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Pyridine-Enhanced Head-to-Tail Dimerization of Termnal Alkynes by a Rhodium—
N-Heterocyclic Carbene Catalyst

Laura Rubio-Pérez, Ramon Azpiroz, Andrea Di Giusepp, Victor Polo, Ricardo Castarlenas,*
JesUs J. Pérez-Torrente, and Luis A. Ord®

Abstract: A general regioselective intermediates in the catalytic processequential alkyne C-H oxidative

rhodium-catalyzed head-to-tail have been detected includedalkyne addition, alkyne insertion and reductive
dimerization of terminal alkynes is coordinated Rh  RhCI(NHC)@* elimination. A 2,1 hydrometallation of
presented. The presence of a pyridin«HCECCHzPh)Spy) B) and the alkyne is the more favourable

ligand (py) in a Rh-N-heterocyclic RhCI(NHC){#*- pathway in accordance with a head-to-
carbene (NHC) catalytic system notC(‘Bu)sCﬁE)CH:CH‘Bu}(py) (4) and tail selectivity.

only switches dramatically the the RH'-hydride-alkynyl ~RhCIH{-

chemoselectivity from alkyne C=CSi(Me)xHIPr)(py)2 (5). Keywords: Alkyne dimerization e
cyclotrimerization to dimerization but Computational DFT studies reveal an N-heterocyclic carbene * rhodium
also enhances catalytic activity. Severabperational mechanism consisting in catalysts « C-C coupling

Introducton g mmmm———
Conjugated 1,3- or 1,4-disubstituted enynes are skéyunits of a R R : SR
variety of biologically active moleculéd, polymers? or | o] ! head-to-tail (gem) :
photoactive derivatived® as well as building blocks for further N N Ry rrrree e g
structural elaboratiortd. A powerful atom-economical synthetic R R This work —e—e—
approach consists in the catalytic C-C coupling tieacof two head-to-head (Z/E) T R R
alkynes® although chemo-, regio- and stereoselectivity rrtill

remains a major challenge. Competitively to the fation of head- \é=/fn - R= =2H_ o — — g

to-head E/Z) and head-to-tailgen) enynes, other products such as R

butatriene$? diynesl”? dieneyne€! cyclotrimerd? oligomer§® or R R / J \

polymer§'¥! can also be obtained depending on the catalyst and /@\ R R

reaction conditions (Scheme 1). A broad range t#lgsts based on R R *

Pd™ Rul*® RhM Ni,B1 1,8 Fel Ay 28 Colt 0s! T 121 R RTP\

zr, 22 Rel?d v 24 gcl?) HE 1261 Cr 7] |anthanide&® actinided?”! Sk

and main group elemeft¥ promote the alkyne dimerization,

nonetheless with different grade of success coimmgrselectivity. Scheme 10rganic products arising from C-C coupling oftétal alkynes.

In particular, preferential preparation of headai-enynes have

been disclosed for aromdtits 4e-160.24al or

aliphatid!?d:142¢.0.k22a24c26.29%] g|ynes,  although examples of  Inorder to control the selectivity of a catalytiansformation an

selective initiators regardless of the substitugithe alkyne are in-depth knowledge of mechanistic issues is esslerfiegarding

limited to Nakamura (Tif'® Trost (Pd)!*® Eisen (A)l® and alkyne dimerization the alkyne plays a dual roke tather acidic

Zhang (Aul*® catalysts. terminal C-H proton of an alkyne is activated andsequently
added across the triple bond of a second alkynecutd. Two main
mechanisms for this transition-metal mediated diciny behavior
have been proposed) oxidative addition of the terminal C-H bond
of one alkyne to generate hydride-alkynyl specieodfved by
migratory insertion of other alkyne into M-H (hyanetalation) or
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Scheme 2 General overview for the formation of conjugate8- or 1,4-disubstituted
enynes.

Very commonly, pathwag is simplified when only an initiator
ligand is present. It is encountered when putativetal-hydride
moiety arisen from the alkyne oxidative additiors li@en removed,
or even never formed, by the action of an ext&iiaf" or
internal*®1?#lpase, resulting in an alkynyl species. In contrast
metal-alkynyl, metal-hydrides are poor initiatorsor f the
dimerization process. Therefore, it can be condetti@ metal-
alkynyl species by protonation by the acidic C-Hotpn of the
alkyne with concomitant release of molecular hyémg or,
alternatively, metal-vinyl intermediates can benfed by insertion
of the triple bond into the M-H ligand. Furthermpaetal-vinyl
species have been proposed as propagating spewiealkine

polymerization*®? |n spite of such potential deactivation

processes, catalytic pathways mediated by metatfidgikynyl
species have revealed to be operdfffd*15a1%¢Iparticularly, the

switch the chemoselectivity from cyclotrimerizatioto the
regioselective formation of 1,3-substituted enyted,also enhance
catalytic activity. The formation of head-to-tailggucts regardless
of the electronic nature of the alkyne substitusmie no precedent
for rhodium catalysts. We have studied the catalptiocess by
means of low temperature NMR experiments and DFebritical
calculations.

Results and Discussion

Catalytic alkyne dimerizations. The catalysts used in this study are
the dinuclear monolefin complex [RRCI)(IPr)(;>-coe)b (1) (coe =
cyclooctene, IPr 1,3-bis-(2,6-diisopropylphenyliiazol-2-
carbene) prepared by James’ gfdUpand the mononuclear
derivative RhCI(IPr){>-coe)(py) @) (py = pyridine) synthesized
recently in our laboratories by simple chloridodye cleavage of

by pyridine!®*®! Chart 1 displays the structure of both catalysts an
the products resulting from the catalytic transfations.
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Chart 1. Rh-NHC catalysts and products obtained from gttateactions.

formation of gemenynes may arise from carbometalation via 1,2

insertion pathwa(}?>182123% g hydrometalation via 2,1 insertion
routel’®13n141 1t s worthy to note that, although regioseledtivi
depends intrinsically on the insertion stage, ré&dacelimination
can be decisive if being the rate-determining steg the migratory
insertion is reversiblEY

The advent of N-heterocyclic carbenes (NHCs) asntigafor
transition metal complexes has created a big impaant

homogeneous catalysdid Substitution of ubiquitous phosphines in

organometallic catalysts by NHCs has enhanced, areSmes
complemented, their catalytic activity and extended scope of
many transition-metal mediated transformatiGfls. Alkyne
dimerization is not an exception and, in fact, ibyides a test
ground for NHC-based cataly$t?®139116N0n the other hand, our
research group has been studying for some timectieenistry of
rhodium-NHC complexes for new C-C and C-X bond forgnin
reactiond®? We have found that the selectivity
hydrothiolation can be dramatically switch to tharnfiation of
branched vinyl sulfides by simple addition of pymie to dinuclear
catalysts of type [RR(CI)(n*olefin)(NHC)L.2*! It has been
demonstrated that pyridine coordinatitnans to the NHC in the
active species directs the coordination of thefimog alkynecis to
the carbene. The highenans-influenceof an hydride ligand paves
the way to ais thiolate-alkyne disposition thereby favoring tlait
insertion. In view of these results, we became rgsted in
broadening the scope of pyridine-modified Rh-NHC lgata to
other type of addition reactions such as dimezatf terminal
alkynes. Herein, we disclose that pyridine-basedlysts not only

A preliminary catalytic test with phenylacetylengng 5 mol %
loading of 1 showed that, in contrast to the expected enynes,
aromatic products resulting from cyclotrimerizatioh the alkyne
were obtained (Scheme 3, entry 1, Table 1). After night at 40 °C
1,3,5-@) and 1,2,4-triphenylbenzend)( were formed in almost
guantitative yield in a 13:87 ratio. Interestingbhemoselectivity
was reversed dramatically when catalystwas used. Besides
cyclotrimersa andb, conjugated 1,3- or 1,4-disubstituted enyres,
and d respectively, and agemdienyne €) resulting from
trimerization, were the significant products detectwith head-to-
tail dimer as the mayor isomer. Moreover, additiérilO0 equiv of
pyridine to2 increases both catalytic activity and selectitityards
gemdimer up to 92 %, suppressing the formation oflayitners
(Scheme 3, entry 4, Table 1). Treatment of calgéimples ofl
with 10 equiv of NEf did not cause a similar effect (entry 5, Table

in alkynel)’ indicating that the role of pyridine is diffatefrom simply acting

as a base for the deprotonation of terminal alkiynerather it is
engaged in the coordination to the metallic cefit&f® The
introduction of an electron-donating group on thigrogenated
aromatic ring does not modify significantly the fmine effect”
(entry 6, Table 1), whereas 2-ethylpiridine redoatalytic activity
probably by a hindered coordination of the N-doligaind (entry 7,
Table 1) Addition of 10 equiv of acetonitrile does not fathe
formation of head-to-tail dimers but rather slighthodifies the
catalytic outcome obtained for dimeric speciesvith formation of
cyclotrimers as the main product.
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Scheme 3Chemoselectivity of Rh-IPr-mediated catalytic jgling of phenylacetylene.

Table 1. Phenylacetylene coupling promoted by Rh-IPr catafys

Entry Catalysts Aditiv® T(°C) t(h) Conversion % a b c d e

11 - 40 16 99 13 87 - - -
2 2 - 25 11 99 1 10 78 2 8
3 2 - 4 8 9 1 10 82 2 4
4 2 () 4 6 9 - - 92 2 6
5 1 NEt 40 16 95 12 8 - - -
6 1 () 40 9 98 - - 94 4 2
OMe
71 (g4 13 es - - 95 3 2
8 1 CHCN40 8 95 12 718 9 - -

30.5 mL ofCsDs With 5 mol % of catalyst; [subs] = 0.4 BILO equiv per mol of metal.

The addition of pyridine has a strong impact notyoan
selectivity but also on catalytic activity. Figure shows the
monitoring of alkyne dimerization promoted Byand2 + 10 equiv
pyridine for phenylacetylene, 3-phenyl-1-propynel dshexyne. In
all cases, the reaction rate was increased whedipyrwas added,
more markedly in case of aliphatic alkynes. Afteemight at 40 °C,
pyridine-added catalytic systems showed more tHa®68of gem
enynes whereas only 42 and 10 % where attainedlwliiéxyne and
3-phenyl-1-propyne respectively, when the reactias catalyzed
by 2 in the absence of added pyridine.
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Figure 1. Monitoring of the dimerization of alkynes at 4D ih GDe.

The scope of the catalytic system was evaluatedvémious
terminal alkynes under the optimized reaction ctowlé of2 + 10
equiv of pyridine at 40 °C (Table 2). As a generahd, aromatic
alkynes reacted faster than aliphatic ones. Hidgbcteity for gem
enynes was observed regardless of the electrorticrenaf the
substituent on the alkyne except for bulky substita such as tert-
butyl or trimethylsilyl where theH)-1,4-disubstituted enyne is the
main product. Phenylacetylene was almost completalysformed
after 6 h at 40 °C, with a TOF at 50% conversionKffof 12.5 h
! (entry 1, Table 2). The introduction of an elentsgithdrawing
group atpara position of the aromatic ring resulted in a rateréase,
while it was diminished when an electron-donatingugp was
incorporated (entries 2-3, Table 2). In contrast,nhetasubstituted
ethynylanisol displays the highest TQR18.5 h') of the alkynes
studied with complete selectivity (entry 4, Table Zhe catalytic
outcome did not change significantly for the monedered 4tert-
butylphenylacetylene (entry 5, Table 2). Aliphadikkynes needed
one night at 40 °C for attaining good conversion agbkctivity
towards head-to-tail dimers (entries 6-8, TableN).isomerization
of the double bond of the enynes from terminalnterinal position
was detected in any case. Cyclopropylacetylene wmsverted
selectively to the head-to-tail enyne for the fiishe that we are
aware of. The presence of an heteroatom in thenalkybstituent do
not hamper catalytic activity. Thus, 1-dimethylasi®-propyne was
dimerized in 8 h with 89 % selectivity gemenyne (entry 9, Table
2). However, propargyl methyl ether reacted veowy at 40 °C
but it was smoothly transformed after 2 days at@@lthough with
significant formation of the trimeric dienyne spEsiup to 14%
(entry 10, Table 2). Highly encumbered alkynes suashtert-
butylacetylene and trimethylsilylacetylene reacteden slower.
After one night at 60 °C acceptable conversions wétained but
with a preference for theans head-to-head enynes (entries 11-12,
Table 2). Finally, enynes such as 2-methyl-1-bidgme and 1-
cyclohexenylacetylene were efficiently dimerized ftonish gem
trienynes selectively (entries 13-14, Table 2).efestingly, the
dimerization reaction can be carried out on a pape scale (1
mmol). The dimerization of phenylacetylene, 1-hexyrand
cyclopropylacetylene was performed in toluene ughng catalytic
system 5 mol % o2 + 10 equiv py. The correspondiggmenynes
were isolated as colourless oils in 85, 73, 61 &tdg, respectively,
after purification by column chromatography (Sitigal 70-230
mesh) usingr-hexane as eluent.



Table 2. Dimerization of terminal alkynes catalyzed by 10 equiv py: —
Entry Substrate t(h) Conversion %gem E-enyne trimer TOFy(h%) Cgi L T\ ),

3 qN N
1 = 8 99 92 2 6 125 3 oquiv py T
M oe Rh

Clm,,,
2 reA )= 4 92 98 - 2 14.3 - coe ~ :
-40°C  tol-dg ’L 7
3 oo =13 88 92 2 5 5.5 @
4 § = 3 96 99 - 1 18.5 . 3 —
MeO £ N B N %, N N_ N %,
5 A= 5 99 96 -4 148 @;T\)SQS}_ @T\S
Closn, 5 equiv py Clon, —
—_— -...Rh -.Rh
6 /= 13 90 84 13 3 3.9 | \@ - coe | 4
= _N 1h 30°C tol-dg _N
7 Q_ 13 87 94 ) 1.7 | i
X X~ =30 % yield
8 D= 13 93 9% - - 1.9 2 C/A 8
= ~ I f— N N N 5
9 8 90 89 11 - 50 S PT= 5?0,\( [
5 equiv py 7R .
__ N—Rh—H =45 % yield
10 MO _ 48 08 77 9 14 - - coe BN
2h 30°C tol-dg NG N
113 = 17 89 42 53 5 - @ a\
12 Syi= 1% 75 14 51/1% 15 - 5a
13 > = 13 98 93 7 - 5.4 Scheme 4 Detected intermediates relevant to the mechaafsmkyne dimerization.

14 (3= 137 08 91 9 - 5.0

Formation of3 is in accordance with a plausible first step
consisting in coordination of the triple bond te tmetallic center
(vide infrg). Then, the alkyne must undergo C-H oxidative aoialit
to generate hydride-alkynyl species or rearrangéotm a metal-
vinylidene moiety. Warming an NMR sample & to room
temperature gave rise to a small doublet in theitlgdregion § -
17.36 ppmJy.4 = 25.3 Hz) with the concomitant rapid formation of
free gemenyne and a mixture of unidentified metal compgexe
Unfortunately, it could not be possible to uneqaidty ascribe the
hydride signal to a rhodium-hydride-alkynyl compléinylidene
species were not detected.

#0.5 mL ofC¢Dg, 0.01 mmol o2 + 0.1 mmol of pyridine, and [substrate] = 0.4 M4t
°C.°Plus unidentified product§Performed at 60 °Ccis isomer.

The dimerization of terminal alkynes by the catalglystem?2 +
10 equiv pyridine also gave variable amounts geindienyne
trimers which were identified by NMR and MS. Thepedes were
mainly formed at the end of the catalytic reactigmen the amount
of head-to-tail isomers surpasses 80 %. Interdgtinge have been
able to characterize ttgemdienyne derived from methyl propargyl
ether as the Z)-(2-alkynyl)(1,3-disubstituted)1,3-butadiene
derivative (See Supporting Information for furthéetails). The . . . . . .
structure of this isomer was unambiguously deteeohiny'H,1C - In view that putative hydride intermediates derivédm

APT, *H-33C HSQC and HMBC, antH-H NOE NMR experiments benzylacetylene react very fast, we envisage thhsa reactive
thus,a similar structure was asic,umed for the atiemynes " alkyne such atert-butylacetylene or trimetylsilylacetylene could be

more informative. Thus, treatment 2fwith 5 equiv of bothtert-
butylacetylene and pyridine at -40 °C did not leadhie formation

of the expectedr-alkyne complex, most probably because of the
bulky tert-butyl substituent that should reduce the stabibitythis
species. However, heating of the sample at 30 °C fogave rise to
the observation of small hydride speci&s16.93 ppmJy.4 = 21.5
Hz) and the formation of a new complex in around%0yield.
Characterization by NMR spectroscopy at low tempeeatevealed
the nature of the new derivative as RhCI(IRF){
g(‘Bu)EC(E)CH:CI—fBu}(py) (4) resulting from »*triple bond
coordination of thérans head-to-head enyne formed predominantly
from catalytic dimerization ofert-butylacetylene (entry 11, Table
2) 140138 ThelH NMR spectrum oft showed a coupling of 15.9 Hz
for the olefinic protons indicating a&-conformation of the double
bond of the 1,4-disubstituted enyne. Tijfealkyne coordination of
the enyne to rhodium is reflected in tH€{*H} NMR spectrum that
simwed two doublets for the Rhy&arbon atoms at 98.8(rn =
17.8 Hz) and 74.2 ppndd.rn = 16.8 Hz). The IPr ligand appeared as
a doublet at 181.8 ppm witly g, of 56.7 Hz. After extracting NMR
data, heating of the mixture containiBg4 andtert-butylacetylene
at 60 °C showed the smooth appearance of the sigaaiesponding
to freetranshead-to-head and head-to-tail coupled dimers.

Mechanistic studies. In order to clarify the mechanism
operating in our catalytic system, a series ofcstiometric low
temperature reactions of precurstrand2 with alkynes have been
performed (Scheme 4). Treatment of complek with
benzylacetylenetert-butylacetylene or trimetylsilylacetylene in the
absence of pyridine gave rise to a mixture of umiiied products.

In contrast, addition of benzylacetylene to a tokid; solution of2

at -40 °C leaded immediately to the formation of RHEG)(;*
HC=CCH,Ph)(py) @) via exchange reaction between coe and th
alkyne. The!H NMR spectrum oB displayed the typical signals for
coordinated pyridine, in addition to a broad sigagb 3.52 ppm
(=CH) and two doublets at 2.45 and 2.04 ppm {CGtdrresponding
to the #%alkyne®®! The °C{H}-APT NMR experiment at low
temperature corroborates the assigned structur8. fdhe carbene
carbon atom appeared as a doublétE2.8 ppm withlc r, of 53.4
Hz, whereas the &carbon atoms were observed at 90.2 and 66
ppm, as doublets with..g, of 16.4 and 15.8 Hz, respectively.



It is rather surprising the different behavior @nlaylacetylene I\
and tert-butylacetylene towardg. A complex bearing a*-alkyne ’ i
ligand was observed for benzylacetylene while alairspecies was ; SV S| S S )

|
not detected fotert-butylacetylene, for which the coordination of 3 A N, 20
the enyne resulting from alkyne dimerization wasestied. Taking % qc:TN® | _ 250
into account the presence of a high encumberetigi#rd, the steric s‘ /N Rh—H
properties of the precursor and the enyne formeghmplay an i /(,[,}\\\Si/ 260
important role in coordination to metal center. Shu $ opy GANE
benzylacetylene is bound tighter than the more \bulkrt- _ 5 opy P27
butylacetylene whereas the head-to-head enyne éss dteric % [- -] 250
demand than thegemdimer arising from benzylacetylene 3
dimerization. In addition, the strong coordinatimfithe enyne to the j F290
metal center, also explains the higher temperategeired for the ]
catalytic dimerization ofert-butylacetylene. 3 300
f‘: 310
Reaction of2 with trimethylsilyacetylene followed a different 917 9.6 95 914 913 912 911 910 ais als 87 86 515 314 aia slz ppm

route. In accordance with their steric demand, simdlarly to tert-
buty|acety|ene, formation o-f_a”(yne was not observed. Heating aFigure 2.H->N NMR correlation spectrum in th@tho-pyridine region fo2 and5 at -
mixture of2, py and trimethylsilyacetylene (1:5:5) at 30 °Cuitesl s0°C.
in the slow formation of rhodium-hydride specieattheachi45 %
yield after 2 h. Then, low temperatulid, *C{*H} and *N NMR
data evidenced the formation of the hydride-alkyrgmplex
RhCIH{-C=CSi(Me}}(IPr)(py), (5), arising from alkyne C-H
oxidative additioF’¥ and stabilized by coordination of two
molecules of pyridine. ThéH NMR spectrum at -50 °C 0%
displayed a doublet &t-16.47 ppmd4.rn = 21.6 Hz) corresponding
to the hydride ligand. The coordination of two nmlkes of pyridine
in 5 at low temperature is reflected in the deshieldeto-pyridine
region. Two doublets appeared at 9.35 and 9.29 ppiegrating
each 1:1 with respect to the hydride signal, cpoeding to the
pyridine locatectis to IPr that present hindered rotation whereas a ¢
doublet at 8.76 ppm integrating by two, was ascritzethe pyridine
trans to IPr that freely rotates. At 25 °C thasIPr pyridine
decoordinates from the complex. (See Figure in Sty
Information). Analogous behaviour has been preWodescribed
for the related Rh-thiolate complex RhCIH(SPh)(IPr)¢5¥! The 0.0 keal mol”* 9.3 keal mol™” 31.3 keal mol”!
correlation®®N-H NMR spectrum confirmed the hindered rotation
for thecis pyridine ligand ir5, hence, the twortho-pyridine signals ~ Figure 3. DFT-computed energies for possible stereoisomess of
correlate with the same nitrogen atomds278.5 ppm (Figure 2).
The resonances at 256.5 ppm and 273.2 ppm corréspdhetrans
pyridine and the pyridine of the starting compxrespectively. Complex 5a is the catalytic intermediate resulting from C-H
Free pyridine was observed at 318.3 ppm (out ofiguee). Finally, oxidative addition and before insertion of the alky The fact that
the *C{*H} NMR spectrum confirmed the presence of both ajkyn this species could be only detected for the triylsilyacetylene
(d, 139.3,Jcrn = 51.3 Hz) and IPr (d, 174.9cp = 51.5 Hz) should be ascribed to slightly greater acidity loé talkyne with
ligands. Treatment & with trimethylsilyacetylene in the absence off€gard the aliphatic oné8] and to its high steric demand that
pyridine resulted in decomposition products hinders coordination to metal center and subsetyuth® insertion
step, which is in agreement with the low reactiwitythis alkyne
(entry 12, Table 2).

DFT calculations on the stability of different pids
stereoisomers with hydrid&d), alkynyl Gb) or chloride §¢) trans
to pyridine have been performed (Figure 3). In adance with the
greatertrans-influenceof the hydride ligand, the isoméa is 9.3
and 31.3 kcal mai more stable thaBb and5c, respectively.

5a 5b 5¢

In view of the stoichiometric data, a plausible heatsm for the
formation of head-to-tail enynes dimerization prous depicted in
Scheme 5. The first step consists in the subgiituif coe ligand by
the alkyne as reflected by the formation3ofThen, C-H oxidative
addition of the alkyne affords a Btydride-alkynyl species similar
to 5. At this point two alternative pathways for therfmtion of
head-to-tail enynes are possible, carbometalatianly2 insertion
(pathway 12018213301 o hydrometalation via 2,1 insertion
(pathway 117413141 Finally, reductive elimination gives rise to the
enyne and regenerates 'Ritkyne active species. The role of the
pyridine ligands may be played in the stabilizatafnthe hydride-
alkynyl intermediate species, thereby increasinlgtc activity,
and at the same time preventing cyclotrimerizatimn blocking
vacant sites.
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A mechanistic proposal for the formation of the omigem
dienynes products is also shown in Scheme 5. Tipeaapnce of
this product at the end of the catalytic reactimargyly suggests that
the enyne product competes with the alkyne to enterthe same
catalytic cycle and later evolve similarly. Thussértion of the
alkyne moiety of thegemdienyne into the alkynyl or hydride
ligands (Pathways Il and IV, respectively) follodvdy reductive
elimination fully accounts for the formation of tebserved Z)-(2-
alkynyl)(1,3-disubstituted)1,3-butadiene compour@h the other
hand, the alkyne insertion into vinyl moiety of tRa-alkynyl-vinyl
intermediate is less likely as it has been propasethe propagating

step in alkyne polymerizations which was not obsdnin our
casg!!

DFT calculations on the alkyne dimerization mechani®. In
order to support the mechanistic picture propose®dheme 5, a
detailed computational study using DFT calculatiofB3LYP
approach) has been carried out. Due to the rokesfc hindrance
into the reaction regioselectivity, full IPr andrjgine ligands have
been considered explicitly in the calculations. sTmechanistic

study starts at compleX(structureA) and includes both pathways |

and Il, corresponding to carbometallation and hgubtallation,
respectively, and the formation of head-to-head hedd-to-tail
enynes for each path. The energetic profiles feséhfour reactions
are presented in Figures 4 (pathway |) and 5 (paghly. In both
cases, the initial step is the C-H bond oxidativditamh of thez-
coordinated alkyne, with an energetic barriBrT{S) of 16.1 kcal
mol? leading to hydride-alkynyl intermedia@ which is only 1.5

kcal mol? less stable thaA. Coordination of a second molecule of

pyridine in the vacant site &, resembling, stabilizes the complex

by 8.1 kcal mol. This value indicates that the resting state i

stabilized, although substitution of pyridine bykyde is

energetically allowed and the catalytic cycle maycbntinued.

Following path I, a second alkyne can be coordohat¢o the

vacant positioncis to the alkyne ligand with two possible

orientations. These two complexéd) and|-D’, will lead to the
final head-to-tail and head-to-head enynes, resmbgt Due to the

high trans-influenceof the hydride ligand, the alkyne coordination is

very weak. Insertion of the alkyne into the Rh-C basda very
exothermic step and it takes place through thesitian stated-E-
TS andI-E’-TS with activation barriers respect to the restiraest

of 42.2 and 37.3 kcal mio| respectively. Thus, the formation of the

head-to-tail coupling product is more favourables da the lower
energy barrier. The formation of the enynes is deteg by C-H
reductive elimination through Y-shape transitioatas,|-G-TS and
I-G'-TS. The energetic barriers are considerably smdil@n in the
previous step and the overall reaction is highlyte&rmic.
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Figure 4. DFT calculatedAE (in kcal mot) along the energy surface of formation of
enynes through path I. StructurleB to I-H correspond to head-to-tail enynes fRH,
R,=Ph) and structurdsD’ tol-H’ lead to head-to-head enynes €¥h, R=H).
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Figure 5. DFT calculatedAE (in kcal mot) along the energy surface of formation of
enynes through path Il. Structurié to Il-H correspond to head-to-tail enynes R
H, R;= Ph) and structurd&D’ toll-H’ lead to head-to-head enynes £RPh, R = H).

In the hydrometallation pathway the hydride ligamdist be
locatedcis to the vacant site exerting a consideraka@s-influence

o the chlorine ligand. This situation is energatic more

unfavourable than in pathway | and therefore, #lative energies
of II-D andIl-D’ are higher, 14.5 and 11.4 kcal motespectively.
The alkyne insertion into the Rh-H bond occurs thollidE-TS and
II-E’-TS transition states being the calculated activati@mnriers
with respect to the resting state of 29.6 and 34c@ mol?,
respectively. These energies are much more afftedtitan the
alkyne insertion into the Rh-C bond leading to intedmted-F and
I-F’. The transition state structures for the C-C rédoc
elimination also present a Y-shape, typical foryae- reductive
elimination! being the activation energies 25.0 and 17.6 kazdl m
Yfor II-G-TS andIl-G'-TS respectively.

In all cases, the migratory insertion step is higheenergy than
the corresponding reductive elimination step. Tfoeeg the overall
picture shows that regioselectivity and the reactite is controlled
by the alkyne insertion into the Rh-H bond, being barrier for the
head-to-tail arrangement 2.1 kcal maimaller than that for head-to-
head. The molecular geometry of the intermediates teansition
states structures along this pathway are showngiaré 6. It can be



observed that in structurésD andII-E-TS the phenyl group of
coordinated alkyne is parallel to the bulky isopfogubstituents of
the NHC. In fact steric hindrance affects more redtkII-E’-TS

Computational DFT studies support the proposed nméstma
with 2,1 hydrometallation of the alkyne as detefamin for the
selectivity and the rate-determining step. The &igians-influence

thanll-E-TS. Indeed, in structurd-F there are steric interactions of hydride related to alkynyl ligand suggest thatbometalation

between the phenyl group of the vinyl and the isppl groups,

could be kinetically favoured as the alkyne cooatis

which become more important fokG-TS due to the geometric preferentially cis to alkynyl moiety®*®! however, the C-C bond

requirements for the formation of the new C-C balndthis case,
the vinyl ligand must place the phenyl group justoetween both
isopropyl substituents. Therefore, for alkynes witbulky

substituents, the C-C reductive elimination stepugth be very
unfavourable. This finding is consistent with tlaeK of selectivity
found for bulky alkynes, as shown in entries 11 aRaf Table 2.

1

Figure 6. DFT optimized structures and distances (in A)iftermediates and transition
states for alkyne dimerization following pathway I

Conclusions

The catalytic system RhCI(IPffccoe)(py) R)/py efficiently
catalyzed the head-to-tail dimerization of termialidynes. For the
first time for a rhodium catalyst, a varied randg¢esminal alkynes

formation step following this pathway representpper hurdle than
the formation of a C-H bond in the hydrometallationte via a less
stable mutuallyis hydrides-alkyne intermediate.

Further work on the application of this catalytigstem to
cross dimerization reactions and the study of thegitline effect in
related Rh-NHC-promoted addition reactions is cutyembeing
developed in our laboratories.

Experimental Section

All reactions were carried out with rigorous exadus of air using Schlenk-tube
techniques. Alkynes were purchased from commers@irces and were used as
received, except for phenylacetylene that was liddtiunder argon and stored over
molecular sieves. Organic solvents were dried landard procedures and distilled
under argon prior to use or obtained oxygen- an@mfeee from a Solvent Purification
System (Innovative Technologies). The organometattatalysts [Rh(-CI)(IPr)(;*
coe)} (1)B and RhCI(IPr)y>-coe)(py) @)**! were prepared as previously described in
the literatureH, **C{*H} and HSQC'H-'*N spectra were recorded either on a Varian
Gemini 2000 300 MHz, a Bruker ARX 300 MHz, or BrukAvance 400 MHz,
instruments. Chemical shifts (expressed in partsnglion) are referenced to residual
solvent peaks*d, *C{'H}), or external liquid NH (**N). Coupling constants], are
given in Hz. Spectral assignments were achievectdipbination of'H-'H COSY,
BC{*H}-APT and *H-**C HSQC/HMBC experiments. GC-MS analysis were reeord
on an Agilent 5973 mass selective detector intedam an Agilent 6890 series gas
chromatograph system, using a HP-5MS 5% phenyl yhsiloxane column (30 m x
250 mm with a 0.25 mm film thickness).

Catalytic alkyne dimerization reactions. A NMR tube containing a solution of 0.01
mmol of catalyst in 0.5 mL of §Ds was treated with 0.20 mmol of alkyne and 0.1 mmol
of pyridine and heated at 40 °C. The reaction @wass monitored b{H NMR and the
conversion determined by integration of the comesiing resonances of the alkyne and
the products.

In situ preparation of RhCI(IPr)(#%-HC=CCH,Ph)(py) (3). A solution of2 (40 mg,
0.064 mmol) in toluenes (0.5 mL, NMR tube) was treated with pyridine (15, |0.188
mmol) and 3-phenyl-1-propyne (23 pL, 0.188 mmol) 283 K. *H NMR was
immediately recorded at low temperatutid. NMR (400 MHz, toluenads, 233 K): 8

with substituents of different electronic charadtas been converted 840 (d.Jun = 4.6, 2H, Hy,), 7.2-6.9 (11H, ), 6.64 and 6.48 (both dy.n = 1.6, 2H,

into the corresponding 1,3-disubstituted enynes eundhnild
conditions with selectivities higher than 90% in shocases.
Dimerization of alkynes with bulky substituents wasselective and

=CHN), 6.56 (t,Ji = 6.5, 1H, ), 6.14 (dd,Juy = 6.5, 4.6, 2H, H,,), 4.60, 3.59,
3.58, and 2.17 (all seply = 6.7, CHMgyy), 3.52 (br, 1H, HEC), 2.45 and 2.04 (both
d, Jun = 18.2, 2H=CCHy), 2.12, 1.71, 1.28, 1.20, 1.17, 1.16, 1.06, a08 {all d,

gave theE-1,3-disubstituted enynes as the major products TH 6.7, CHMe). “C{’H}-APT NMR (100.5 MHz, toluenes, 233 K):5 182.8 (d Jc-rn

presence of pyridine in the catalytic system ndiy @witches the
chemioselectivity from alkyne cyclotrimerization timerization
but also enhances catalytic activity. Pyridine dimation to the
metallic center prevents cyclotrimerization and b#izes
intermediate species of the catalytic cycle.

The proposed dimerization mechanism involves C-Hrak
oxidative addition, alkyne insertion and reductélenination steps.
Several intermediates participating in the catelgicle have been

=53.4, Rh-G), 151.5 (s, Gpy), 148.0, 147.7, 145.8, and 145.5 (all §,#3, 138.7 (s,
Cypr), 137.6 and 136.0 (both SN0, 135.2 (S, Gpy), 130-122 (CHy), 123.3 and 122.7
(both s, =CHN), 122.4 (s,:Gy), 90.2 (d,Jcrn = 16.4, HEGC), 66.4 (d,Jcrn = 15.8,
HC=C), 31.2 (s=CCH,), 29.2, 28.7, 28.6, and 28.5 (all_s, CHMe 27.0, 25.6, 25.5,
24.5,24.3, 23.7, 22.9, and 22.7 (all s, ChiVle

In situ preparation of RhCI(IPr){ #>-C(‘Bu)=C-(E)CH=CH'Bu}(py) (4). A solution of

2 (30 mg, 0.048 mmol) in toluerdy-(0.5 mL, NMR tube) was treated with pyridine (19
pL, 0.235 mmol) andert-butylacetylene (29 pL, 0.235 mmol) and heated0&t R for

detected, which included Rirzalkyne and/zenyne derivatives, and 2 h (B0 % yield).'H NMR (300 MHz, toluenas, 273 K):5 8.50 (d.J = 5.2, 2H, .

the RH'-hydride-alkynyl species. Coordination of two molkesuof
pyridine aid to the stabilization of hydride-alkyrgtermediates and
exhibits an interesting fluxional behaviour invalgithe dissociation
of a pyridine ligand that has been studied by lemperaturéH,
13C{*H} and **N NMR spectra.

o), 7.4-6.3(Ph, py), 6.53 and 6.49 (bothigy = 2.0, 2H, =CHN), 5.91 (dl = 15.9,
1H, =CHBU), 5.24 (dd )y = 15.9,J4r = 1.2, 1H=CCH=), 4.08, 3.81, 3.49, and 3.37
(all septJup = 6.5, 4H, CHMg), 1.82, 1.81, 1.56, 1.54, 1.19, 1.16, 1.12, a8 fall

d, Jun = 6.5, 24H, CHMg,), 1.09 (s, 9H, =CHCMs), 0.92 (s, 9H=CCMe;). *C{'H}-
APT NMR (75.0 MHz, toluenels, 273 K):5 181.8 (d,Jo.rn = 56.7, Rh-Gy), 152.4 (s,

7



Copy), 148.0, 146.4, 144.3, and 143.9 (all §,43, 143.3 (dJcrn= 1.5, =CHBu), 138.8  [4]
and 138.4 (both s, {), 135-122 (Ph, py), 124.5 and 124. 3 (both s, &EH13.8 (d,
Jorn = 1.5, =CHCMe), 98.6 (d,Jc.rn = 17.8, Rhy?-C(BU)=CCH=), 74.2 (dJcrn =
16.8, Rhy?C(BU)=CCH=) 33.5 (s, =CHCMg, 30.3 (s=CCMey), 29.9 (d,Jc.rn= 1.8,
=CCMe;), 28.7 (s, =CHCMg), 28.7, 28.6, 28.4, and 28.3 (all s, CHMe 26-22
(CHM_QPr)-

In situ preparation of RhCIH{-C=CSi(Me)s}(IPr)(py) 2 (5). A solution of2 (30 mg,
0.048 mmol) in toluenes (0.5 mL, NMR tube) was treated with pyridine (119, 0.235
mmol) and trimethylsilylacetylene (33 pL, 0.235 mijnand heated at 303 K for 2
(T45 % vield)*H NMR (400 MHz, toluenal, 223 K):5 9.35 and 9.29 (both dys = 1)
5.2, 2H, Hpy), 8.76 (d,Jun= 5.4, 2H, H.pya), 7.41 (M, 2H, Ky, 7.20 (d,Jun = 7.2,

4H, Hypp), 6.90 and 6.67 (both dy.y = 1.7, 2H, =CHN), 6.72 (overlapped.fjh),

6.43 (t,dun = 6.5, 2H, Ky, 6.41 and 6.27 (both ddyy = 6.3, 5.2, 2H, Kpy), 6.08

(dd, Jun = 6.5, 5.4, 2H, Ky, 3.93, 3.89, 3.84, and 3.65 (all septy = 6.5, 4H,  [7]
CHMeyp,), 1.78, 1.76, 1.56, 1.53, 1.23, 1.19, 1.10, a8 Xall d, Ju.n = 6.5, 24H,
CHMep,), 0.43 (s, 9H, Kwe), -16.47 (d,Jrnn = 21.6, 1H, Rh-H)=C{*H}-APT NMR
(100.5 MHz, toluenads, 223 K): § 174.9 (d,Jcrn = 51.5, Rh-Gy), 153.1 (S, Gpyd),

151.3 and 151.0 (both s, §), 147.5, 146.6, 146.2, and 145.8 (all §,#3, 139.3 (d,

Jrnc = 51.3, Rh-EC), 139.6 and 137.5 (both s¢M), 135.2 (S, Goyds 134.7 (S, Gy

129.5, 127.9, 124.8, and 122.3 (all $)C124.4 and 123.5 (both s, =CHN), 122.6,
122.5, and 122.4 (all 5,,Gy), 104.0 (dJrnc = 9.7, Rh-GC), 28.8, 28.6, 28.4, and 28.1 [8]
(all' s, CHMepy), 26.7, 26.2, 26.1, 25.7, 24.2, 23.4, 23.1, an@ 22l s, CHMeg,), 2.21

(S, Gsive)- °N-"H HMQC (53 MHz, Toluenes, 223 K):5 318.3 (free py), 278.5 (),

273.2 (py.2), 256.5 (Nya), 196.1 and 191.2 (IPr), 192.5 (IR),

L\ [9]

[5]

=

Computational details. The geometry of all structures has been optimizét the
G09 program packaffeat the DFT level using the B3LYP approximaffbnombined
with the 6-31G(d,p) basis set for H, C, N, Cl, adidatomé* and the SDD pseudo- [10]
potentiaf® for Rh. The nature of the stationary points hasnbeonfirmed by frequency
analysis and intrinsic reaction paths have beecettaconnecting the transition

structures with the respective minima. [11]
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