheme 1. Main mechanistic pathways for transition-metal mediated alkyne
dimerization.

The advent of N-heterocyclic carbenes (NHCs) in the last
two decades has revolutionized organometallic catalysis.?%!
The effect of this new wave has also been perceived in the
alkyne dimerization field.!5thmarvwirdgl |n this context, we
have disclosed new Rh'-NHC complexes as gem-selective
catalyst for alkyne dimerization in the presence of pyridine as
additive.*>" Moreover, the challenging cross-dimerization
coupling was also feasible.?® In order to rationalize the head-
to-tail selectivity, an oxidative mechanism of type ii following a
hydrometalation route with an unconventional 2,1-insertion
was proposed. In spite of the high level of regioselectivity
attained under mild conditions (up to 92 % for phenylacetylene
at 40 °C), addition of pyridine was mandatory and therefore
there is still room for improvement. We anticipate that new
strategies that enforce the catalytic system to proceed via the
non-oxidative pathway iii would led to much higher levels of
efficiency. In this context, BHetA ligands can play a key role
(Scheme 2). Initially, they can behave as an internal base to
deprotonate the terminal alkyne leading to metal-alkynyl
species. After subsequent insertion of a second molecule of
alkyne, the coordinated acidic ligand should be able to release
the proton to close the catalytic cycle. Herein, we report on the
synthesis of a variated set of Rh-NHC 1,3-BHetA-based
complexes and their study as catalysts for gem-selective
alkyne dimerization. It has been revealed that the nature of the
heteroatoms in the BHetA moiety is crucial for an efficient
catalytic outcome.
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Scheme 2. Rh-NHC-BHetA approach for efficient alkyne dimerization.
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Results and Discussion

Synthesis of Rh-NHC-BHetA Complexes

The dinuclear complex [Rh(u-Cl)(77-coe)(IPn]?7 (1) {IPr
1,3-bis-(2,6-diisopropylphenyl)imidazolin-2-carbene; coe =
cyclooctene} has been revealed as a very useful synthetic
precursor to a variety of Rh' complexes through reactions
either involving metathesis of the chlorido ligand or 7?-olefin
replacement.?8) Thus, reaction of 1 with the corresponding
BHetA ligands in THF at room temperature cleanly afforded
complexes of type Rh(k?-BHetA)(n?-coe)(IPr) 2-11, which were
isolated as yellow solids in good yield (Scheme 3). Potassium
salts were used for the synthesis of 2-4 and 6, whereas in-situ
deprotonation of the corresponding neutral precursors with
'BuOK was followed for the other complexes. Rh-IPr-BHetA
derivatives are slightly soluble in hexane, thus, compounds 2-
6 can be washed with cold hexane, whereas the nitrogen-
containing counterparts 7-11 can be purified by extraction from
this solvent and subsequent slow evaporation to yield
microcrystalline  yellow  solids. Rh'-NHC-carboxylato
complexes are scarce,” whereas, as far as we are aware,
1,3-BHetA complexes having O,S; O,N; N,S; or N,N as donor
atoms has not yet been reported.

— 2(X=Y=0,R=Me)
£ rf} >, « & T\ b, S(x=Y=OR=Ph
q Y \)Q R-{(@ q @‘Hx:y:o,r\’: Bu)
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1 11 (X =Y = NPh, R = Me)

Scheme 3. Preparation of BHetA complexes 2-11.

The structure of Rh-NHC-BHetA complexes was confirmed
by X-ray structural analysis. Figure 1 contains the ORTEP
views of 2, 6, 7a and 8 along with selected bond lengths and
angles (see Figure S1 in Supporting Information, for the
ORTEP view of 3 and 10). Mononuclear species were
observed in all the cases. The bidentate coordination of the
BHetA ligand brings about a distorted square planar geometry
at the metal center with a cis arrangement of the NHC and coe
ligands {C(1)-Rh—ct, 94° av.; ct = centroid of C(30) and C(31)
olefinic atoms}. Notably, the NHC-imidazolin ring and the
plane containing the metal center, the carbene atom C(1) and
the centroid of the coordinated olefin intersect at angles
smaller than 90° (2, 63.7°; 3, 64.8°; 6, 66.9°; 7a, 63.7°; 8, 80.1°;
10, 66.2°), thus rendering a chiral complex. Figure S2 in
Supporting Information shows a view of the A and A
enantiomers based on the skew line convention.B% In this
connection, it is worth a mention that the space groups of 2
(P2;), 7a (P2,) and 8 (P2,2;2;) are non-centrosymmetric and
the measured crystal contains either the A (8) or the A (2, 7a)
enantiomer. On the other hand, the space groups of 3 (P21/n),
6 (P21/c) and 10 (P2,/c) are centrosymmetric, thus the crystals
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contain both enantiomers in a 1:1 ratio. The pitch and yaw
angles?®¢f calculated for the NHC-imidazolin ring indicate that
its coordination deviates from the ideal arrangement with
respect to the metal-carbon bond in all the cases, except for
the sulfur containing heteroacidato derivatives 6 and 10 (see
Figures 1 and S1). Nonetheless, the observed metal—carbon
bond lengths Rh—C(2) fall within those commonly observed for
the Rh'-IPr metal—carbon bond.2!

Figure 1. ORTEP view of 2, 6, 7a and 8 with ellipsoids at 50 % probability.
For clarity most hydrogen atoms have been omitted and the 2,5—(Pr)CsHs
substituents are shown in wireframe style. Selected bond lengths (A) and
angles (°) are: 2, Rh-C(1) 1.949(2), Rh-ct 1.9601(14), Rh-O(38)
2.1564(14), Rh-0(40) 2.1921(14), C(39)-0(38) 1.267(2), C(39)-O(40)
1.270(2), O(38)-C(39)-0(40) 120.23(18), C(1)-Rh—ct 96.25(7), NHC pitch
6 10.0° yaw y 2.4°. 6, Rh—C(1) 1.957(2), Rh—ct 1.9940(2), Rh—S(38)
2.3963(6), Rh-0O(40) 2.2006(16), C(39)-S(38) 1.715(2), C(39)-0O(40)
1.255(3), O(38)-C(39)-0(40) 117.36(18), C(1)-Rh—ct 93.86(6), NHC pitch
6 0.6°, yaw w 1.6°. 7a, Rh—-C(1) 1.950(5), Rh—ct 1.969(3), Rh—N(38)
2.087(4), Rh—0O(40) 2.215(3), C(39)-N(38) 1.309(5), N(38)-H(38) 0.91(6),
C(39)-0(40) 1.279(5), N(38)—C(39)-0(40) 116.4(4), C(1)-Rh—ct 96.96(15),
NHC pitch 6 8.9°, yaw  2.2°. 8, Rh—C(1) 1.938(3), Rh—ct 1.9747(3), Rh—
0O(38) 2.143(2), Rh—N(40) 2.159(3), C(39)-0O(38) 1.287(4), C(39)-N(40)
1.309(4), O(38)—-C(39)-N(40) 115.9(3), C(1)-Rh—ct 93.74(9), NHC pitch 6
10.7°, yaw y 0.5°. ct: centroid of C(30) and C(31).

The NMR spectroscopic data confirm that the solid state
structure of complexes is maintained in solution. The presence
of IPr, BHetA, and coe, ligands in 2-11 is corroborated in the
B3C{*H}-APT NMR spectra by the presence of three carbon-
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rhodium coupling doublets. The most noticeable feature of the £ N/:\N ), £ N’f\N >,
IH-NMR spectra is the appearance of only one septuplet @; T 753 q \r —;Q
around & 3 ppm corresponding to the four isopropyl protons of /Rh"' 9 — /Rh""' )
the IPr ligand, which is in agreement with the presence of a H'N\/_JC‘) OS:IL-
symmetry plane containing the BHetA ligand and bisecting coe Me Me A
and IPr, as well as a rotational process of the carbene ligand ™ Mejor Mior
around the Rh-C(carbene) axis.”®d This septuplet splits into )N_HJVL NH
two broad signals at low temperature as a result of slowing |
down the rotational process (See Figure S3 in Supporting NH—CDC;)NOE 10
Information for 8). Accordingly, two signals for the CH- €53 NH-CHMe s, NOE o 1.5
isopropyl protons were observed in the *H NMR spectrum of 2.0
11 at room temperature, as a result of hindered rotation of the \
carbene hampered by the bulky bisphenyl-amidinato ligand. In 41 25
addition, the presence of a NH moiety in the BHetA ligands in < <= NH-CHMer, NOE ; |30
complexes 7 and 9 was confirmed by 'H-®N HSQC NMR | K 35
experiments (see Figure 2 for 7) EZ - =,

The different disposition observed for the asymmetric BHetA
ligands within the square planar structures follows some e NH-NH Exchange () ?'5
trends. Thus, the S-donor atom is located cis to IPr in all cases "
(6, 9 and 10). However, the arrangement of N,O ligands seems 183
to be directed by the bulkiness of the substituent on N-donor 134
atom. The acetanilidato ligand in complex 8 is disposed with 138
the phenyl group towards the smaller coe, whereas two " 158
isomers in 84:16 ratio were observed for the NH acetamidato 10
complex 7 with the major isomer corresponding to that in which ; 18
the NH substituent points to the bulkier IPr ligand (Figure 2). 18
Exchange peaks between the two isomers were observed at e
room temperature indicating a dynamic process. A similar !
behavior has been observed for 11 in *H-'H NOESY and : - 115;2
TOCSY experiments (see Figures S63 and S64 in Supporting WA A 4 08 3% pem
Information). Figure 2. *H-'H-NOESY (up) and *H-**N HSQC (down) spectra for the NH
signals of 7.

Catalytic Alkyne Dimerization

The catalytic activity of the Rh'-NHC complexes 2-11 was
evaluated using phenylacetylene as a benchmark substrate.
Catalytic reactions were monitored in NMR tubes using 2
mol % of catalyst loading in CsDs at 25 °C. Unfortunately,
carboxylato catalysts 2-5 were not efficient in alkyne
dimerization. However, all of them exhibited good catalytic
performance in the presence of pyridine, comparable to that
previously reported for chlorido-dimer 1 (entries 1-6). In
contrast, the acetanilidato catalyst 8 reacted very fast with
phenylacetylene. Pleasingly, complete and selective
conversion to gem-enyne was observed after only 3 min of
reaction, displaying a TOF;, of 726 h (entry 11). Catalyst
loading can be reduced to 0.5 mol % with only slight decrease
of conversion (TOFy, of 2500 h?, entry 14). Catalyst 8
exceeds by two orders of magnitude the activity reported for
1 and, as far as we are aware, presents the highest TOF ever
reported at room temperature in alkyne dimerization. Related
acetamido catalyst 7 is much less efficient than 8 (entry 9).
Rather surprisingly, the more basic amidinato complex 11 is
also less active (entry 19). Interestingly, similarly to
carboxylato species, the activity of both catalysts significantly
increased in the presence of pyridine with excellent selectivity
(entries 10 and 20). On the other hand, S-donor BHetA
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catalysts 6, 9, and 10 were moderately active in the absence
of pyridine but did not show regioselectivity, thus pointing to
an alternative operational mechanism. Moreover, the
previously reported hydroxo-dimer [Rh(u-OH)(IPr)(7?-coe)]z
(12)128] was also inefficient, but becomes activated in the
presence of pyridine as additive (entries 21-22). These results
indicate that basicity of the ligand is not the only factor
influencing catalytic activity. Indeed, the presence of both N-
and O- donor atoms in the ancillary ligand seems to be crucial
for an efficient catalytic system.

Table 1. Catalyst screening for phenylacetylene dimerization.

Entry  Catalyst Additive® t(h)  Conv(%) gem/E  TOFuq(h™)cl
1 1 py 15 99 89/1/101 12
2 2 - 20 5 99/1 -

3 2 py 2 86 08/2 12
4 3 py 4 08 97/3 10
5 4 py 4 08 08/2 12
6 5 py 6 78 08/2 7
7 6 - 15 94 67/33 53
8 6 py 75 97 81/19 16
9 7 - 24 34 97/3 -
10 7 py 14 >99 98/2 48
11 8 - 0.05 >99 >99 726
12 8 py 07 >99 >99 385
136 8 - 0.6 97 >99 1023
1410 8 - 1 71 >99 2500
15 9 - 15 91 39/61 34
16 9 py 1 97 40/60 53
17 10 - 0.5 43 55/45 -
18 10 py 5 87 60/40 8
19 11 - 22 16 99/1 -
20 11 py 1 95 90/1 49
21 12 - 26 2 - -
22 12 py 2 >99 99/1 20

&l Reaction conditions: 0.5 mL of CsDs, 0.5 mmol of phenylacetylene, 0.01
mmol of catalyst, 25 °C. 110 eq. per mole of rhodium. [ TOFy: turnover
frequency at 50 % conversion. @ (Z)-hexa-3,5-dien-1-yne-1,3,5-R trimer [©
1 mol % of catalyst. 0.5 mol % of catalyst.

Catalytic performance of 8 was evaluated for a range of
alkynes (Table 2). The introduction of an electron-donating
group at the para position of the aromatic ring of
phenylacetylene slightly increased the reaction rate (entry 2),
whereas an electron-withdrawing group slowed down the
reaction (entry 3). The dimerization of aliphatic alkynes was
slower, although maintaining excellent selectivity (entries 4-5).
Highly encumbered alkynes reacted even more slowly
displaying low selectivity and the presence of hexa-3,5-dien-
1-yne trimers was observed. Finally, only trace amounts of
enyne were observed for methyl propargyl ether.

10.1002/chem.202001584
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Table 2. Dimerization of terminal alkynes catalyzed by 8.1

Entry Substrate t(thy  Conv(%) gem/E  Trimer TOFu(h?)®
1 % 0.05 >99 >99 - 726
2 MeO»@—: 0.05 >99 >99 - 725
3 F3C©€ 0.1 >99 >99 - 720
4 \_\_: 1 95 97/3 - 195
5 D—= 2 72 991 - 405
N
6 /. T2 62 2321 561 3
7 = 24 52 7719 14 -
8 MeQ 24 0 - - -

1l Reaction conditions: 0.5 mL of CsDs, 0.5 mmol of alkyne, 0.01 mmol of 8,
25 °C. PI TOFy,: turnover frequency at 50 % conversion. [ (Z)-hexa-3,5-dien-

1-yne-1,3,5-R. [ (E)-hexa-3,5-dien-1-yne-1,3,6-R.
Mechanistic Proposal and Discussion

In order to shed light on the operative mechanism for alkyne
dimerization by the Rh-NHC-BHetA catalysts, low temperature
stoichiometric reactions were performed. As shown in Scheme
2, the expected mechanism entails deprotonation of a
coordinated alkyne, alkyne insertion into the Rh-alkynyl bond
and protonolysis. Unfortunately, catalyst 8 dimerized
phenylacetylene very fast, even at 213 K, thus no relevant
catalytic intermediate could be detected except the complex
Rh[k2-N,O-{N(Ph)C(O)Me}]{CH,=C(Ph)-n?-C=CPh}(IPr) (13),
that results from the n?triple-bond coordination of the enyne
reaction product (Scheme 4). A similar behavior was observed
for less reactive terminal alkynes such as 1-hexyne or
trimethylsilyl acetylene. However, reaction with dimethyl
acetylenedicarboxylate, an internal alkyne unable to dimerize,
afforded the T-alkyne complex Rh[«?-N,O-{N(Ph)C(O)Me}|{n?*-
MeOOCC=CCOOMe}(IPr) (14), as a result of the coe-alkyne
exchange, which is proposed as the first step of the catalytic
cycle (Scheme 2). In the same way, the m-phenylacetylene
complex Rh[k?-S,0-{SC(O)Me}](n>-HC=CPh)(IPr) (15) could
be detected by using the less efficient catalyst 6 as precursor.
The B¥C{*H}-APT NMR spectra of complexes 13-15 display the
typical doublets between & 81-89 ppm with Jrn.c coupling
constants around 15 Hz, characteristic of a triple bond -
coordinated to a rhodium center.
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Scheme 4. Stoichiometric reactions of Rh-NHC-BHetA complexes with
alkynes.

After coordination of the alkyne to the rhodium center, two
competitive pathways are possible: oxidative addition to
generate Rh"-hydride-alkynyl intermediates or deprotonation
by the internal base to yield Rh'-alkynyl species. Oxidative
addition process has already been demonstrated to be
operative for alkyne dimerization in Rh-NHC systems via
alkyne insertion into Rh"-hydride bond.**" In order to prove
that Rh'-alkynyl species are feasible dimerization initiators,
complex Rh(C=CPh)(IPr)(NCCD3), (17) was prepared by
treatment of the dinuclear precursor [Rh(u-CI)(IPr)(7?-
ethylene)], (16) with lithium phenylacetylide in CD3;CN
(Scheme 5). Two isomers 17a/b in 60:40 ratio were obtained.
We assume that the isomer with the lowest Rh-C(alkynyl)
coupling constant in *3C{*H}-APT NMR spectrum (58.2 vs 73.7
Hz) should correspond to that with the IPr ligand trans to the
alkynyl moiety (17a).2%4 Interestingly, the 17a/b mixture was
proved to be active in the dimerization of phenylacetylene,
although with lower activity than 8.

@,’ LT\ o
\,g] WCl on § Qf I q
= 1
- eiNCCD3 eem)
N &’jih CDaCN, 243k DsCCN="" — h h °
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Scheme 5. In-situ formation and catalytic activity of Rh-alkynyl species 17.

Once it was demonstrated that the Rh'-alkynyl pathway is a
feasible route for alkyne dimerization, it remains to analyze the
very different behavior observed for the distinct Rh-NHC-
BHetA complexes. The classification of the BHetA ligands
according to the pKa values of the protonated form is as
follows, thioacetato << carboxylato << acetanilidato <
acetamidato < amidinato < hydroxo, whereas the trend in
catalytic activity is, acetanilidato >>> thioacetato >
acetamidinato > amidinato > carboxylato = hydroxo. Basicity
of ligand is a relevant parameter for initial deprotonation in the
CMD/AMLA  process,* whereas the capacity of the
protonated ligand to release the proton is key for the final step
(Scheme 2). A compromise between these two factors seems
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essential for efficient catalysis. In this way, highly basic ligands
such as hydroxo (12) or amidinato (11) should promote the first
step but protonolysis would not be favored. On the contrary,
carboxylate ligands in 2-5 seems to be inefficient in
deprotonation. The success of acetanilidato catalyst 8 might
be derived from its ability to both deprotonotate and protonate
in an efficient manner, as a consequence of the presence of a
N,O framework in the BHetA ligand. Thus, the more basic
nitrogen atom should favor the deprotonation step. Then, a
1,3-prototropic shift to the oxygen atom of the BHetA ligand
could take place rendering the OH moiety prone to trigger the
final protonolysis step. On the other hand, catalytic behavior of
S-based BHetA points to an alternative reaction pathway in
which thiolato-bridged dimeric species could be involved (see
Fig S4 in Supporting Information).

The less efficient carboxylato-based catalysts become
active after addition of pyridine. Careful analysis of the NMR
kinetic ~experiments revealed the presence of a shielded
doublet at 6 -16.48 ppm with Jy.rn coupling of 25.2 Hz, which
can be ascribed to a rhodium-hydride ligand resulted from
oxidative addition of phenylacetylene. Interestingly, the same
signal was observed under the same experimental conditions
regardless on the O,0; N,O; or N,N BHetA catalyst precursor
employed, even for the acetanilidato complex 8. This
resonance has been assigned to the bis-alkynyl rhodium-
hydrido species RhH(C=CPh),(IPr)(py)2 (18), which has been
independently prepared by treatment of 8 with ten-fold and
five-fold excess of phenylacetylene and pyridine, respectively
(Scheme 6). Formation of 18 can be rationalized by initial
deprotonation of phenylacetylene by the internal base and
subsequent oxidative addition of a second molecule of alkyne
with release of N-phenylacetamide. A similar behavior has
been previously observed in the reaction of thiophenol with the
rhodium-hydroxo complex 12.28" Hydride species 18 could be
initiators for alkyne dimerization following pathway ii depicted
in Scheme 1. The fact that the TOFs values are similar
regardless of the anionic ligand supports the participation of
active species lacking the BHetA ligand.

s
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Scheme 6. In-situ formation of Rh-bis-alkynyl-hydride species 18.

In view of these data, a plausible mechanism for alkyne
dimerization in the presence or absence of pyridine is
proposed in Scheme 7. The first step would be the alkyne—coe
exchange similarly to what observed in intermediates 14-15.
Then, the basic BHetA ligand deprotonates the alkyne in a
CMD/AMLA process to give a rhodium-alkynyl species similar
to 17. From this point two pathways are available. In the
absence of pyridine, pathway a is followed which entails a N-
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O 1,3-prototropic shift and subsequent insertion of an alkyne
into rhodium-alkynyl bond. Then, protonolysis from the oxygen
atom releases the enyne and regenerates the active species.
However, in the presence of pyridine pathway b becomes
operative. Replacement of the acetanilide ligand by pyridine is
followed by oxidative addition of the coordinated alkyne to
generate a Rh"-hydride bis-alkynyl species similar to 18. Then,
coordination of an alkyne at the vacant site, insertion into the
rhodium-hydride bond followed by reductive elimination
affords the gem-enyne product. Subsequent oxidative addition
will close the catalytic cycle. It is noteworthy to point out that
both catalytic pathways result in the formation of the same
head-to-tail enyne isomer despite displaying opposite insertion

modes in the selectivity-determining step. This fact can be
IPr

/Rh"“'&

QO
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explained by the different structural nature of the six
coordinate octahedral Rh"-H intermediates versus four
coordinate square planar Rh'-alkynyl species. In pathway b,
coordination of alkyne before insertion into the Rh"-H bond
takes place cis-to-NHC, as pyridine blocks the trans-to-NHC
position.?8d Thus, the sterical hindrance of the bulky carbene
ligand results in the unusual 2,1 alkyne insertion into Rh'"-H
bond, which is in agreement with our previous observations in
related rhodium(lll) systems.'>" In contrast, along pathway a,
the only position available for coordination of alkyne in square
planar Rh'-alkynyl species is trans-to-NHC, where the carbene
ligand is not exerting a sterical influence thereby resulting in
the electronically preferred 1,2 insertion.
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Scheme 7. Plausible catalytic cycle for alkyne dimerization in the absence (pathway a) or presence of pyridine (pathway b).

Conclusions

A series of Rh(k>-BHetA)(n?-coe)(IPr) complexes bearing LX-
type 1,3-hetereoatomic acidato (O,0; O,S; O,N; N,S and N,N)
ligands have been prepared by reaction of the dinuclear complex
[Rh(p-CI)(IPr)(n?-coe)]. with the corresponding anionic BHetA
species. The different disposition of the asymmetric BHetA
ligands related to IPr and coe within the mononuclear Rh' square
planar complexes depends on the nature of the heteroatoms and
steric factors. Thus, S-donor atom is invariably located cis to IPr
in all cases whereas an equilibrium between both configurations
was observed for N,O-BHetA complexes with the isomer having

the bulky substituent on N-atom directed to the smaller coe ligand
being predominant.

The Rh-NHC-BHetA complexes are efficient catalyst for alkyne
dimerization displaying high selectivity towards the head-to-tail
enynes. Particularly, the acetanilidato catalyst is highly active
reaching TOF values of 2500 h, never reported before for this
transformation. The proposed mechanism follows a CMD/AMLA
non-oxidative pathway involving the deprotonation of the alkyne
by the basic BHetA ligand, alkyne insertion into the newly formed
rhodium-alkynyl bond and protonolysis by the k-HBHetA ligand.
In this sense, basicity of the BHetA ligand is a relevant parameter
for initial deprotonation, whereas the capacity of the coordinated
HBHetA species for proton transfer is key for the final step. A
compromise between these two factors seems to be essential for
efficient catalysis. Therefore, carboxylate-based catalysts are not
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basic enough whereas amidinato species are less efficient in the
protonolysis step. Addition of pyridine triggers the oxidative
addition pathway operating via a common
Rh"H(C=CPh),(IPr)(py) intermediate. The excellent
performance of the acetanilidato catalyst might be derived from
its ability to both deprotonotate and protonate in an efficient
manner, which could be related to the presence of a N,O donor
set in the BHetA ligand. Further work on the potential applications
both in synthesis and catalysis is in progress in our group and
results will be reported in due course.

Experimental Section

General Considerations. All reactions were carried out with rigorous
exclusion of air and moisture using Schlenk-tube techniques and dry box
when necessary. The organometallic precursor [Rh(u-Cl)(IPr)(n?-coe)]z (1)
was prepared as previously described in the literature.?”! Chemical shifts
(expressed in parts per million) are referenced to residual solvent peaks
(*H and *3C{*H}), NHs (**N), or CFCls (*°F). Coupling constants, J, are
given in Hz. Spectral assignments were achieved by combination of *H-*H
COSY, 8C{*H}-APT and H-3C HSQC/HMBC experiments.

Preparation of Rh{k?-0,0’-(02CCHzs)}(n?-coe)(IPr) (2). A solution of
dinuclear complex 1 (200 mg, 0.16 mmol) in THF (10 mL) was treated with
CH3COOK (32 mg, 0.34 mmol) and stirred for 2 h at r.t. After evaporation
to dryness, the residue was dissolved in toluene (10 mL) and was filtered
through Celite. Then, the resulted solution was evaporated to dryness.
Addition of hexane at -40 °C induced the precipitation of a yellow solid,
which was washed with cold hexane (3 x 2 mL) and dried in vacuo. Yield:
155 mg (74%). Anal. Calcd for Ca7Hs3N202Rh: C, 67.26; H, 8.09; N, 4.24.
Found: C, 67.17; H, 8.15; N, 4.37. IR (cm™): 1519 v(OCOasym), 1442
v(OCOsym). *H NMR (400.2 MHz, CsDs, 298 K): & 7.32 (m, 2H, Hp-ph-ipr),
7.24 (m, 4H, Hm-phpr), 6.48 (S, 2H, =CHN), 3.08 (sept, Ju+ = 7.1, 4H,
CHMeypr), 2.76 (m, 2H, =CHcoe), 2.1-0.9 (m, 12H, CH2-coe), 1.65 (s, 3H,
MeCOO), 1.53 and 1.05 (both d, Ju-+ = 7.1, 24H, CHMepr). B3C{*H}-APT
NMR (100.4 MHz, CeDs, 298 K): 6 187.7 (d, Jc-rn = 1.9, Rh-OOCMe), 183.5
(d, Jcrn = 64.5, Rh-Cier), 146.9 (s, Cquipr), 137.2 (s, CgN), 129.9 (s, CHp-ph-
ipr), 124.4 (d, Jc-rh = 1.3, =CHN), 124.0 (s, CHm-ph-1Pr), 57.6 (d, Jc-rh = 17.3,
=CHcoe), 30.0 and 28.7 (both d, Jc-rh = 1.6, CHa-coe), 29.2 (s, CHMeipr),
27.1 (s, CH2-coe), 26.4 and 23.0 (both s, CHMeypr), 23.6 (d, Jc-rn = 2.4, Rh-
OOCMe).

Preparation of Rh{k?-O0,0’-(02CPh)}(n?-coe)(IPr) (3). The complex was
prepared as described for 2 starting from 1 (160 mg, 0.13 mmol) and
PhCOONa (40 mg, 0.27 mmol) and isolated as a yellow solid. Yield: 120
mg (66%). Anal. Calcd for Cs2HssN202Rh: C, 69.79; H, 7.67; N, 3.88.
Found: C, 69.71; H, 7.55; N, 4.07. IR (cm™): 1513 v(OCOQasym), 1418
V(OCOsym). *H NMR (400.2 MHz, CsDs, 298 K): & 8.19 (M, 2H, Ho-pn), 7.27
(m, 2H, Hp-phpr), 7.20 (M, 4H, Hm-phpr), 7.10 (M, 3H, Hen), 6.52 (s, 2H,
=CHN), 3.16 (sept, Ju-1 = 7.1, 4H, CHMeypr), 2.87 (m, 2H, =CHcoe), 2.1-0.9
(m, 12H, CHzoe), 1.53 and 1.06 (both d, Jun = 7.1, 24H, CHMewr).
B3C{*H}-APT NMR (100.4 MHz, CeDs, 298 K): 8 183.4 (d, Jcrh = 64.0, Rh-
Cipr), 182.3 (d, Jc-rh = 1.7, Rh-O0C), 146.8 (s, Cq-ipr), 137.1 (s, CgN), 135.0
(s, Cq-ph), 131.4 (s, CHp-ph), 130.0 (S, CHp-ph-ipr), 129.3 (s, CHo-ph), 127.9
(s, CHm-ph), 124.5 (s, =CHN), 124.1 (S, CHm-pn-ipr), 57.8 (d, Jc-rh = 17.4,
=CHecoe), 29.9 and 28.7 (both d, Jcrh = 1.3, CHa-coe), 29.2 (s, CHMeipr),
27.1 (s, CH2c0e), 26.4 and 23.0 (both s, CHMejpr).

Preparation of Rh{k?-0,0'-{02CC'Bu)}(n?-coe)(IPr) (4). The complex
was prepared as described for 2 starting from 1 (160 mg, 0.13 mmol) and
‘BuCCOOK (40 mg, 0.28 mmol) and isolated as a yellow solid. Yield: 110
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mg (61%). IR (cmt): 1505 v(OCOasym), 1427 v(OCOsym). *H NMR (400.2
MHz, CeDs, 298 K): 8 7.31 (m, 2H, Hp-ph-ipr), 7.23 (M, 4H, Hm-ph-1pr), 6.46 (S,
2H, =CHN), 3.17 (sept, Ju-1 = 6.8, 4H, CHMeypr), 2.74 (m, 2H, =CHcoe), 2.1-
0.9 (m, 12H, CH2-coe), 1.56 and 1.05 (both d, Ju-n = 6.8, 24H, CHMeyrr),
1.13 (s, 9H, CMes). BC{*H}-APT NMR (100.4 MHz, CsDs, 298 K): & 195.2
(d, Jc-rn = 1.8, Rh-O0C), 183.4 (d, Jc-rn = 64.1, Rh-Cipr), 146.8 (S, Cq-ipr),
137.2 (s, CqN), 129.8 (s, CHp-ph-ipr), 124.4 (s, =CHN), 124.0 (S, CHm-ph-IPr),
57.8 (d, Jcrh = 17.4, =CHcoe), 39.9 (s, CMe3), 29.9 and 28.6 (both d, Jcrn
=14, CHZ—coe), 29.1 (S, QHMEIPr), 27.6 (S, Cm3), 27.0 (S, CHZ—coe), 26.2
and 23.1 (both s, CHMejpr).

Preparation of Rh{k?-O,0’-(02CCFs)}(n?>-coe)(IPr) (5). A mixture of
CF3COOH (13 pL, 0.17 mmol) and 'BuOK (18 mg, 0.17 mmol) in THF (5
mL) was stirred for 30 min at r.t. Then, a solution of dinuclear complex 1
(200 mg, 0.08 mmol) in THF (5 mL) was cannulated over the suspension
containing the deprotonated carboxylate and the mixture was stirred for
additional 2 h at r.t. After evaporation to dryness, the residue was dissolved
in toluene (10 mL) and was filtered through Celite. Then the resulted
solution was evaporated to dryness. Addition of hexane at -40 °C induced
the precipitation of a yellow solid, which was washed with cold hexane (3
X 2 mL) and dried in vacuo. Yield: 40 mg (71%). Anal. Calcd for
Cs7Hs0N2F3O2Rh: C, 62.18; H, 7.05; N, 3.92. Found: C, 61.87; H, 7.09; N,
3.95. IR (cm™): 1611 v(OCOasym), 1463 v(OCOsym). *H NMR (400.2 MHz,
CeDs, 298 K): 8 7.29 (M, 2H, Hp-ph-ipr), 7.19 (M, 4H, Hm-ph-irr), 6.44 (s, 2H,
=CHN), 2.94 (sept, Ju-H = 6.9, 4H, CHMepr), 2.89 (M, 2H, =CHcce), 2.1-0.9
(m, 12H, CH2coe), 1.49 and 1.00 (both d, Jun = 6.9, 24H, CHMer).
13C{1H}-APT NMR (100.4 MHz, CsDs, 298 K): & 177.5 (d, Jc-rh = 66.6, Rh-
Cipr), 169.8 (qd, Jcr = 37.8, Jcrh = 1.4, Rh-OOCCF3), 146.7 (S, Cqipr),
136.4 (s, CqN), 130.8 (s, CHp-ph-ipr), 125.0 (s, =CHN), 124.1 (S, CHm-ph-1pr),
116.6 (g, Je-r = 284.7, Rh-OOCCFs3), 58.3 (d, Jc-rh = 18.1, =CHecoe), 29.5
and 28.3 (bOth d, Jcrn = 1.5, CHZ—coe), 29.2 (S, gHMelPr), 26.8 (S, CHZ—coe),
26.3 and 22.8 (both s, CHMeyrr). 1°F NMR (282.3 MHz, CeDs, 298 K): 3 -
75.7 (s, CF3).

Preparation of Rh[k?-S,0-{SC(O)CHas}](n?-coe)(IPr) (6). The complex
complex was prepared as described for 2 starting from 1 (150 mg, 0.12
mmol) and CH3COSK (30 mg, 0.26 mmol) and isolated as a yellow solid.
Yield: 115 mg (68%). Satisfactory elemental analysis could not be obtained.
HRMS (ESI*): m/z Calcd for RhC29H40N203S (M*+H+02-coe): 599.1809,
Found: 599.1796. IR (cm™): 1507 v(SCOsym), 1463 v(SCOasym). *H NMR
(400.2 MHz, CeDs, 298 K): 8 7.29 (m, 2H, Hp-ph-pr), 7.21 (M, 4H, Hm-ph-pr),
6.45 (s, 2H, =CHN), 3.25 (m, 6H, CHMeipr, =CHcoe), 2.1-0.9 (m, 12H, CHa-
coe), 1.85 (s, 3H, SC(O)Me), 1.62 and 1.04 (both d, Jun = 6.9, 24H,
CHMeypr). 13C{*H}-APT NMR (100.4 MHz, CsDs, 298 K): 8 228.1 (d, Jc-rn
=1.8, Rh-SC(O)Me), 166.1 (d, Jc-rh = 66.2, Rh-Cipr), 146.6 (S, Cq-1pr), 137.9
(s, CaN), 129.8 (s, CHp-ph-irr), 124.5 (s, =CHN), 124.2 (s, CHm-ph-irr), 65.7
(d, Jcrn = 14.8, =CHcoe), 36.7 {d, Jc-rn = 1.2, Rh-SC(O)Me}, 30.0, 27.8,
and 27.1 (all s, CHz-coe), 29.2 (s, CHMeypr), 26.2 and 23.3 (both s, CHMeypr).

Preparation of Rh[k?-N,O-{HNC(O)CHs}](n>-coe)(IPr) (7a,b). A mixture
of CH:CONHz (15 mg, 0.20 mmol) and 'BuOK (23 mg, 0.21 mmol) in THF
(5 mL) was stirred for 30 min at r.t. Then a solution of dinuclear complex 1
(120 mg, 0.09 mmol) THF (5 mL) was cannulated over the suspension
containing the deprotonated amide and the mixture was stirred for
additional 2 h at r.t. After evaporation to dryness, the residue was dissolved
in hexane (20 mL) and was filtered through Celite. Slow evaporation of
hexane resulted in the formation of a microcrystalline yellow solid. Yield:
90 mg (73%). IR (cm™): 1517 v(OCNsym), 1458 v(OCNasym). NMR data
evidenced the presence of two isomers, 7a and 7b (84:16), in equilibrium.
Data for complex 7a: *H NMR (400.2 MHz, toluene-ds, 243 K): & 7.30 (m,
2H, Hp-phipr), 7.19 (M, 4H, Hm-phaipr), 6.44 (s, 2H, =CHN), 4.59 (d, Ju-rh =
6.0, 1H, NH), 3.17 (sept, Ju- = 7.1, 4H, CHMerr), 2.76 (M, 2H, =CHcoe),
2.1-0.9 (m, 12H, CH2-coe), 1.59 and 1.11 (both d, Ju-+ = 7.1, 24H, CHMeyrr),
1.48 {s, 3H, OC(NH)Me}. 3C{*H}-APT NMR (100.4 MHz, toluene-ds, 243
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K): 8 185.3 {d, Jc.rn = 3.3, Rh-OC(NH)Me}, 184.8 (d, Jc-rn = 66.1, Rh-Cipr),
146.1 (s, Cqipr), 137.2 (S, CgN), 129.3 (s, CHp-ph-pr), 123.6 (S, CHm-ph-iPr),
123.4 (s, =CHN), 60.7 (d, Jc-rh = 14.7, =CHcoe), 30.0, 27.8, and 26.9 (all s,
CHa-coe), 28.7 (s, CHMerrr), 25.7 and 22.9 (both s, CHMeyrr), 24.7 {d, Jc-rn
= 1.5, Rh-OC(NH)Me}. *H-1*N HSQC (40.5 MHz, toluene-ds, 243 K): &
189.6 (Nirr), 136.8 (HNCOMe). Data for complex 7b: *H NMR (400.2 MHz,
toluene-ds, 243 K): 6 7.3-7.0 (6H, Hen-irr), 6.55 (s, 2H, =CHN), 3.85 (d, Ju-
rh = 2.9, 1H, NH), 3.17 (sept, Jun = 7.1, 4H, CHMepr), 2. 59 (m, 2H,
=CHcoe), 2.1-0.9 (M, 12H, CHz-coe), 1.62 and 1.13 (both d, Jn-n = 7.1, 24H,
CHMewrr), 1.58 (s, 3H, OC(NH)Me). ¥C{*H}-APT NMR (100.4 MHz,
toluene-ds, 243 K): 8 184.7 (d, Jcrn = 62.4, Rh-Cipr), 184.3 (d, Jc-rn = 3.0,
Rh-OC(NH)Me), 146.6 (s, Cq-irr), 137.5 (s, CgN), 123.5 (s, =CHN), 54.7 (d,
Jcrh = 18.0, =CHcoe), 30.2, 27.8, and 26.9 (all s, CH2-coe), 28.7 (s, CHMerr),
26.1 and 22.7 (both s, CHMeyrr), 24.6 {d, Jc-rn = 1.5, Rh-OC(NH)Me}.
'H-15N HSQC (40.5 MHz, toluene-ds, 243 K): & 191.4 (Nir), 136.6
(HNCOMe).

Preparation of Rh[k?-N,0-{N(Ph)C(O)CHs}](n*coe)(IPr) (8). The
complex was prepared as described for 7 starting from CHsC(O)NHPh (25
mg, 0.19 mmol), 'BuOK (22 mg, 0.20 mmol) and 1 (120 mg, 0.09 mmol)
and isolated as a yellow solid. Yield: 77 mg (69%). Anal. Calcd for
Ca3HsgN3ORh: C, 70.19; H, 7.94; N, 5.71. Found: C, 70.67; H, 8.10; N, 5.29.
HRMS (ESI*): m/z Calcd for RhCssHasNsO (M*-coe-H): 624.2456, Found:
624.2462. IR (cmt): 1543 v(OCNsym), 1464 v(OCNasym). *H NMR (400.2
MHz, CsDs, 298 K): & 7.33 (m, 2H, Hpphipr), 7.27 (M, 4H, Hm-ph-pr), 6.94
(vt, 2H, N = 15.5, Hm-phn), 6.76 (t, Ju-v = 7.7, 1H, Hpphn), 6.65 (d, Jn-H =
7.8, 2H, Ho-pnh-n), 6.52 (s, 2H, =CHN), 3.20 (sept, Ju-H = 6.7, 4H, CHMerr),
2.67 (m, 2H, =CHcoe), 2.1-0.9 (M, 12H, CH2-coe), 1.60 and 1.08 (both d, Ju-
H = 6.7, 24H, CHMerr), 1.56 (s, 3H, OC(NPh)Me). *C{*H}-APT NMR
(100.4 MHz, CeDs, 298 K): 6 185.7 (d, Jc-rh = 61.7, Rh-Cipr), 180.7 {d, Jc-
rh = 3.2, Rh-OC(NPh)Me}, 148.8 (s, Cq-prnn), 146.8 (s, Cq-ipr), 137.2 (S,
CqgN), 129.5 (s, CHp-ph-ipr), 128.1 (S, CHm-ph-N), 125.9 (S, CHo-ph-N), 123.9 (S,
=CHN), 123.7 (s, CHm-pn-pr), 122.9 (S, CHp-ph-N), 56.5 (d, Jc-rh = 16.5,
=CHcoe), 30.1 and 29.7 (both d, Jcrh = 1.3, CHa-coe), 28.8 (s, CHMeipr),
26.7 (s, CH2-coe), 26.2 and 22.9 (both s, CHMejpr), 19.7 {d, Jc-rn = 1.1, Rh-
OC(NPh)Me}.

Preparation of Rh[k?-N,S-{HNC(S)CHs}](n?-coe)(IPr) (9). The complex
was prepared as described for 7 starting from CH3C(S)NH2 (11 mg, 0.19
mmol), '‘BUOK (22 mg, 0.20 mmol) and 1 (120 mg, 0.09 mmol) and isolated
as a yellow solid. Yield: 63 mg (61%). Anal. Calcd for Ca7HsaNsSRh: C,
65.76; H, 8.05; N, 6.22. Found: C, 66.02; H, 7.98; N, 6.05. HRMS (ESI+):
m/z Calcd for RhCzeH40N3S: (M+-coe): 565.1992, Found: 565.1991 IR (cm"
1): 3076 v(NH), 1556 V(SCNsym), 1460 V(SCNasym). *H NMR (400.2 MHz,
CeDe, 298 K): 8 7.28 (m, 2H, Hp-ph-ipr), 7.21 (M, 4H, Hm-ph-ipr), 6.48 (S, 2H,
=CHN), 5.83 (br, 1H, NH), 3.33 (sept, Ju-+ = 6.7, 4H, CHMerr), 3.01 (m,
2H, =CHcoe), 2.1-0.9 (m, 12H, CH2-coe), 1.66 and 1.07 (both d, Ju+ = 6.7,
24H, CHMerr), 1.53 {d, Jun = 1.0, 3H, SC(NH)Me}. BBC{*H}-APT NMR
(100.4 MHz, CeDs, 298 K): 6 200.1 (d, Jc-rn = 4.5, Rh-SC(NH)Me), 188.2
(d, Jc-rn = 58.2, Rh-Cipr), 146.3 (s, Cquipr), 137.9 (s, CgN), 129.6 (s, CHp-ph-
ipr), 123.9 (s, =CHN), 123.7 (s, CHm-ph-ipr), 60.8 (d, Jc-rh = 15.1, =CHecoe),
33.8{d, Jcrn = 2.1, Rh-SC(NH)Me}, 30.2 (d, Jc-rh = 1.4, CH2-coe), 29.4 and
26.9 (both s, CH2-coe), 28.9 (s, CHMerr), 26.0 and 23.2 (both s, CHMeer).
IH-15N HSQC (40.5 MHz, toluene-ds, 243 K): & 197.9 (HNCSMe), 190.8
(Nier).

Preparation of Rh[k?-N,S-{N(Ph)C(S)CHs}](n?-coe)(IPr) (10). The
complex was prepared as described for 7 starting from CH3C(S)NHPh (28
mg, 0.19 mmol), 'BuOK (22 mg, 0.20 mmol) and 1 (120 mg, 0.09 mmol)
and isolated as a yellow solid. Yield: 82 mg (70%). Satisfactory elemental
analysis could not be obtained. HRMS (ESI*): m/z Calcd for RhC3sHa4N3S:
(M*-coe): 641.2305 Found: 641.2308. IR (cm™): 1592 v(SCNsym), 1464
V(SCNasym). *H NMR (400.2 MHz, C¢Ds, 298 K): & 7.27 (m, 6H, Hph.ipr),
6.84 (vt, 2H, N = 14.7, Hm-ph-n), 6.72 (t, In-n = 7.7, 1H, Hp-ph-n), 6.52 (S, 2H,
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=CHN), 6.48 (d, Ju-n = 8.5, 2H, Ho-phen), 3.32 (sept, Jrn = 6.7, 4H, CHMeiry),
3.18 (M, 2H, =CHcoe), 2.1-0.9 (m, 12H, CHa-oe), 1.72 and 1.09 (both d, Jx-
W = 6.7, 24H, CHMesrr), 1.69 (s, 3H, SC(NPh)Me). 3C{*H}-APT NMR
(100.4 MHz, CsDs, 298 K): 5 196.8 {d, Jc-rn = 3.3, Rh-SC(NPh)Me}, 185.4
(d, Jcrh = 62.8, Rh-Cipr), 149.6 (S, Cq-ph-N), 146.8 (S, Cq-pr), 138.1 (s, CqN),
129.7 (S, CHpphapr), 127.9 (S, CHmphn), 124.7 (s, CHophn), 124.5 (s,
=CHN), 124.2 (s, CHm-ph-ipr), 124.1 (s, CHp-phn), 64.4 (d, Jcrh = 14.4,
=CHocoe), 30.4, 29.7, and 26.9 (all s, CHaz-coe), 29.9 {s, Rh-SC(NPh)Me},
29.3 (s, CHMeipr), 26.5 and 23.5 (both s, CHMeer).

Preparation of Rh[k?-N,N-{N(Ph)C(CH3)NPh}](n?-coe)(IPr) (11). The
yellow complex was prepared as described for 7 starting from
CH3C(NPh)NHPh (40 mg, 0.19 mmol), 'BuOK (22 mg, 0.20 mmol) and 1
(120 mg, 0.09 mmol) and isolated as a yellow solid. Yield: 115 mg (75%).
Satisfactory elemental analysis could not be obtained. HRMS (ESI*): m/z
Calcd for RhCaiHasNa: (M*-coe-H): 699.2929, Found: 699.2874. IR (cmY):
1593 V(NCNsym), 1484 v(NCNasym). *H NMR (400.2 MHz, CeDs, 298 K): d
7.36 (d, 2H, Hm-ph-ipr), 7.31 (t, In-H = 8.1, 2H, Hp-ph-pr), 7.13 (M, 2H, Hm-ph-
Na), 7.09 (M, 2H, Hm-ph-ipr), 7.00 (vt, N = 15.5, 2H, Hm-ph-nb), 6.86 (d, Jnn =
8.1, 2H, Ho-ph-nb), 6.82 (t, Jn-H = 7.4, 2H, Hp-ph-nb), 6.81 (t, Jn-n = 7.4, 2H,
Hp-Ph-Na), 6.55 (S, 2H, =CHN), 6.53 (d, Ju-+ = 8.1, 2H, Ho-ph-Na), 4.29 and
2.02 (both sept, Ju-v = 6.7, 4H, CHMeypr), 2.66 (M, 2H, =CHcoe), 1.83 (s,
N(Ph)C(Me)NPh), 2.1-0.9 (m, 12H, CHz-cee), 1.41, 1.24, 1.01, and 0.97 (all
d, Ju-+ = 6.7, 24H, CHMepr). BC{*H}-APT NMR (100.4 MHz, CsDs, 298 K):
d 193.0 (d, Jcrn = 57.9, Rh-Cpr), 172.3 {d, Jcrn = 4.0, Rh-
N(Ph)C(Me)NPh}, 150.1 and 148.7 (both s, CqNph), 148.2 and 146.6 (both
s, Cqupr), 137.8 (s, CqNipr), 129.7 (S, CHp-phipr), 128.3 and 128.2 (both s,
CHm-ph-N), 127.3 (S, CHo-ph-nb), 124.8 and 123.7 (both s, CHm-ph-iPr), 124.6
(s, =CHN), 123.4 (s, CHp-ph-nb), 122.8 (S, CHo-Ph-Na), 118.9 (S, CHp-Ph-Na),
57.5 (d, Jc-rh = 15.6, =CHecoe), 30.5 (d, Jcrn = 1.8, CH2-coe), 29.6 and 27.0
(both s, CH2-coe), 29.2 and 28.6 (s, CHMeypr), 26.9, 27.1, 23.7, and 22.4 (all
s, CHMerr), 17.1 (s, Rh-N(Ph)C(Me)NPh).

In situ Formation of Rh[k?-N,O-{N(Ph)C(O)CHs}{n?*
PhC=C(Ph)C=CHg)(IPr) (13). A solution of 8 (31 mg, 0.042 mmol) in
toluene-ds at 213 K (0.5 mL, NMR tube) was treated with phenylacetylene
(46 pL, 0.42 mmol). Complex 14 was detected immediately at low
temperature. Conversion reached 90 % after 24 h at 298 K. *H NMR (400.2
MHz, toluene-ds, 298 K): & 7.4-6.9 (16H, Hen), 6.51 (s, 2H, =CHN), 5.65
and 5.22 (both d, Ju-w = 2.1, 2H, =CH>), 3.03 and 2.92 (both sept, Ju-H =
6.7, 4H, CHMer), 1.41, 1.12, 1.04, and 1.01 (all d, Ju+ = 6.7, 24H,
CHMerr), 1.76 (s, 3H, OC(NPh)Me). 3C{*H}-APT NMR (100.4 MHz,
toluene-ds, 298 K): 6 184.0 (d, Jc-rn = 58.0, Rh-Cipr), 181.6 (d, Jcrn = 3.1,
Rh-OC(NPh)Me), 147.2 and 147.1 (both s, Cq-ipr), 141.1 (s. C=CH>), 138.0
(s, CaN), 136.4 (s, Cq-pn), 130-120 (CHpn), 122.3 (s, =CHN), 123.6 (s, Cq-
ph), 120.1 (s, =CH2), 86.0 (d, Jc-rn = 18.3, PhC=CC(Ph)CH2), 82.6 (d, Jc-
rh = 19.3, PhC=CC(Ph)CHy), 28.8 and 28.6 (both s, CHMepr), 26.2, 26.1,
23.2,and 22.7 (all s, CHMeyer), 19.6 {s, Rh-OC(NPh)Me}.

In situ Formation of Rh[k?-N,O-{N(Ph)C(O)Me}|{n?*-
MeOOCC=CCOOMe)(IPr) (14). A solution of 8 (21 mg, 0.029 mmol) in
toluene-ds at 243 K (0.5 mL, NMR tube) was treated with
dimethylacetylendicarboxylate (4 pL, 0.32 mmol). NMR measurements
were made immediately. *H NMR (400.2 MHz, toluene-ds, 243 K): & 7.19
(m, 2H, Hp-phpr), 7.08 (M, 4H, Hm-ph-pr), 7.01 (vt, 2H, N = 15.7, Hm-ph-n),
6.75 (t, In-+ = 7.4, 1H, Hpphn), 6.56 (d, In-+ = 8.3, 2H, Ho-ph), 6.26 (S, 2H,
=CHN), 3.54 and 2.93 (both sept, Ju-n = 6.7, 4H, CHMerr), 3.18 (s, 6H,
COOMe), 1.82, 1.69, 1.17, and 1.12 (all d, Ju-+ = 6.7, 24H, CHMerr), 1.31
(s, 3H, OC(NPh)Me). *C{*H}-APT NMR (100.4 MHz, toluene-ds, 243 K):
6 183.4 (s, Rh-OC(NPh)Me), 176.0 (d, Jc-rn = 56.7, Rh-Cipr), 157.8 (s,
COOMe), 147.3 and 146.5 (both s, Cq-pr), 145.1 (S, Cq-Ph-n), 135.9 (S, CgN),
130.0 (s, CHp-ph-ipr), 128.8 (S, CHm-ph-n), 124.9 (S, =CHN), 124.8 and 124.2
(both s, CHm-ph-Ipr), 124.0 (S, CHo-ph-n), 122.9 (S, CHp-ph-n), 86.1 (d, Jc-rRh =
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18.8, C=C), 51.8 (s, COOMe), 29.8 and 28.9 (both s, CHMeip:), 26.8, 26.4,
24.1, and 23.5 (all s, CHMery), 22.2 (d, Jc-rn = 1.1, Rh-OC(NPh)Me).

In situ Formation of Rh[k?-S,0-{SC(O)CHs}](n?>-HC=CPh)(IPr) (15). A
solution of 6 (20 mg, 0.030 mmol) in toluene-ds at 243 K (0.5 mL, NMR
tube) was treated with phenylacetylene (9 pL, 0.086 mmol). NMR
measurements were made immediately. *H NMR (400.2 MHz, toluene-ds,
243 K): 8 7.74 (d, Ju-n = 7.2, 2H, Ho-pn), 7.1-6.8 (9H, Hen), 6.34 (s, 2H,
=CHN), 4.59 (br, 1H, HC=CPh), 3.51 and 2.74 (both sept, Ju-+ = 6.7, 4H,
CHMeyrr), 1.79, 1.45, 1.06, and 1.00 (all d, Ju-+ = 6.7, 24H, CHMerr), 1.69
(s, 3H, SC(O)Me). BC{*H}-APT NMR (100.4 MHz, toluene-ds, 243 K): &
227.8 {s, Rh-SC(O)Me}, 179.4 (d, Jcrn = 64.6, Rh-Cipr), 146.4 and 145.9
(both s, Cqupr), 137.2 (S, CgN), 131.3 (s, CHo-pn), 130.1, 129.2, 127.8, 126.7,
and 124.6 (all s, CHpn), 124.5 (s, =CHN), 121.2 (s, Cq-rn), 89.1 (d, Jcrh =
15.9, HC=CPh), 82.6 (d, Jc-rn = 13.0, HC=CPh), 37.1 (s, Rh-SC(O)Me),
29.7 and 29.5 (both s, CHMeypr), 26.9, 26.2, 23.7, and 23.1 (all s, CHMeypr).

In situ Formation of Rh(-CECPh)(IPr)(NCCHz3)2 (17a,b). A solution of
dinuclear complex [Rh(u-Cl)(IPr)(7%-etilene)]2 (16) (31 mg, 0.03 mmol) in
CDsCN (0.5 mL, NMR tube) was cannulated over the lithium
phenylacetylide (6 mg, 0.06 mmol) contained in another NMR tube at 243
K. Low temperature measurements revealed the presence of two new
isomers 17a,b in 60:40 ratio. After warming the NMR tube at 298 K for 30
min, conversion to 17 was increased to 56%. Data for 17a: *H NMR (400.2
MHz, CDsCN, 298 K): 8 7.46 (t, Ju-1 = 7.7, 2H, Hp-ph-ipr), 7.31 (d, Jn-w = 7.7,
4H, Hm-phapr), 7.13 (s, 2H, =CHN), 7.02 (t, Ju-n = 7.6, 2H, Hm-pn), 6.90 (d,
Jh-H = 7.6, 2H, Ho-pn), 6.87 (t, Jn-H = 7.6, 1H, Hp-pn), 3.29 (sept, Iu-+ = 6.8,
4H, CHMeer), 1.19 and 1.06 (both d, Ju+n = 6.8, 24H, CHMepr). BC{*H}-
APT NMR (100.4 MHz, CeDs, 298 K): d 193.8 (d, Jcrh = 58.7, Rh-Cipy),
147.0 (s, Cq-ipr), 138.6 (s, CqN), 132-122 (Cph), 128.7 (d, Jc-rn = 58.2, Rh-
C=C), 106.4 (d, Jcrn = 18.1, Rh-C=C), 28.8 (s, CHMerr), 25.9 and 22.6
(both s, CHMeypr). Data for 17b: *H NMR (400.2 MHz, CD3CN, 298 K): 7.12
(s, 2H, =CHN), 3.25 (sept, Ju-+ = 6.8, 4H, CHMepr), 1.21 and 1.08 (both d,
Ju-H = 6.8, 24H, CHMepy). 13C{*H}-APT NMR (100.4 MHz, CsDs, 298 K): &
193.9 (d, Jc-rn = 57.2, Rh-Cipr), 131.8 (d, Jc-rn = 73.7, Rh-C=C), 108.5 (d,
Jc-rh = 15.0, Rh-C=C).

In situ Formation of RhH(-C=CPh)2(IPr)(py)2 (18). A solution of 8 (20 mg,
0.028 mmol) in toluene-ds at 213 K (0.5 mL, NMR tube) was treated with
phenylacetylene (30 pL, 0.27 mmol) and pyridine (11 pL, 0.136 mmol).
Complex 15 was detected immediately at low temperature. After warming
the NMR tube at 263 K for 2 h complex 15 was formed in 42% yield. H
NMR (400.2 MHz, toluene-ds, 223 K): 8 9.40 (d, Ju-H = 5.4, 2H, Ha2-py-is),
9.07 (d, Ju+ = 5.8, 2H, Ha-py-trans), 7.65 (d, Ju-n = 7.6, 4H, Ho-pn), 7.5-6.7
(14H, Hpn, =CHN), 6.58 (d, Ju-+ = 7.7, 1H, Ha-py-is), 6.39 (d, Ju-n = 7.7, 1H,
HA-py-trans), 6.15 (V'[, N=13.1, 2H, H4-py-cis), 6.07 (V't, N =13.5, 2H, H4»py-trans),
4.07 and 3.95 (both sept, Ju-+ = 6.7, 4H, CHMerr), 1.67, 1.49, 1.26, and
1.15 (all d, Ju-n = 6.7, 24H, CHMeer), -16.48 (d, Ju-n = 25.2, 1H, Rh-H).
13C{*H}-APT NMR (100.4 MHz, toluene-ds, 223 K): 8 178.4 (d, Jc-rn = 50.0,
Rh-CIPr), 154.8 (S, Cz-py-trans), 153.4 (S, Cz-py-cis), 147.2 and 146.7 (bOth S,
Cquipr), 137.7 (s, CgN), 133-120 (CHen), 131.2 (d, Jc-rn = 31.2, Rh-C=C),
107.3 (d, Jc-rn = 8.3, Rh-C=C), 30-22 (CHMeipr).

Crystal Structure Determination. Single crystals suitable for the X-ray
diffraction studies were grown by slow difusion of hexane over saturated
toluene solutions (2, 3, and 6) or alternatively slow evaporation of
saturated hexane soultion of complexes (7a, 8 and 10). X-ray diffraction
data were collected at 100(2) K on the diffractometers Bruker SMART
APEX CCD (2, 3, 6) and Bruker APEX DUO CCD (7a, 8, 10) with graphite-
monochromated Mo-Ka radiation (A = 0.71073 A) using w rotations.
Intensities were integrated and corrected for absorption effects with
SAINT-PLUSEY and SADABS[32 programs, both included in APEX2
package. The structures were solved by the Patterson method with
SHELXS-9713 and refined by full matrix least-squares on F2 with SHELXL-
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2014,134 under WinGX.[3%!

Crystal data and structure refinement for 2. C37Hs3sN202Rh, M = 660.72
g molL, monoclinic, P21, a=9.7412(4) A, b = 16.3135(7) A, c = 10.7745(5)
A, B =99.0330(10)°, V = 1690.97(13) A3, Z = 2, Dcaic = 1.298 g cm=3, p =
0.538 mm~, F(000) = 700, yellow prism, 0.365 x 0.230 x 0.190 mm?,
Omin/Bmax 1.914/28.610°, index ranges —12sh<12, —21<k<21, —14<I<14,
reflections  collected/independent  37450/8057 [R(int) = 0.0226],
semiempirical absorption correction  from equivalents, Tmax/Tmin
0.9006/0.8307, data/restraints/parameters 8057/1/388, GOF(F?) = 1.028,
R:1 = 0.0181 [I > 2 o(l)], wR2 = 0.0446 (all data), absolute structure
parameter 0.012(5), largest diff. peak/hole 0.750/-0.429 e A-3. CCDC
deposit number: 1986674.

Crystal data and structure refinement for 6. C37Hs3N20ORhS:(CsH14)o.5,
M = 719.87 g mol%, monoclinic, P2i/c, a = 10.4646(7) A, b = 19.4622(13)
A, ¢ =19.2387(12) A, B = 103.3010(10)°, V = 3813.1(4) A3, Z = 4, Dcac =
1.254 g cm®, g = 0.534 mm~2, F(000) = 1532, orange prism, 0.200 x 0.140
X 0.120 mm?, Bmin/Bmax 2.000 to 26.365°, index range —13<h<13, —24<k<24,
—24<|=24, reflections collected/independent 37524/7784 [R(int) = 0.0417],
semi-empirical absorption correction from equivalents, Tmax/Tmin
0.9158/0.8018, data/restraints/parameters 7784/0/416, GOF(F?) = 1.044,
R:1 = 0.0330 [l > 2 o(l)], wR2 = 0.0785 (all data), largest diff. peak/hole
0.731/-0.562 e A-3. CCDC deposit number: 1986671.

Crystal data and structure refinement for 7a. C37HsaN3ORh, M = 659.74
g mol?, monoclinic, P21, a = 9.7638(15) A, b = 16.282(3) A, ¢ =
10.7500(17) A, B=98.691(2)°, V = 1689.3(5) A3, Z = 2, Dcarc = 1.297 g cm3,
p =0.538 mm~, F(000) = 700, yellow prism 0.220 x 0.120 x 0.040 mm3,
Bmin/Omax 1.916/26.407°, index range —12<h<12, —16<k<20, —13<I<13,
reflections collected/independent 16344/5524 [R(int) = 0.0501], semi-
empirical absorption correction from equivalents, Tmax/Tmin 0.9376/0.8142,
data/restraints/parameters 5524/1/392, GOF(F?) = 1.030, R1 = 0.0338 [I >
2 o(l)], wR2 = 0.0631 (all data), absolute structure parameter 0.03(2),
largest diff. peak/hole 0.511/-0.589 e A-3. CCDC deposit number:
1986670.

Crystal data and structure refinement for 8. CasHssN3ORh, M = 735.83
g molL, orthorhombic, P212:21, a = 11.4003(10) A, b = 12.5967(11) A, c =
27.588(3) A, V = 3961.9(6) A3, Z = 4, Dcac = 1.234 g cm?, p = 0.466 mm,
F(000) = 1560, orange prism 0.370 x 0.240 x 0.080 mm?3, Bmin/Bmax
1.476/28.343°, index range —15 <h<15, -16 <k<16, -36 <I<36, reflections
collected/independent 78405/9868 [R(int) = 0.0530], semi-empirical
absorption correction from equivalents, Tmax/Tmin 0.8997/0.7503,
data/restraints/parameters 9868/15/461, GOF(F?) = 1.180, R1 = 0.0317 [l
> 2 o(l)], wR2 = 0.0779 (all data), absolute structure parameter 0.000(8),
largest diff. peak/hole 1.155/-0.942 e A-3. CCDC deposit number:
1986673.

Standard Conditions for the Catalytic Alkyne Dimerization. In a NMR
tube, 0.01 mmol of catalyst and 0.16 mmol of toluene as internal standard
were dissolved in 0.5 mL of CeDs and placed inside a dewar containing
isopropanol at 193 K. Then, 0.50 mmol of alkyne were added to the
freezed mixture that was allowed to warm up to room temperature just
before the first NMR spectrum was recorded. The reaction course was
monitored by *H NMR spectroscopy and the conversion was determined
by integration of the corresponding resonances of the alkyne and the
products.
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