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ABSTRACT: A series of mononuclear square-planar Rh{x?N,0-BHetA } (n?-coe)(NHC) (BHetA = Bis-Heteroatomic Acidato) com-
plexes have been prepared. Modifications on pyridonato BHetA-type ligand architecture include 4-Me, 5-Me, 6-Me, 3-Br, 4-Br, 4-
OMe, 5-NO; substitution as well as pyrimidonato, succinimidato, and 2-piperidonato catalysts. Two structural isomers have been
observed for the complexes, depending on the stereoelectronic properties of the ligand. Structure-activity relationship has been studied
for gem-specific alkyne dimerization via a cooperative Ligand Assisted Proton Shuttle (LAPS) mechanism. DFT theoretical calcula-
tions have revealed a mechanistic pathway involving the hemilabile coordination of the BHetA ligand, CMD deprotonation, -alkyne
protonation and reductive elimination. The increase in oxygen basicity imparted by the substituent in the pyridonato ligand is key,
being the 4-methyl derivative the most active catalyst. However, a favored iminol-amide tautomerization precludes an increase of
catalytic activity for the more basic saturated piperidonato catalyst.

common to both oxidative mechanisms, LLHT entails a direct

INTRODUCTION

Over the past two decades, transition-metal-mediated C-H
functionalization reactions have been gradually applied in syn-
thetic chemistry to replace C-X or C-M partners in classical
cross-coupling processes, as well as in atom economic additions
to multiple bonds.! Despite the enormous potential of these ad-
vanced methodologies, critical challenges remain to be ad-
dressed, in particular the typical low reactivity of unactivated
C-H bonds and the selectivity issues associated both, with their
ubiquitous presence in organic molecules and with regio- and
stereo-differentiation in addition reactions. The complexity of
C-H activation is reflected in the wide variety of operative
mechanisms (Scheme 1).2 The classical scenario governed by
Oxidative Addition (OA), Electrophilic Activation (EA) or o-
bond Metathesis (SBM) has been revisited to include alternative
approaches such as Concerted Metallation Deprotonation/Am-
biphilic Metal-Ligand Activation (CMD/AMLA),® c-Complex
Assisted Metathesis (s-CAM),* Ligand to Ligand Hydrogen
Transfer (LLHT)® and even radical-mediated® or outer-sphere
activations.” In particular, Metal-Ligand Cooperation (MLC) is
undoubtedly responsible for the enhanced catalytic activity of
redox-neutral CMD pathways over EA ones, which also allows
better control of the selectivity (Scheme 1b).% After the initial
C-H cleavage by an internal base, subsequent functionalization
of the newly formed metal-carbon bond occurs via migratory-
insertion (MI) of a multiple bond. The catalytic cycle is then
closed by protonolysis (PL), which could also benefit from the
advantages of MLC in a Concerted Protonation Demetallation
(CPD) framework,® which can be considered the microscopic
reverse of CMD. On the other hand, the LLHT approach,
mainly described for first row transition metals, represents an
efficient alternative to the OA route (Scheme 1c). Prior to the
final coupling event via reductive elimination (RE), which is

hydrogen transfer between coordinated substrates, in contrast to
the two-step pathway through metal-hydride intermediates pro-
posed for OA. Obviously, the reduction of catalytic steps has a
critical impact on the catalytic performance in terms of both ac-
tivity and selectivity.

Scheme 1. Transition-Metal-Mediated C-H Functionali-
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As an alternative, a metal-ligand platform that combines the
advantages of both approaches, the MLC of CMD and the rapid
proton transfer of LLHT, can be envisaged. Therefore, after the
initial MLC-favoured C-H activation of the first substrate, the
resulting protonated LXH ligand would not be released from the



metal but would directly protonate the second coordinated sub-
strate. Then, the two metal-organic fragments generated thereof
couple through RE (Scheme 1d). The term Ligand Assisted Pro-
ton Shuttle (LAPS) has been coined for this type of mecha-
nism.1° Although originally proposed for intramolecular n-al-
kyne-vinylidene tautomerization,!* it has been successfully im-
plemented in catalytic transformations involving alkynes.?? In
particular, we have recently applied the LAPS methodology for
gem-specific alkyne dimerization promoted by rhodium-N-het-
erocyclic carbene (NHC) platforms (Scheme 2).23 This atom
economic transformation provides straightforward access to
conjugated 1,3-enynes, which are key structural subunits in a
variety of functional materials and biologically active mole-
cules.** Despite the versatile reactivity of alkynes, which makes
chemo-, regio- and stereoselectivity a particularly challenging
task,® efficient dimerization catalysts are widespread across the
periodic table, operating under a varied set of mechanisms.t16
Moreover, of particular synthetic difficulty and interest are the
formation of head-to-tail gem-enynes.!” In this regard, the di-
chotomous nature of alkynes enables them to participate in
LAPS processes by acting both as the C-H donor through the
terminal alkynyl proton and the acceptor partner through the tri-
ple bond. In addition, Rh-NHC platforms allow the simultane-
ous coordination of the two alkyne molecules, thus favoring lig-
and-mediated proton transfer, which results in an enhancement
of the catalytic activity by lowering the key energy barrier by
about 5 kcal-mol* compared to Rh''-hydrometallation or Rh'-
carbometallation conventional pathways.*%

Scheme 2. Alkyne Dimerization via LAPS Mechanism
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The LAPS pathway also has a significant impact on regiose-
lectivity. In general, the type of insertion of the triple bond into
metal-hydride or metal-alkynyl intermediates (1,2 or 2,1) deter-
mines the formation of head-to-head or head-to-tail dimers.’®
However, a precise control over this step is rather complex,
since it depends on the metal center and the stereoelectronic
properties of ancillary ligands. Alternatively for the LAPS ap-
proach, protonation of a n-coordinated alkyne is faster than in-
sertion and it is highly favored over the terminal position for

electron-rich or neutral alkynes,® therefore resulting in specific
formation of Markovnikov-type gem-enynes (Scheme 3).

Scheme 3. Regioselectivity-Determining Step in Alkyne
Dimerization
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Critical requirements for an efficient proton shuttle ligand
would be: i) an adequate basicity to deprotonate C-H bonds, ii)
the ability of the conjugated acid to subsequently protonate an-
other substrate and iii) tight coordination to the metallic center
throughout the whole process. We envisaged that «?-chelate
1,3-Bis-Hetereoatomic Acidato ligands (BHetA), such as car-
boxylato, thioacidato, amidinato, or amidato species might ful-
fill these prerequisites.® However only the N,O-BHetA species
gave satisfactory catalytic results. Thus, thioacidato ligands do
not seem to be basic enough, while amidinato species would be
less efficient in the protonation step. The low activity of car-
boxylato counterparts is somewhat surprising, since they are
typically the ligand of choice in base-mediated C-H activation
reactions via CMD-insertion-protonolysis events due to their
ability to deprotonate and protonate efficiently (Scheme 1b).
Most likely, the lability of the protonated form would prevent it
from acting as an MLC proton shuttle. Among the N,O-BHetA
ligands, the Rh-NHC-pyridonato catalyst was the most active.
It showed astonishing levels of catalytic activity, reaching
TOFs values up to 10* h™2.*® In addition to a versatile compen-
dium of basicity and coordination properties, 2-pyridonato ar-
chitectures can also be finely tuned due to their modular build-
ing principle.t®

One of the main research aims in our laboratories is the de-
velopment of key catalytic transformations through the judi-
cious design of catalysts based on mechanistic understanding
and structure-activity relationship. In this context, the fine-tun-
ing of the catalyst topology to optimize the catalytic outcomes
is somewhat analogous to the adjustment of the homogeneity of
the magnetic field in a NMR experiment, hence the term “Shim
Chemistry” is coined. We have already applied this idea in the
development of successive generations of gem-selective alkyne
hydrothiolation catalysts.?® In this way, herein, we are continu-
ing the endeavor in the upgrading of alkyne dimerization Rh-
NHC catalysts.*>>2! Now, we disclose structural modifications
in the pyridone-like architecture to study how steric and elec-
tronic effects affect alkyne dimerization catalytic activity.

RESULTS AND DISCUSSION

Preparation of Rh-BHetA Catalysts. The dinuclear precur-
sor [Rh(u-Cl)(n?-coe)(IPr)]2?* (1) {IPr = 1,3-bis-(2,6-diiso-
propylphenyl)imidazolin-2-carbene; coe = cyclooctene} reacts
with an in-situ prepared THF solution of BHetA ligands to yield
derivatives Rh{x2N,0-(OCN-R)}(n2-coe)(IPr) (3-13) (Scheme
4). The analogous complex bearing the parent pyridone (Opy)
Rh{x?N,0-(Opy)}(n2-coe)(IPr) (2) has been previously de-
scribed by us.*® The new complexes were obtained as yellow



solids, except the orange nitro-derivative 8, in 63-73% yields
due to slight solubility in n-hexane used as the precipitating sol-
vent. Typically, a thermodynamic mixture of two isomers is ob-
served due to the orientation of the nitrogen and oxygen atoms
of the BHetA moiety with regard to the IPr or coe ligands. The-
oretical®® and experimental*32%2* studies have shown the prefer-
ence of the nitrogen atom of pyridine-type ligands to coordinate
trans to a NHC in d® square-planar complexes, thus, this config-
uration is predominantly observed (isomer a). However, func-
tionalization of the a-position to the nitrogen atom in 6-methyl
pyridonato (5) or succinimidato derivatives (11-12), signifi-
cantly increase the amount of the isomer b due to steric factors
(vide infra).2°

Scheme 4. Preparation of Rh-1Pr-BHetA Catalysts
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The solid-state structure of complexes 5, 7, 10, 11, and 13
were elucidated by X-ray diffraction analysis (Figure 1). All of
them show a distorted square planar environment at the metal
center with a cis arrangement of the NHC and coe ligands, and
the two remaining coordination sites are occupied by the nitro-
gen and oxygen atoms of the BHetA moiety. In all cases isomer
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a is observed, even for the succinimidato derivative 11, in
which species b is the major isomer in solution (a:b 38:62).
Thus, the oxygen atom of the BHetA moiety lies trans to the coe
ligand (CT-Rh-O 168°, av.) whereas the nitrogen atom occupies
the remaining coordination site virtually trans to NHC (C1-Rh-
N 159°, av.). The small bite angle of the BHetA moiety (O-Rh-
N 62°, av.) brings up a severely distorted coordination with re-
spect to the rhodium-nitrogen bond affording yaw angles at ni-
trogen in the range 28.8-34.9°. As for the NHC ligand, it lies
almost perpendicular to the coordination plane rendering angles
between the C1-N2-C3-C4-N5 plane and the coordination plane
of about 72° (av.). Indeed, the NHC ligand shows a slight devi-
ation from the ideal arrangement with respect to the rhodium-
carbon bond (see pitch and yaw angles in Figure 1). Particu-
larly, the steric impact due to the introduction of a 6-methyl
substituent in 5 is reflected in a distortion in the coordination of
the BHetA ligand by a lengthening of the R-N30 bond
{2.2811(17) vs 2.15 A av.}, a reduction of the C1-Rh-N30 angle
{154.58(7)° vs 160° av.} and an enlargement of the CT-Rh-036
angle {173.75(4)° vs 167° av}. Moreover, it is worth a mention
that, the «®N,O coordination mode of the BHetA ligand is quite
exceptional in 10, 11 and 13, since, to the best of our
knowledge, only one example of each of them, namely
Ni(1®N,O-pyrimidonato),,>? MoH(«®N,O-
succinimidato)(dppe)2,?® and Ni(p-Tol)(x?N,O-
piperidonato)(IPr),?¢ have been described so far.
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Figure 1. ORTEP view of crystal structures of 5, 7, 10, 11, and 13. Most hydrogen atoms are omitted for clarity. Ellipsoids are at 50%
probability. Selected bond lengths (A) and angles (°) are: 5, C1-Rh 1.934(2), 036-Rh 2.0931(15), N30-Rh 2.2811(17), Rh-CT 1.97439(15),
036-Rh-N30 61.57(6), C1-Rh-N30 154.58(7), CT-Rh-036 173.75(4); 7, C1-Rh 1.9570(15), N30-Rh 2.1527(13), O36-Rh 2.1358(11), Rh-
CT 1.97109(13), 036-Rh-N30 62.83(5), C1-Rh-N30 158.13(6), CT-Rh-036 167.97(3); 10, C1-Rh 1.957(3), N30-Rh 2.131(3), O36-Rh
2.135(2), Rh-CT 1.9680(2), N30-Rh-0O36 62.73(9), C1-Rh-N30 160.14(12), CT-Rh-O36 168.12(7); 11, C1-Rh 1.9469(10), N30-Rh
2.1585(9), 035-Rh 2.2213(9), Rh-CT 1.96028(17), N30-Rh-O35 61.33(3), C1-Rh-N30 162.80(4), CT-Rh-O35 164.76(2); 13, C1-Rh
1.954(2), N30-Rh 2.1471(19), 036-Rh 2.1358(17), Rh-CT 1.9696(2), 036-Rh-N30 62.07(7), C1-Rh-N30 160.49(9), CT-Rh-036 167.05(5).
Pitch and yaw angles (°): 5, 9.7, 1.9, NHC, 4.2, 34.3, BHetA; 7, 10.7, 1.0, NHC, 8.5, 30.7, BHetA,; 10, 2.6, 1.0, NHC, 2.4, 30.5 BHetA; 11,
5.2,0.8, NHC, 1.0, 34.9, BHetA; 13, 5.6, 1.4, NHC; 0.2, 28.8, BHetA. CT, centroid of the C=C bond of the coe ligand.



The NMR spectroscopic data are in agreement with the mon-
onuclear square-planar structure observed in the solid state for
5,7,10, 11, and 13. Spectral assignment were made by combi-
nation of *H, BC{*H}-APT, 'H-'H COSY, 'H-'H NOESY, H-
13C HSQC and H-3C HMBC NMR experiments recorded in
CsDs. Due to solubility issues, NMR data for 7 were collected
in CD,Cl,, while toluene-dg at 243 K was used to obtain an
acceptable resolution of the spectra of the succinimidato-type
complexes 11 and 12. The spectra of 3-13 showed the charac-
teristic resonances of IPr, coe, and 1,3-BHetA ligands, includ-
ing typical rhodium-carbon couplings around 60 and 16 Hz for
IPr (Ccarbenic) and coe (Coefinic), respectively, whereas values of
2-3 Hz were found for the Rh-OCN carbon atom of BHetA lig-
ands in 3-10, which is consistent with a «?-coordination mode.
The *H-°N long range HMQC 2D-NMR spectra show cross-
peaks around &y 200 and 192 ppm for nitrogen atoms of pyri-
donato ligands and IPr, respectively. Moreover, the uncoordi-
nated nitrogen atom of the pyrimidonato moiety in 10 resonates
at 261.0 ppm, whereas that of valerolactamato ligand in 13 is
observed at 143.4 ppm (see SI).

Particularly informative about the structure and behavior of
Rh-1Pr complexes in solution are the signals corresponding to
CH-isopropyl protons on the carbene wings, which appear as
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septuplets in the *H NMR spectra. The intrinsic four signals
could converge into two or one depending on symmetry ele-
ments as well as a rotational process of the carbene ligand
around the Rh-C axis.?®® In the present case, this behavior is
useful to discriminate between isomers a and b (see Figure 2
for 11). Thus, the *H NMR spectrum at 243 K (a) displays one
septuplet at 3.06 ppm for isomer 11a, as a result of a symmetry
plane containing the BHetA ligand and bisecting IPr and coe,
as well as the fast rotation of the carbene ligand. However, two
septuplets at 3.98 and 2.03 ppm are observed for isomer 11b,
since rotation of the carbene is hindered by the carbonyl group
of the succinimidato ligand. Both isomers are in a dynamic
equilibrium as demonstrated by the presence of exchange peaks
in the *H-'H NOESY NMR experiment even at 243 K. In agree-
ment to this, only one set of signals is observed at the high tem-
perature fast limit (Figure 2b). The activation parameters for the
isomerization process obtained from the corresponding Eyring
analysis were AH* = 21.3 + 0.8 kcal-mol™ and AS*=29.9+2.1
e.u.
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Figure 2. *H NMR spectra of 11a,b under low-temperature slow regime (a) and high-temperature fast limit (b).

In the case of pyridonato complexes, the introduction of a
methyl group ortho to the nitrogen atom in 5 has a significant
effect on the increment of the ratio of the b isomer (a:b, 49:51),
pointing to a steric origin (Figure 3). Although somewhat coun-
terintuitive, the hindrance of a coe ligand is higher than that of
the bulky IPr.2% Actually, the anisotropy of the latter allows the
methyl group of the pyridonato to accommodate between the
bis-isopropylphenyl wingtips of the carbene, which is reflected
by a NOE interaction between the methyl group and the imid-
azolinyl protons within 5b. In contrast, the pseudo-spherical cy-
clooctene does not allow for this steric relief. In fact, only the
thermodynamically more stable isomer 14a was observed when
the olefin in 5 was replaced by a linear 3-hexyne.
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Figure 3. Selected region of the *H-'H NOESY NMR spectra
of the coe derivatives 5a:5b (left) and the n2-3-hexyne complex
14a (right).

Catalytic Alkyne Dimerization. The catalytic activity of the
Rh-NHC-BHetA complexes 3-13 in alkyne dimerization was



evaluated. As previously observed for complex 2, the dimeriza- was observed with electron-donating substituents such as me-

tion rate of phenylacetylene was very fast, so 1-hexyne was in- thyl. Moreover, dimerization of the rather unreactive mesityla-
itially used as a benchmark substrate (Figure 4). Catalytic reac- cetylene shows that 4-methylpyridonato catalyst 3 is the most
tions were performed in CsDs solutions at room temperature active catalyst of this series (Figure 5b).

using a 2 mol% catalyst loading. Conversion of 1-hexyne to the 2,379

enyne 7-methylidene-undec-5-yne was monitored by *H NMR 1001 ssy—o—s—s—3s = 9 s Catalyst
spectroscopy using mesitylene as an internal standard. Subtle -2
modifications on the heterocyclic core of the BHetA ligand re- 3 801 :_ g

sult in an adjustment of electronic and steric influence over crit- S 60- . B

ical steps of catalytic process (see Scheme 2). Thus, modified- ® 7
pyridonato derivatives 3-4, 6-9 chemo- and regioselectively “g’ 404/ -9
convert the alkyne into the head-to-tail enyne in less than 5 min S 1?
with a 2 mol% catalyst loading at room temperature. However, 12
the introduction of a methyl group in ortho position of the ni- 0 T T y  + 13
trogen atom in 5 drastically decreases the catalytic activity. The 0 20 40 €0

steric hindrance likely hampers the coordination of protonated Time (min)

BHetA ligand after the CMD step, thereby inhibiting the proton Figure 4. Reaction profile for the dimerization of 1-hexyne us-
transfer. Moreover, the introduction of a second carbonyl group ing 2 mol% catalyst loading at room temperature.

in succinimidato derivatives 12-13 also gives very poor results.
In this case, the electronic effect could be masked by a steric
hindrance similar to that observed for 5. Thus, the subsequent
modifications to the pyridone ring were selected for their low
steric influence. Firstly, with the aim of decreasing the barrier
of the deprotonation step which proved to be rate limiting,** the
more basic piperidonato precursor 13 was evaluated. However,
a slight decrease in catalytic activity was observed (vide infra

thec_)re_tlcal section for discussion). Indeed, the more ac_ld_lc 2- ering the effect over the oxygen atom, implying that basicity is

pyrimidonato catalyst 10 also decreases the catalytic activity. more relevant to the catalytic outcome than hemilabilty (Figure
In order to better decipher the effect of pyridone substitution 5c, see Figure S1 in the SI for Hammett plot analysis consider-

on catalytic activity, dimerization of other less reactive alkynes ing the effect over the nitrogen atom).

was evaluated. Interestingly, significant differences in activity

between the catalysts have been observed in the dimerization of

methyl propargyl ether (Figure 5a). The electron-withdrawing

groups, such as -NO;, and -Br, reduced the catalytic activity

with regard to parent pyridonato catalyst, whereas a higher rate

The electronic effect of a substituent at a pyridine-2-olato
heterocycle, the aromatic tautomeric form of 2-pyridonato,
would be an interplay of that exerted over the two functionali-
ties. The influence over the nitrogen atom will affect the hemila-
bile behavior, whereas that over the oxygen atom is related to
basicity. In this context, a methoxy substituent is quite helpful
since its electronic effect is reversed when it is in meta or para
positions. Thus, the Hammett analysis fits better when consid-
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Figure 5. Reaction profile for dimerization of methyl propargyl ether (a) and mesitylacetylene (b) using different pyridone-func-
tionalized catalysts (2 mol%). (c) Hammett plot analysis considering the effect over the oxygen atom in pyridine-2-olato tautomer.

Once complex 3 was revealed as the most active catalyst, low 100+ Catalyst
loading experiments were carried out using phenylacetylene as - 8od 2 (0.1 mol%)
substrate (Figure 6). Total conversion and selectivity towards g TOF2(3) = 15:10° h! =~ 3 (0.1 mol%)
1,3-diphenyl-but-3-en-1-yne was observed in less than 30 min § 607 TOF(2) = 7-10% b =~ 2 (0.05 mol%)
with 0.1 mol% catalyst loading. Moreover, even at a reduced g 40- —— 3 (0.05 mol%)
catalyst loading to 0.05 mol%, 3 is still efficient and shows a - ©_: e )—
roughly double TOF/, value when compared to the parent pyr- n '
idonato complex 2.3 0+ . . ; . .
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Figure 6. Comparison of the catalytic activity of 2 and 3 in the
dimerization of phenylacetylene at room temperature.



Theoretical calculations on the influence of the x?O,N-
BHetA ligand on the reaction mechanism. A DFT study has
been performed in order to understand the electronic effects that
different «¥®N,O-BHetA ligands induce on the catalyst perfor-
mance. Four derivatives have been considered: 2 (2-pyrido-
nato), 3 (4-methyl-2-pyridonato), 10 (2-pyrimidonato), and 13
(2-piperidonato). According to the proposed mechanism
(Scheme 2), the basicity at the oxygen atom of the BHetA lig-
and might play a key role on the catalytic activity, because rate-
determining step is CMD of the alkyne by the anionic ligand.**®
Thus, gas phase basicity (GB) values for the four ligands have
been determined at the same computational level. GB values of
anionic species are defined as the Gibbs energy change associ-
ated with the protonation reaction in the gas phase (Eq. 1).
Hence, the oxygen basicity shows de following trend: pyrim-
idonato (227.7 kcal-mol™?) < pyridonato (233.6 kcal-mol?) ~ 4-
Me-pyridonato (234.7 kcal-mol?) < piperidonato (242.1
kcal-mol™?).

B +H*—BH (1)

The DFT energetic profile for the alkyne dimerization of phe-

nylacetylene catalyzed by the four BHetA derivatives is shown

in Figure 7. The starting point is the Rh{x?0O,N-BHetA}(n?-
alkyne)(IPr) species (A) and the relative values of AG in
kcal-mol™ are presented. The more relevant energetic barriers
are associated with the ligand hemilability, CMD and protona-
tion, being determined by TSAB, TSBC, and TSCD, respec-
tively. According to the energetic span model,® the TDTS
(TOF Determining Transition State) for the unsaturated BHetA
ligands in 2, 3 and 10 is that of the CMD step (TSBC), whereas
the TDI (TOF Determining Intermediate) is the starting point
A. In agreement with the superior catalytic performance ob-
served experimentally for the 4-methylpyridonato catalyst 3, it
displays the lower energetic span within unsaturated heterocy-
clic catalysts. A different situation is observed for the more
basic valerolactamato catalyst 13. Athough all significant tran-
sition states are located below those calculated for its unsatu-
rated analogs, no increase in catalytic activity was observed ex-
perimentally (vide supra). The rationale for this intriguing fact
arises from the iminol-amide tautomerization within intermedi-
ate C to C’. The stabilization is more pronounced for the satu-
rated species 13. Therefore, the -7.4 kcal-mol* value of C’
makes it the TDI for 13, hence, the energetic span increases up
to 18.9 kcal-mol.
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Figure 7. DFT calculations (AG in kcal-mol, relative to A and isolated molecules) along phenylacetylene dimerization for catalysts

2 (red), 3 (blue, italic), 10 (green, underline), and 13 (brown, bold).

CONCLUSION

A series of mononuclear square-planar Rh{k?N,O-
BHetA} (m2-coe)(IPr) complexes have been prepared as effi-
cient catalysts for gem-specific alkyne dimerization via a coop-
erative LAPS mechanism. A fine-tuning of the pyridone-like
structure in the framework of Shim Chemistry has been carried
out in order to study their structure-activity relationship. De-
pending on the orientation of the BHetA ligand two structural
isomers in dynamic equilibrium are observed. The configura-
tion with the nitrogen atom disposed trans-to-1Pr is preferred,
except for those ligands with o-to-nitrogen substitution in
which the enhanced steric hindrance of the pseudo-spherical
coe with respect to the anisotropic bulky IPr is significant, and
produces a reversal preferred orientation of the x?N,O-ligand.

Computational studies reveal an operative pathway involving
hemilabile decoordination of the BHetA ligand, deprotonation
of the first alkyne via a CMD process, subsequent protonation
of a second n-coordinated alkyne, and final alkynyl-alkenyl re-
ductive elimination. Substitution at the ortho position of the ni-
trogen atom leads to the decoordination of the ligand after CMD
step which is detrimental for catalytic activity. DTF calcula-
tions show that hemilabilty, CMD, and protonation steps have
similar energetic barriers, with CMD being the TDTS for un-
saturated BHetA ligands, whereas protonation is for the more
basic saturated piperidonato species. Catalytic activity in-
creases in parallel with the oxygen basicity of the BHetA ligand
as a consequence of the substituents at unsaturated heterocy-
cles. Thus, the 4-methylpyridonato catalyst is the most active of
the series with a TOF approximately twice of that of the parent



pyridonato catalyst. However, the increased basicity of the sat-
urated valerolactamato BHetA ligand does not lead to an im-
provement of catalytic activity. The rationale for this fact
steams from a favored lactim-lactam tautomerization within
protonated intermediate species, resulting in an increase of the
energetic barrier for the subsequent protonation step. The un-
derlying principles revealed herein pave the way to further ap-
plying the LAPS methodology to related C—C and C—heteroa-
tom bond forming catalytic reactions via C-H activation.

EXPERIMENTAL SECTION

General Considerations: All reactions were carried out with rigor-
ous exclusion of air and moisture using Schlenk-tube techniques and a
dry box when necessary. Reagents were purchased from commercial
sources 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
CsDs and toluene-ds were dried with sodium, while calcium hydride
was used for drying CD2Cl.. The organometallic precursor [Rh(u-
Cl)(m?-coe)(IPr)]2 (1)% was prepared as previously described in the lit-
erature.?? NMR chemical shifts (expressed in parts per million) are ref-
erenced to residual solvent peaks (*H and **C) and NH3 (**N). Coupling
constants, J, are given in hertz (Hz). Spectral assignments were
achieved by combination of H, *C{*H}-APT, H-'H COSY, and *H-
13C HSQC and HMBC experiments. The 2D *H-SN HMQC long range
experiments were recorded with a Jn-+ = 10 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 Perkin-Elmer 2400 CHNS/O analyzer. High-res-
olution electrospray ionization mass spectra (HRMS-ESI) were rec-
orded 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.

Preparation of Rh{x?N,O-(4-Me-Opy)}(n?-coe)(IPr) (3). A mix-
ture of 4-methyl-2-pyridone (53 mg, 0.48 mmol) and KO'Bu (53 mg,
0.47 mmol) in 15 mL of THF was stirred for 30 min at r. t. Then, a
solution of the dinuclear complex [Rh(p?-Cl)(n?-coe)2(IPr)]2 1 (300
mg, 0.24 mmol) in 10 mL of THF was cannulated and the mixture was
stirred for 1 h at r.t. After removal of the solvent, the residue was dis-
solved in toluene (10 mL) and it was filtered through celite. Then, the
filtrate was evaporated to dryness. Addition of hexane at -20 °C in-
duced the precipitation of a yellow solid, which was washed with cold
hexane (3 x 2 mL) and dried in vacuo. Yield: 240 mg (71%). Anal.
calcd for Ca1HssN3ORh: C, 69.38; H, 7.95; N, 5.92. Found: C, 69.35;
H, 8.03; N, 5.83. IR (cm?, ATR): 1608 v(OCNsym), 1465 v(OCNasym).
IH NMR (400 MHz, CeDs, 298 K): 5 7.3-7.1 (7H, He.opy, Hen-ipr), 6.54
(s, 2H, =CHN), 5.98 (dd, Ju+ = 1.7, 0.8, 1H, Hs-opy), 5.75 (dd, Jn+ =
5.6, 1.7, 1H, Hsopy), 3.21 (sept, Ju-+ = 6.8, 4H, CHMeier), 2.77 (m,
2H, =CHcoe), 1.9-1.2 (12H, CH2-cce), 1.78 (s, 3H, Meoyy), 1.57 and
1.08 (both d, Jnn = 6.8, 24H, Mepr). BC{*H}-APT NMR (100.5 MHz,
CeDs, 298 K): 6 186.0 (d, Jcrn = 60.9, Rh-Cipr), 181.9 (d, Jc-rn = 3.2,
C2-opy), 149.7 (s, Ca-opy), 147.1 (S, Cqripr), 144.0 (s, Ce-opy), 137.3 (s,
Cq¢N), 129.8 and 123.9 (both s, CHen-ipr), 124.2 (s, =CHN), 110.7 (d,
Jcrn = 1.2, Caopy), 110.2 (S, Cs-opy), 57.0 (d, Jcrn = 16.4, =CHcoe),
30.5 (d, Jc-rn = 1.6, CH2-ce), 30.3 (d, Je-rh = 1.1, CH2-coe), 29.9 (S,
CHMeyer), 27.2 (S, CHa2-coe), 26.6 and 23.2 (both s, Meier), 21.3 (s, Me-
opy)- *H-*N HMQC (long range) NMR (40.5 MHz, CsDs, 298 K): &
201.4 (Nopy), 191.8 (Nipr).

Preparation of Rh{k?N,O-(5-Me-Opy)}(n?-coe)(IPr) (4). This
complex was prepared as described for 3 starting from 5-methyl-2-pyr-
idone (35 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200 mg,
0.16 mmol). Yield: 164 mg (73%), yellow solid. Anal. calcd for
CaHssN3ORh: C, 69.38; H, 7.95; N, 5.92. Found: C, 69.33; H, 8.32;
N, 5.82. IR (cm’, ATR): 1603 v(OCNsym), 1478 v(OCNasym). *H NMR
(400 MHz, C6Ds, 298 K): 6 7.3-7.1 (7H, He.0py, Henier), 6.81 (dd, Jn-
n =8.4, 2.3, 1H, Ha-opy), 6.56 (s, 2H, =CHN), 6.05 (d, Ju-+ = 8.4, 1H,
Hs-opy), 3.22 (sept, Ju-n = 6.8, 4H, CHMepr), 2.78 (M, 2H, =CHcoe),

1.9-1.2 (12H, CHa.coe), 1.67 (s, 3H, Meopy), 1.57 and 1.09 (both d, Jn-
H = 6.8, 24H, Mepr). BC{*H}-APT NMR (100.5 MHz, CsDs, 298 K):
8 186.0 (d, Jc-rh = 61.5, Rh-Cipr), 180.2 (d, Jc-rn = 3.1, C2-0py), 147.2
(s, Cquirr), 143.8 (5, Ce-0py), 140.1 (S, Ca-0py), 137.3 (s, CqN), 129.8 and
123.9 (both s, CHpnipr), 124.2 (s, =CHN), 116.5 (s, Cs.opy), 110.2 (d,
Jerh = 1.2, Caopy), 57.0 (d, Jcrn = 16.5, =CHcee), 30.5 (d, Jc-rn = 1.6,
CHZ»coe), 30.3 (d, Jern = 1.1, CHZ»coe), 29.1 (S, QHMEIPr), 27.2 (S, CHo-
coe), 26.6 and 23.2 (both s, Meer), 17.6 (S, Meopy). *H-N HMQC (long
range) NMR (40.5 MHz, CsDs, 298 K): 8 206.7 (Nopy), 192.1 (Nier).

Preparation of Rh{k?N,O-(6-Me-Opy)}(n?-coe)(IPr) (5a,b). This
complex was prepared as described for 3 starting from 6-methyl-2-pyr-
idone (35 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200 mg,
0.16 mmol). Yield: 152 mg (68%), yellow solid. Anal. calcd for
CaHssN3ORh: C, 69.38; H, 7.95; N, 5.92. Found: C, 69.25; H, 8.28;
N, 5.97. IR (cm?, ATR): 1594 v(OCNgym), 1462 v(OCNasym). NMR
data evidenced the presence of two isomers in dynamic equilibrium, 5a
and 5b (49:51 at 298K). Data for 5a: 'H NMR (400 MHz, CsDs, 298
K): 8 7.3-7.0 (6H, Heh-ipr), 7.03 (t, Ju-n = 7.8, 1H, Ha-opy), 6.57 (s, 2H,
=CHN), 6.10 (d, Ju-n = 8.5, 1H, Ha.opy), 5.81 (d, Jn-n = 7.2, 1H, Hs.
opy), 3.21 (sept, Jn-H = 6.8, 4H, CHMe ), 2.67 (m, 2H, =CHoe), 1.90
(s, 3H, Meoyy), 1.8-1.2 (12H, CH2ce), 1.54 and 1.07 (both d, Ju-n =
6.8, 24H, Meipr).*C{*H}-APT NMR (100.5 MHz, CsDs, 298 K): &
182.9 (d, Jc-rh = 67.6, Rh-Cipr), 181.1 (d, Jc-rn = 2.5, Ca-0py), 154.7 (S,
Co-opy), 146.9 (s, Cquipr), 138.3 (s, Ca-opy), 136.8 (s, CgN), 129.5 and
123.5 (both s, CHepnipr), 124.1 (s, =CHN), 109.3 (s, Cs-opy), 107.6 (s,
Ca-opy), 56.1 (d, Jcrh = 16.4, =CHcce), 30.2, 29.8, and 26.8 (all s, CH-
coe), 28.7 (s, CHMerr), 26.3 and 22.9 (all s, Mepr), 23.8 (s, Meoyy).
1H-15N NMR HMQC (long range) (40.5 MHz, CsDs, 298 K): § 215.8
(Nopy), 192.4 (Nipr). Data for 5b: & 7.3-7.0 (6H, Hen-ipr), 6.99 (t, Jn-n =
7.8, 1H, Ha-opy), 6.48 (s, 2H, =CHN), 6.04 (d, Ju-n = 8.5, 1H, Ha.opy),
6.01 (d, Jnn = 7.2, 1H, Hsopy), 4.06 (sept, Ju- = 6.8, 2H, CHMerr),
2.88 (m, 2H, =CHcee), 2.02 (s, 3H, Meoyy), 2.00 (sept, Ju-+ = 6.8, 2H,
CHMepr), 1.8-1.2 (12H, CHa-cee), 1.33, 1.25, 1.13, and 0.99 (all d, Jn-
H = 6.8, 24H, Meypr). BC{*H}-APT NMR (100.5 MHz, CsDs, 298 K):
192.4 (d, Jc-rh =57.5, Rh-Cipr), 180.2 (d, Jc-rn = 2.7, C2-0py), 151.0 (s,
Ce-opy), 147.2 and 146.1 (both s, Cq-ipr), 138.2 (S, Ca-opy), 136.8 (s,
CqN), 129.4, 124.5, and 123.4 (all s, CHpnipr), 124.1 (s, =CHN), 109.1
(s, C3-opy), 106.6 (s, Cs.opy), 60.5 (d, Jc-rh = 16.4, =CHcoe), 30.1, 27.8,
and 26.6 (all s, CH2-coe), 28.8 and 28.5 (both s, CHMeer), 26.3, 25.8,
23.3, and 22.1 (all s, Merr), 23.1 (s, Meopy). *H-SN HMQC (long
range) NMR (40.5 MHz, CsDs, 298 K): 4 210.2 (Nopy), 192.5 (Nipr).

Preparation of Rh{x?N,O-(3-Br-Opy)}(n?-coe)(IPr) (6a,b). This
complex was prepared as described for 3 starting from 3-bromo-2-pyr-
idone (55 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200 mg,
0.16 mmol). Yield: 155 mg (63%), yellow solid. Anal. calcd for
Ca0Hs3N3BrORh: C, 62.02; H, 6.90; N, 5.42. Found: C, 61.85; H, 6.75;
N, 5.51. IR (cm?, ATR): 1586 v(OCNsym), 1459 v(OCNasym). NMR
data evidenced the presence of two isomers in dynamic equilibrium, 6a
and 6b (95:5 at 298 K). Data for 6a: *H NMR (400 MHz, C¢Ds, 298
K): 8 7.3-7.0 (6H, Henpr), 7.29 (dd, Ju-w = 7.6, 5.4, 1H, Haopy), 7.13
(d, Jn-n = 5.4, 1H, He-ory), 6.55 (s, 2H, =CHN), 5.55 (dd, Jn-H = 7.6,
5.4, 1H, Hs.opy), 3.15 (sept, Ju-n = 6.8, 4H, CHMeer), 2.82 (m, 2H,
=CHcoe), 1.9-1.1 (12H, CH2-coe), 1.57 and 1.07 (both d, Ju-+ = 6.8, 24H,
Meirr). BC{*H}-APT NMR (100.5 MHz, CsDs, 298 K): § 184.8 (d, Jc-
rh = 60.8, Rh-Cier), 176.5 (d, Jcrn = 3.5, C2-0py), 147.0 (S, Cq-pr), 143.6
(s, Ce-opy), 141.1 (s, Ca-0py), 137.0 (s, CqN), 130.0 and 124.0 (both s,
CHen-ipr), 124.5 (s, =CHN), 109.1 (s, Cs-opy), 106.2 (d, Jcrn = 1.8, Cs-
opy), 57.1(d, Jc-rh = 16.8, =CHcee), 30.3, 30.2, and 27.1 (all s, CH2-coe),
29.1 (s, CHMerr), 26.7 and 23.3 (all s, Meer). *H->"N HMQC (long
range) NMR (40.5 MHz, CsDs, 298 K): 6 211.2 (Nopy), 192.3 (Nipr).
Data for 6b: *H NMR (400 MHz, CsDs, 298 K): 5 7.34 (dd, Jun = 7.6,
5.4, 1H, Has-opy), 7.02 (d, Ju-n = 5.4, 1H, He-opy), 6.47 (S, 2H, =CHN),
5.79 (dd, Jun = 7.6, 5.4, 1H, Hs.opy).

Preparation of Rh{x?N,0-(4-Br-Opy)}(n?-coe)(IPr) (7a,b). This
complex was prepared as described for 3 starting from 4-bromo-2-pyr-
idone (55 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200 mg,
0.16 mmol). Yield: 179 mg (73%), yellow solid. Anal. calcd for
Ca0Hs3N3BrORh: C, 62.02; H, 6.90; N, 5.42. Found: C, 61.67; H, 7.13;
N, 5.48. IR (cm?, ATR): 1573 v(OCNsym), 1465 v(OCNasym). NMR
data evidenced the presence of two isomers in dynamic equilibrium, 7a
and 7b (86:14 at 298 K). Data for 7a: *H NMR (400 MHz, CDCl>,



298 K): 8 7.5-7.3 (6H, Henapr), 7.02 (d, Jn-n = 5.9, 1H, Heopy), 6.97 (S,
2H, =CHN), 6.14 (dd, Ju+ = 5.9, 2.0, 1H, Hs0py), 5.96 (d, Ju-+ = 2.0,
1H, Hsopy), 2.93 (sept, Ju-n = 6.8, 4H, CHMerr), 2.60 (m, 2H,
=CHcoe), 1.5-1.1 (12H, CH2-ce), 1.41 and 1.11 (both d, Jun = 6.8,
24H, Meirr).BC{*H}-APT NMR (100.5 MHz, CD:Cl,, 298 K): &
182.6 (d, Jc-rh = 61.6, Rh-Cipr), 180.2 (d, Jc-rn = 2.5, C2-0py), 146.9 (s,
Capr), 145.3. (s, Ce-opy), 136.7 (S, CqN), 133.2 (s, Cs-0py), 130.0 and
124.2 (both s, CHphipr), 125.0 (s, =CHN), 113.4 (s, C3.opy), 112.0 (s,
Cs-opy), 58.1 (d, Jcrn = 16.3, =CHcce), 30.3, 30.2, and 27.1 (all s, CH.-
coe), 29.4 (s, CHMerr), 26.7 and 23.2 (all s, Merr). *H-1>N HMQC
(long range) NMR (40.5 MHz, CD2Cl2, 298 K): & 205.8 (Nopy), 192.0
(Nipr). Data for 7b: 'H NMR (400 MHz, CD2Cl>, 298 K): § 7.5-7.3
(6H, Henaipr), 7.15 (d, Jn-n =5.9, 1H, He-opy), 7.01 (s, 2H, =CHN), 6.36
(dd, Jun =5.9, 2.0, 1H, Hsopy), 6.03 (d, Jun = 2.0, 1H, Hs-opy), 2.87
(m, 2H, =CHcce), 2.76 (sept, Ju-H = 6.8, 4H, CHMer), 1.5-1.0 (12H,
CHa-cce), 1.20 and 1.12 (both d, Ju-n = 6.8, 24H, Meipr).*C{*H}-APT
NMR (100.5 MHz, CD2Cl2, 298 K): § 184.5 (d, Jc-rh = 61.6, Rh-Cipr),
178.1 (d, Jc-rh = 2.5, Ca2-0py), 146.4 (S, Cqipr), 145.1 (s, Ce-opy), 136.5
(s, CqN), 133.4 (s, Ca-opy), 130.2 and 124.3 (both s, CHpn-ipr), 125.4 (S,
=CHN), 115.1 (S, C3-Opy), 1119 (S, CS-Opy), 62.6 (d, Jern = 16.3,
=CHcoe), 30.3, 30.2, and 28.3 (all s, CH2-ce), 29.4 (s, CHMepr), 26.6
and 22.8 (all s, Meipr). *H-*N NMR (long range) NMR (40.5 MHz,
CD2Clz, 298 K): 6 200.7 (Nopy), 192.2 (Nipr).

Preparation of Rh{k’N,O-(4-OMe-Opy)}(n>-coe)(IPr) (8a,b).
This complex was prepared as described for 3 starting from 4-methoxy-
2-pyridone (40 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200
mg, 0.16 mmol). Yield: 175 mg (75%), yellow solid. Anal. calcd for
Ca1HssN3O2Rh.H20: C, 66.20; H, 7.86; N, 5.65. Found: C, 66.09; H,
7.97; N, 5.70. IR (cm?, ATR): 1601 v(OCNsym), 1465 v(OCNasym).
NMR data evidenced the presence of two isomers in dynamic equilib-
rium, 8a and 8b (92:8 at 298 K). Data for 8a: *H NMR (400 MHz,
CeDs, 298 K): § 7.3-7.1 (6H, Hpnaier), 7.14 (d, Jn-H = 6.3, 1H, He-opy),
6.56 (s, 2H, =CHN), 5.73 (dd, Ju-n = 6.3, 2.4, 1H, Hs.opy), 5.63 (d, Ju-
H = 2.4, 1H, Hs.opy), 3.22 (sept, Ju-H = 6.8, 4H, CHMerr), 3.14 (s, 3H,
OMe), 2.76 (m, 2H, =CHcoe), 1.5-1.1 (12H, CH2-coe), 1.58 and 1.10
(both d, Jun = 6.8, 24H, Merr). BC{*H}-APT NMR (100.5 MHz,
CeDs, 298 K): 6 186.0 (d, Jcrn = 60.8, Rh-Cipr), 183.2 (d, Jc-rn = 2.1,
CZ-Opy), 168.8 (S, C4—Opy), 147.1 (S, Cq-IPr), 145.0 (S, CB-Opy), 137.3 (S,
Cq¢N), 129.9 and 124.0 (both s, CHepn-pr), 124.2 (s, =CHN), 99.1 (s, Cs-
opy), 92.8 (s, Ca-opy), 56.7 (d, Jcrn = 16.8, =CHcoe), 54.2 (s, OMe),
30.5, 30.3, and 27.2 (all s, CH2-oe), 29.2 (s, CHMeirr), 26.6 and 23.2
(all s, Mejpr). *H-SN HMQC (long range) NMR (40.5 MHz, C¢Ds, 298
K): 8 192.2 (Nipr) 191.8 (Nopy). Data for 8b: *H NMR (400 MHz,
CsDs, 298 K): & 7.3-7.1 (6H, Hen-ipr), 6.50 (s, 2H, =CHN), 6.01 (dd,
Ju-H = 6.3, 2.6, 1H, Hs.opy), 5.55 (d, Juv = 2.6, 1H, Hs-opy), 3.08 (s,
3H, OMe). BC{*H}-APT NMR (100.5 MHz, CsDs, 298 K): § 168.0
(s, Ca-opy), 146.7 (S, Cqupr), 144.6 (S, Ce-opy), 99.6 (S, Cs-opy), 93.5 (S,
C3—Opy), 61.3 (d, Jc-rh = 15.9, =CHcoe).

Preparation of Rh{k?N,0-(5-NO,-Opy)}(n>-coe)(IPr) (9a,b).
This complex was prepared as described for 3 starting from 5-nitro-2-
pyridone (44 mg, 0.32 mmol), KO'Bu (35mg, 0.31 mmol) and 1 (200
mg, 0.16 mmol). Yield: 158 mg (68%), orange solid. Anal. calcd for
CaoHs3N4O3Rh.H20: C, 63.32; H, 7.31; N, 7.38. Found: C, 63.31; H,
7.29; N, 7.44. IR (cm?, ATR): 1595 v(OCNsym), 1458 v(OCNasym).
NMR data evidenced the presence of an equilibrium mixture of two
isomers, 9a and 9b (91:9 at 298 K).Data for 9a: *H NMR (400 MHz,
CsDs, 298 K): 6 8.42 (d, Jn+ = 2.9, 1H, He-opy), 7.69 (dd, I+ = 9.0,
2.9, 1H, Ha-opy), 7.3-7.1 (6H, Hen-ipr), 6.52 (s, 2H, =CHN), 5.61 (d, J1.H
=9.0, 1H, H3zopy), 3.03 (sept, Ju-H = 6.8, 4H, CHMerr), 2.84 (m, 2H,
=CHcoe), 1.9-1.1 (12H, CH2-ce), 1.47 and 1.05 (both d, Jun = 6.8,
24H, Mepr). BC{*H}-APT NMR (100.5 MHz, CsDs, 298 K): § 183.0
(d, Jc-rn = 61.4, Rh-Cipr), 182.3 (d, Jc-rh = 2.9, C2-0py), 146.9 (s, Cq-
iPr), 144.2 (s, Ceopy), 136.8 (5, CqN), 134.6 (s, Cs-0py), 133.4 (s, Cs-
opy), 130.2 and 124.0 (both s, CHen-ier), 124.7 (s, =CHN), 109.7 (s, Ca-
opy), 58.6 (d, Jc-rh = 16.8, =CHcee), 30.1, 30.0, and 26.9 (all s, CH2-coe),
29.1 (s, CHMeier), 26.6 and 23.1 (both s, Meier). *H-*N HMQC (long
range) NMR (40.5 MHz, CsDs, 298 K): § 366.7 (NOz), 210.5 (Nopy),
192.9 (Nipr). Data for 9b: 'H NMR (400 MHz, CsDs, 298 K): § 8.72
(d, Jn-H = 2.9, 1H, He.opry), 7.78 (dd, Jun = 9.0, 2.9, 1H, Haopy),7.3-
7.1 (6H, Hph-ipr), 6.47 (s, 2H, =CHN), 5.65 (d, Jun = 9.0, 1H, Hs.opy),
3.16 (m, 2H, =CHcoe), 2.84 (sept, Ju-+ = 6.8, 4H, CHMeer), 1.9-1.1

(12H, CH2-coe), 1.21 and 1.05 (both d, Jn-+ = 6.8, 24H, Mepr). *C{*H}-
APT NMR (100.5 MHz, CsDs, 298 K): 8 146.5 (S, Cq-ipr), 144.2 (5, Ces-
opy), 136.8 (s, CqN), 134.6 (s, Cs-opy), 130.2 and 124.0 (both s, CHen-
ipr), 125.0 (s, =CHN), 111.7 (s, Cs-opy), 63.8 (d, Jc-rn = 16.8, =CHcoe),
30.1, 30.0, and 27.0 (all s, CH2-oe), 29.2 (s, CHMeirr), 26.3 and 22.5
(both s, Mejpr).

Preparation of Rh{k?N,0-(C4H3N,0)}n?-coe)(IPr) (10). This
complex was prepared as described for 3 starting from pyrimidin-2-one
(31 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200 mg, 0.16
mmol). Yield: 147 mg (66%), yellow solid. Anal. calcd for
CaoHs3N4O1Rh: C, 67.23; H, 7.67; N, 8.04. Found: C, 67.49; H, 7.86;
N, 7.78. IR (cm, ATR): 1575 v(OCNgym), 1544 v(OCNsym), 1482
V(OCNasym), 1461 v(OCNasym). *H NMR (400 MHz, C¢Ds, 298 K): &
8.07 (dd, Ju-n = 4.7, 2.8, 1H, Ha-opym), 7.27 (dd, Jun = 4.7, 2.8, 1H,
Hs-opym), 7.3-7.2 (6H, Henipr), 6.55 (s, 2H, =CHN), 5.53 (dd, Ju+x =
4.8, 4.8, 1H, Hs.opym), 3.17 (sept, Ju-n = 6.8, 4H, CHMejer), 2.84 (m,
2H, =CHcoe), 1.9-1.1 (12H, CH2-cee), 1.58 and 1.07 (both d, Ju-1 = 6.8,
24H, Mepr). BC{*H}-APT NMR (100.5 MHz, CsDs, 298 K): 5 184.4
(d, Jc-rRn = 62.3, Rh-Cipr), 177.06 (d, Jc-rh = 3.7, C2-0pym), 160.7 (S, Ca-
Opym), 154.0 (S, CB-Opym), 147.2 (S, Cq-IPr), 137.0 (S, CqN), 107.6 (S, Cs.
opym), 130.0 and 124.0 (both s, CHen-1pr), 124.5 (s, =CHN), 57.7 (d, Jc-
rh = 17.3, =CHcce), 30.5, 30.3, and 27.2 (all s, CH2-cce), 29.0 (s, CHMe\-
pr), 26.6 and 23.3 (both s, Merr). *H-N HMQC (long range) NMR
(40.5 MHz, CsDs, 298 K): & 261.0 (N3-opym), 199.9 (N1-opym), 192.4
(Nipr).

Preparation of Rh{k?N,0-(CsH4NO2)}(m*coe)(IPr) (1la,b).
This complex was prepared as described for 3 starting from pirrolidine-
2,5-dione (31 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200
mg, 0.16 mmol). Yield: 143 mg (65%), yellow solid. Anal. calcd for
C39Hs4sN302Rh: C, 66.94; H, 7,78; N, 6.00. Found: C, 66.65; H, 7.77;
N, 5.86. IR (cm, ATR): 1699 v(C=0), 1564 v(OCNsym), 1465 v(OCN-
asym). NMR data evidenced the presence of two isomers in dynamic
equilibrium, 11a and 11b (38:62 at 243 K). Data for 11a: *H NMR
(400.1 MHz, toluene-ds, 243 K): 4 7.4-7.0 (m, 6H, Heh.pr), 6.46 (s, 2H,
=CHN), 3.06 (sept, Jn-+ = 6.8, 4H, CHMep), 2.87 (M, 2H, =CH cce),
2.12 and 1.88 (both m, 4H, CH2-suc), 2.0-0.9 (m, 12H, CH2-coe), 1.53
and 0.96 (both d, Jun = 6.8, 24H, Merr). BC{*H}-APT NMR (100.6
MHz, toluene-ds, 243 K): & 201.4 (s, Rh-NC=0), 184.5 (d, Jcrh = 1.7,
Rh-OCN), 182.8 (d, Jc-rh = 60.7, Rh-Cipr), 146.4 (s, Cqupr), 136.7 (S,
Cq¢N), 129.9 and 124.5 (both s, CHm-ph-1er), 124.4 (s, =CHN), 123.1 (s,
CHp-pheipr), 58.9 (d, Jcrn = 18.0, =CHcee), 31.4, 30.5, and 26.7 (all s,
CH2-coe), 30.0 (s, CH2-suc), 29.0 (s, CHMeer), 26.3 and 22.8 (both s,
Mepr). Data for 11b: *H NMR (400.1 MHz, toluene-ds, 243 K): § 7.4-
7.0 (m, 6H, Henipr), 6.52 (s, 2H, =CHN), 3.98 and 2.03 (both sept, Jh-
1 = 6.8, 4H, CHMepr), 2.87 (m, 2H, =CHcce), 2.12 and 1.88 (both m,
4H, CHa-suc), 2.0-0.9 (M, 12H, CH2-coe), 1.45, 1.29, 1.25, and 1.06 (all
d, JuH = 6.8, 24H, Mepr). BC{*H}-APT NMR (100.6 MHz, toluene-
ds, 243 K): 8 201.4 (s, Rh-NC=0), 184.5 (d, Jcrn = 1.7, Rh-OCN),
181.7 (d, Jc-rh = 66.7, Rh-Cipr), 148.0 and 145.8 (both s, Cq-1pr), 136.8
(s, CgN), 129.9, 129.8, 124.5, and 123.9 (all s, CHm-pn-pr), 124.4 (s,
=CHN), 123.1 (s, CHp-ph-1pr), 60.0 (d, Jc-rh = 15.7, =CHcce), 30.6, 29.8,
and 28.0 (all s, CH2-cee), 30.8 and 27.0 (both s, CH2.suc), 28.7 and 28.6
(both s, CHMepr), 26.8, 26.5, 22.6, and 22.0 (all s, Meipr).

Preparation of Rh{k?’N,0-(CsHgNO;)}n?-coe)(IPr) (12a,b).
This complex was prepared as described for 3 starting from cis-1,2,3,6-
tetrahydrophthalimide (40 mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol)
and 1 (200 mg, 0.16 mmol). Yield: 165 mg (69%), yellow solid. Anal.
calcd for C43HssN3O2Rh: C, 68.69; H, 7,78; N, 5.59. Found: C, 68.38;
H, 7.86; N, 5.72. IR (cm?, ATR): 1701 v(C=0), 1552 v(OCNsym), 1466
v(OCNasym). NMR data evidenced the presence of two isomers in dy-
namic equilibrium, 12a and 12b (47:53 at 243 K). Data for 12a: 'H
NMR (400.1 MHz, toluene-ds, 243 K): § 7.4-7.0 (m, 6H, Hen.ipr), 6.47
(s, 2H, =CHN), 5.70 (br, 2H, HC=CHpnt), 3.11 (sept, Ju-+ = 6.8, 4H,
CHMeipr), 2.85 (M, 2H, =CHcoe), 2.36 (M, 4H, CHz-pnt), 2.12 (m, 2H,
CHopnt), 2.3-0.9 (36H, CH2.coe, Meipr). BC{*H}-APT NMR (100.6 MHz,
toluene-ds, 243 K): & 203.0 (s, Rh-NC=0), 186.8 (s, Rh-OCN), 182.4
(d, Jcrn = 61.0, Rh-Cipr), 146.2 (S, Cqupr), 136.5 (5, CqN), 129-122
(CHehaipr), 127.5 (s, HC=CHpnt), 123.7 (s, =CHN), 59.0 (d, Jc-rn = 17.0,
=CHocoe), 41.4 (S, CHpnt), 30.6, 26.8, and 23.2 (all s, CH2-coe), 29.0 (s,
CHMerr), 26.1 and 22.8 (both s, Meier), 22.3 (S, CH2-pht). Data for 12b:
'H NMR (400.1 MHz, toluene-ds, 243 K): § 7.4-7.0 (m, 6H, Hen.er),



6.54 and 6.52 (both br, 2H, =CHN), 5.84 and 5.60 (both br, 2H,
HC=CHont), 4.09, 3.95, 2.09 and 2.07 (all sept, Jn-+ = 6.8, 4H, CHMe-
iPr), 2.94 (M, 2H, =CHcce), 2.72, 2.39, 2.33, and 1.91 (m, 4H, CH2-pnt),
2.51 and 2.40 (both m, 2H, CHpnt), 2.3-0.9 (36H, CH2.coe, Meipr).
B3C{*H}-APT NMR (100.6 MHz, toluene-ds, 243 K): § 203.0 (s, Rh-
NC=0), 186.8 (s, Rh-OCN), 181.5 (d, Jc-rn = 66.1, Rh-Cipr), 148.0,
147.5, 145.8, and 1455 (all s, Cqpr), 136.9 and 136.7 (both s, CqN),
129-122 (CHpnarr), 128.7 and 126.8 (both s, HC=CHnt), 124.4 and
124.1 (both s, =CHN), 60.1 and 59.2 (d, Jcrn = 15.7, =CHcce), 41.5
and 40.7 (both s, CHpt), 31.3 and 26.6 (both s, CHa-pnt), 29.7, 29.6,
28.0, 27.9, 26.6, and 23.7 (all s, CH2-coe), 28.7, 28.6, 28.5 and 28.5 (all
s, CHMerr), 26.7, 26.6, 26.3, 26.2, 22.9, 22.5, 22.4, and 21.7 (all s,
Meier).

Preparation of Rh{k?N,0-(CsHgNO)}(n?-coe)(IPr) (13). This
complex was prepared as described for 3 starting from 2-piperidone (32
mg, 0.32 mmol), KO'Bu (35 mg, 0.31 mmol) and 1 (200 mg, 0.16
mmol). Yield: 154 mg (65%), yellow solid. Anal. calcd for
CaHssN3ORh: C, 68.65; H, 8.35; N, 6.00. Found: C, 68.41; H, 8.35;
N, 5.90. IR (cm, ATR): 1566 v(OCNsym), 1462 v(OCNasym). *H NMR
(300.1 MHz, CeDs, 298 K): & 7.28 (m, 6H, Hphpr), 6.52 (s, 2H,
=CHN), 3.21 (sept, Ju-H = 6.8, 4H, CHMepr), 2.75 (t, Ju-H = 5.7, 2H,
CHZ-pip—B), 2.64 (m, 2H, =CHcoe), 1.93 (t, Jun =6.5,2H, CHz-pip-3), 1.9-
1.0 (m, 12H, CH2-coe), 1.59 and 1.09 (both d, Ju-+ = 6.8, 24H, Merr),
1.29 (m, 2H, CHapip4), 1.11 (m, 2H, CH2pips). BC{*H}-APT NMR
(100.5 MHz, CsDs, 298 K): & 187.8 (d, Jcrn = 58.8, Rh-Cipr), 181.6
(d, Jcrn = 3.1, Capip), 147.1 (S, Cq-1pr), 137.7 (S, CqN), 129.7 (s, CHp-
phapr), 124.2 (s, =CHN), 123.9 (s, CHm-pnirr), 55.6 (d, Jcrn = 16.8,
=CHcoe), 44.9 (S, Cé-pip), 30.6 (S, C3-pip), 30.5, 30.4, and 27.2 (all s, CH2-
coe), 29.0 (S, QHMElPr), 26.5 and 23.2 (bOth S, MEIPr), 23.8 (S, Cs-pip),
21.5 (s, Capip). ®'N HMQC (long range) NMR (40.5 MHz, CsDs, 298
K): 8 191.1 (Ner), 143.4 (Nopip).

In situ formation of Rh{k?N,O-(6-Me-Opy){n?-(3-hexyne)}(1Pr)
(14a). This complex was prepared from 5 (20 mg, 0.03 mmol) in C¢Ds
at 298 K (0.5 mL, NMR tube) and 3-hexyne (4 pL, 0.03 mmol). HRMS
(ESI+): m/z Calcd for CssHs2NsORh: [M-H+O]*: 696.3030. Exp:
696.3048. 'H NMR (400 MHz, CsDs, 298 K): § 7.3-7.2 (6H, Hpn-ipr),
6.84 (dd, Jun =8.4,7.2, 1H, Ha-opy), 6.42 (s, 2H, =CHN), 5.82 (d, Jn-
H =8.4, 1H, Hs.opy), 5.66 (d, Jun = 7.2, 1H, Hsopy), 3.26 (sept, Jun =
6.9, 4H, CHMepr), 2.19 and 1.72 (both m, 4H, CH2-hexyne), 1.68 (s, 3H,
Meopy), 1.62 and 1.10 (both d, Ju-n = 6.8, 24H, Meier), 1.12 (t, Jn-n =
7.2, 6H, CHa-nexyne). BC{*H}-APT NMR (100.5 MHz, CsDs, 298 K):
8 184.8 (d, Jcrn = 61.0, Rh-Cipr), 181.0 (d, Jcrn = 2.9, Ca-0py), 154.8
(s, Ce-opy), 147.2 (s, Cquipr), 138.4 (S, Ca-opy), 137.8 (s, CgqN), 129.4 and
124.0 (both s, CHpn-ipr), 124.3 (s, =CHN), 108.4 (s, Cs-opy), 106.8 (s,
Ca.opy), 73.2 (d, Jcrn = 16.9, Rh-C=C), 29.2 (s, CHMerr), 26.0 and
23.7 (both s, Meyer), 20.6 (S, Meopy), 18.9 (S, CH2-hexyne), 14.6 (S, CHs-
hexyne). *H-1N HMQC (long range) NMR (40.5 MHz, CsDs, 298 K): &
208.6 (Nopy), 189.1 (Nipr).

Standard Conditions for the Catalytic Alkyne Dimerization. To
a CsDs solution (0.5 mL) in a NMR tube under argon atmosphere, 0.01
mmol of catalyst and 0.17 mmol of mesitylene as internal standard were
added. The solution was frozen by means of a dewar flask containing
isopropanol at 195 K. Then, 0.50 mmol of alkyne were added and the
NMR tube was sealed under argon. The tube 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 reso-
nances of the internal standard and the products. For 0.1 or 0.05 mol%
catalyst loading experiments, a 20 mM solution of catalyst in CéDs was
prepared and then, the corresponding amount of this solution was added
to the reaction mixture and it was proceeded as described above.

Crystal Structure Determination. Single crystals of 5, 7, 10, 11,
and 13 were obtained by slow diffusion of hexane into C¢Ds (5, 7, and
10) or toluene solutions (11 and 13). X-ray diffraction data were col-
lected at 100(2) K on a SMART APEX (13) or D8 VENTURE (5, 7,
10, and 11) Bruker diffractometers with graphite-monochromated
Mo—Ka radiation (A = 0.71073 A) using o-scans (and ¢-scans for 5, 7,
10, and 11). Intensities were integrated and corrected for absorption
effects with SAINT-PLUS?” and SADABS?® programs, both included
in APEX4 package. The structures were solved by the Patterson

method with SHELXS-97% and refined by full matrix least-squares on
F2 with SHELXL-2014% under WinGX.%

Crystal data and structure refinement for 5. Cs1HssN3ORh,
709.79 g-mol-, monoclinic, P21/c, a = 11.2776(3) A, b = 11.0342(3)
A, c=29.2518(9) A, 5=91.8430(10)°, V =3638.19(18) A3, Z = 4, Dcarc
=1.296 g-cm=, 1= 0.504 mm*, F(000) = 1504, orange prism, 0.220 X
0.120 x 0.050 mm®, Gmin/ Gmax 2.246/28.706°, index ranges —14<h<15,
—14<k<14, -39<I<39, reflections collected/independent 86793/9410
[R(int) = 0.0437], Tmax/Tmin 0.7458/0.7077, data/restraints/parameters
9410/0/424, GooF(F?) = 1.101, R1 = 0.0394 wR2 = 0.0911 (all data),
largest diff. peak/hole 1.546/-0.864 e-A=, CCDC deposit number
2364401.

Crystal data and structure refinement for 7.
C41HssBrCl2N3ORh, 859.60 g-molt, monoclinic, a = 18.8489(9) A, b
=10.6452(5) A, ¢ = 20.9338(10) A, #=107.430(2)°, V = 4007.5(3) A3,
Z =4, Deac = 1.425 g-cm?, 1z = 1.591 mm™, F(000) = 1776, orange
prism, 0.190 x 0.180 x 0.120 mm®, Gmin/Omax 2.014/28.722°, index
ranges —25<h<25, -14<k<14, -28<I<28, reflections collected/inde-
pendent 176700/10376 [R(int) = 0.0461], Tmax/Tmin 0.7458/0.6850,
data/restraints/parameters 10376/0/424, GooF(F?) = 1.043, R1 =0.0276
[1>2o(1)], wR2 = 0.0714 (all data), largest diff. peak/hole 0.961/-0.313
e-A=2. CCDC deposit number 2364402.

Crystal data and structure refinement for 10. CsyHssN4ORh,
696.76 g-mol-, monoclinic, P21/c, a = 11.0993(6) A, b = 10.5668(6)
A, c=30.1434(16) A, £=90.330(2)°, V = 3535.3(3) A3, Z = 4, Dcarc =
1.309 g-cm?®, & = 0.518 mm, F(000) = 1472, orange prism, 0.200 x
0.175 x 0.120 mm®, Gmin/ Omax 2.042/28.731°, index ranges —14<h<15,
—13<k<14, —40<I<40, reflections collected/independent 98444/9151
[R(int) = 0.0391], Tmax/Tmin 0.7457/0.6853, data/restraints/parameters
9151/40/457, Goof(F?) = 1.273, Ry = 0.0540 [I>20(1)], wR2 = 0.1149
(all data), largest diff. peak/hole 1.013/-1.369 e-A=. CCDC deposit
number 2364400.

Crystal data and structure refinement for 11. CsiHesN3O2Rh,
855.97 g-mol, monoclinic, C2/c, a = 46.591(2) A, b = 10.9772(5) A,
¢ =18.6924(8) A, = 110.104(3)°, V = 8977.4(7) A3, Z = 8, Dcaic =
1.267 g-cm?, u=0.422 mm, F(000) = 3632, orange prism, 0.180 x
0.120 x 0.080 mMm®, Gmin/ Gmax 2.153/28.732°, index ranges —62<h<62,
—14<k<14, -25<I<25, reflections collected/independent 306549/11639
[R(int) = 0.0373], Tmax/Tmin 0.7458/0.7012, data/restraints/parameters
11639/13/559, GooF(F?) = 1.054, R1 = 0.0236 [1>25(1)], wR2 = 0.0591
(all data), largest diff. peak/hole 0.417/-0.319 e-A=3. CCDC deposit
number 2364403.

Crystal data and structure refinement for 13. C4HssN3ORh,
699.80 g-mol*, monoclinic, P21/n, a = 10.1740(9) A, b = 31.683(3) A,
¢ =11.4151(10) A, #=91.7630(10)°, V = 3677.9(6) A, Z = 4, Dcac =
1.264 g-cm?®, 1 = 0.498 mm, F(000) = 1488, orange prism, 0.350 x
0.240 x 0.090 mMm®, Gmin/ Gmax 2.103/28.419°, index ranges —13<h<13,
—41<k<42, —15<I<15, reflections collected/independent 44100/9068
[R(int) = 0.0580], Tmax/Tmin 0.9020/0.8245, data/restraints/parameters
9068/27/433, GooF(F?) = 1.041, R1 = 0.0399 [1>25(1)], wR2 = 0.0765
(all data), largest diff. peak/hole 0.616/-0.760 e-A=. CCDC deposit
number 2364399.

Computational details. All DFT theoretical calculations were car-
ried out using the Gaussian program package.®? Energies, gradients and
frequency analysis was performed using the B97D3 functional® in
combination to the def2-SVP basis set* which include effective core
potentials for Rh. Energies were refined by M06L/def2-TZVP single
point calculations® using the SMD approach® for benzene as imple-
mented in G09. The “ultrafine” grid was employed in all calculations.
All reported energies are Gibbs free energies referred to a 1 M standard
state using the correction proposed by Goddard 111 et al.¥ at 25 °C in-
cluding basis set and solvent corrections. The nature of the stationary
points was confirmed by analytical frequency analysis, and transition
states were characterized by a single imaginary frequency correspond-
ing to the expected motion of the atoms.
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