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ABSTRACT: The mechanism of the dimerization of terminal
aryl alkynes promoted by [{RuCl(u-Cl)(#°-p-cymene)},](1)/
AcOH, under cooperative transition metal/Bronsted acid
catalysis, has been investigated with regard to (i) the activation
of the dinuclear ruthenium complex and (ii) the catalytic
formation of the trans-1,4-diaryl-1,3-enyne products, by a
detailed kinetic investigation of both processes. Complex 1 is
subject to a slow solvolytic process in neat acetic acid or is
transformed rapidly in the presence of sodium acetate to form
the monomeric ruthenium(II) acetato complex [RuCl(1®-p-
cymene)(OAc)]. The latter is the active catalytic species
promoting the alkyne dimerization process, via initial 7-alkyne
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coordination and intramolecular C—H abstraction by the acetate ligand, as key steps of the catalytic cycle. The presence of
additive acetate salts allows for the reaction to proceed at room temperature with short reaction times and high trans/cis
stereoselectivity, thus rendering this catalytic system among the most active and selective procedures for the dimerization of
terminal alkynes in a protic medium. The linear coupling of three molecules of phenylacetylene affords an organometallic
ruthenium complex featuring a butenynyl ligand which has been characterized by X-ray crystallography.

B INTRODUCTION

The dimerization of terminal alkynes promoted by transition-
metal complexes has gained increasing interest as a potential
synthetic tool for the preparation of conjugated enynes.' In the
past decade the intrinsic limits of the reaction due to the variety
of possible chemo-, regio-, and stereoisomeric products have
been progressively overcome with the development of selective
catalytic systems.” As a result, synthetic applications of the
process have also appeared, in particular in the field of materials
with optoelectronic properties.”

Ruthenium(II) complexes have emerged among the most
active and selective catalysts,"* allowing for reactions even in
protic and aqueous media.’ In this context we previously
reported that the complex [{RuCl(u-Cl)(1%-p-cymene)},] (1)
dissolved in acetic acid generates in situ a catalytic system able
to promote the dimerization of terminal aromatic alkynes at
room temperature, thus affording the coupling products trans-
ArCH=CHC=CAr with high selectivity of the double bond.’
Under analogous conditions, aromatic diynes can be trans-
formed into polyaddition oligomers or polymers, as fluorescent
materials soluble in organic solvents (Chart 1).>*” The
robustness of the catalytic system based on 1 in AcOH allows
for the C—C coupling process to be performed in one pot after
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Chart 1. Dimerization of Terminal Alkynes Promoted by
[{RuCl(u-Cl) (55-p-cymene)},] (1) in Acetic Acid
1/AcOH

_—
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desylilation of (trimethylsilyl)arylacetylene substrates
(Me;SiC=CAr) under either basic or acidic conditions.®
Moreover, the hexamethylbenzene ruthenium dimer [{RuCl(u-
C)(7°-C¢Meg)},] (2) promotes the synthesis of enynes with
high efficiency and trans selectivity in the mixed aqueous
medium AcOH/H,0.

Interestingly, during the course of these studies it was
observed that the presence of acetate salts in the reaction
mixture provided significant rate enhancements.”” This
evidence might account for the generation of acetate ruthenium
complexes, which are presumably involved as catalytic

1/AcOH

|
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intermediates facilitating the coupling process. Similarly, in the
field of palladium- or ruthenium-catalyzed arylation or
alkylation of substituted arenes, a base-assisted deprotonation
of the C—H bond has been recognized to be crucial in the
formation of active cyclometalated intermediates.'® Relevant
synthetic applications, which have recently been extended to
the annulation of internal alkynes,11 rely precisely on the
carboxylate ligand acting as an intramolecular base for the C—H
deprotonation step, resulting in a variety of C—C and C—Het
coupling products. Regarding terminal alkynes, the stoichio-
metric z-alkyne to acetylide and then vinylidene trans-
formations in the coordination sphere of acetato ruthenium(II)
complexes have been documented,'> whereas specific evidence
of carboxylate assistance to the dimerization reaction has been
reported for a palladium catalyst."” In the latter case, it was
found that the carboxylate anion plays an important role in
switching the dimerization from head to head to head to tail
coupling.

In light of the intriguing effect of acetate salts in the
dimerization of terminal alkynes promoted by 1/AcOH and of
related processes of interest in the area of C—H functionaliza-
tion, we wished to understand the effect of the carboxylate
ligand on a more sophisticated level by investigating both the
formation of the catalytic species from the precursor complex 1
and the catalytic alkyne dimerization. Accordingly, we have
carried out a kinetic study for both reaction phases. The kinetic
experiments and analysis have allowed us to draw a detailed
mechanistic picture of the catalytic system in action, including
the solvolysis of the ruthenium dimer into monomeric acetato
species and the effect of the alkyne structure and of acetate
additives in the C—C coupling process. The formation and X-
ray structural analysis of a complex involving a trimeric alkyne
ligand are also described.

B RESULTS AND DISCUSSION

Activation Stage. The complex [{RuCl(u-Cl)(3°p-cym-
ene)},] is electronically and coordinatively saturated and hence
a poor candidate for productive interaction with an organic
substrate. The transformation into a monomeric species can
therefore be regarded as crucial for the expression of catalytic
activity and can be postulated according to the equilibrium
outlined in eq 1, derived from the interaction of 1 with the
protic solvent. Along this line, we have investigated the
behavior of complex 1 by UV—vis spectroscopy. The spectrum
(Figure S1 in the Supporting Information) of a freshly prepared
solution of complex 1 in AcOH (A, 340 and 438 nm; &,35 =
1706 M~ cm™) is similar to the spectrum in dichloromethane
(Amax 268, 338, 448 nm; £,5 = 2432 M cm™), the only
appreciable difference being a small red shift of the absorption
band in the visible region (A4 = 10 nm). Since ligand exchange
phenomena with solvent molecules or dissociative processes in
dichloromethane are unlikely, it can be deduced that complex 1
in acetic acid remains essentially in its dinuclear form.

[{RuCl(u-C1) (°-p-cymene)},] + 2AcOH

2 2[RuCl(OACc)(17°-p-cymene)] + 2HCI W
3 1

However, when the same solution was monitored over a time
scale of several hours, the spectrum of 1 changed slightly,
exhibiting an appreciable decrease of absorbance of the
maximum at 340 nm, along with a very moderate increase at
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310 nm, thus indicating that 1 is subject to a slow
transformation by interaction with acetic acid. In search for
evidence that the small changes observed may be related to the
formation of complex 3 (eq 1), the spectrum of 1 was also
recorded in the presence of sodium acetate, at room
temperature. In this case, the spectral features of 1 exhibited
a dramatic change, indicating the formation of a new species.
Figure 1 shows the spectrum of the ruthenium dimer in acetic
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Figure 1. UV—visible spectra of complex [{RuCl(u-Cl)(n%p-
cymene)},] (1; 0.106 mM, red trace) in acetic acid and of the same
solution after addition of sodium acetate (10.6 mM, blue trace), at 20
°C.

acid (red trace) and that obtained upon addition of sodium
acetate (100 equiv, blue trace), shortly after mixing. The
resulting spectrum matched with that of an authentic sample of
the acetate complex 3, characterized by red shifts of the
absorption bands in the visible region (4,,,, 306 and 417 nm;
£4, = 1180 M~ cm™!) with respect to those of the dimer 1.
Since further changes were not observed upon monitoring the
solution over a period of a few hours, the reaction of complex 1
with sodium acetate under the above conditions can be
regarded as quantitative, as outlined in eq 2. The trans-
formation is characterized by the disappearance of the band at
340 nm of 1 and a moderate absorbance increase at 310 nm, in
line with the small changes observed for the solution of 1 in
neat AcOH.

[{RuCl(u-C1) (1°-p-cymene)},] + 2NaOAc
1

— 2[RuCl(OACc)(17°-p-cymene)] + 2NaCl
3 )
On the other hand, it is already known that arene
ruthenium(II) dichloride dimers are transformed into carbox-
ylate complexes when they are heated in a solution of acetic
anhydride and carboxylic acid'* or by reaction with metal
carboxylates. In particular, [RuCl(x*-OAc)(#°-p-cymene)] (3)
was prepared from the reaction of 1 with sodium acetate in
dichloromethane or in methanol at ambient temperature.'’
Since the UV—vis experiments indicate that the trans-
formation of 1 into the monomeric species 3 occurs rapidly in
the presence of an acetate salt (eq 2) or occurs at a much lower
rate in acetic acid only (eq 1), we proceeded to obtain rate data
for the reaction in both cases. As the alkyne dimerization
promoted by 1 proceeds in either the absence or presence of
the acetate cocatalyst, any derived information can also be of
interest for the C—C coupling process itself.
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The reaction in neat AcOH was monitored at different
temperatures upon following the decrease of absorbance at 340
nm; values of observed rate constants (k,,,, s™') were obtained
using the method of the initial rates from data obtained in the
range from 0 to 15% reaction and are reported in Table 1.

Table 1. First-Order Rate Constants for the Conversion of
Complex 1 (Eq 1) in Neat AcOH”

entry T (°C) kops (s71)
1 29.2 12 x 107°
2 41.6 4.5 % 107¢
3 53.8 23 % 107°
4 63.8 7.5 X 107°

“[1] = 1.0 X 107* M. A = 340 nm.

A least-squares fitting procedure of these rate data according
to the Eyring equation affords the activation parameters AH* =
25.3(+0.4) kcal mol™ and AS* = —2.4(+1.1) cal mol™' K™
(Figure S1S in the Supporting Information).

The rate of formation of complex 3 from 1 was then
investigated in the presence of different concentrations of
NaOAc. The changes of absorbance at 340 and/or 450 nm
were followed using a stopped-flow apparatus for the
measurements at [NaOAc] > 0.5 mM, under pseudo-first-
order conditions, and by the initial rates method for the
measurements in the lower concentration range. The kinetic
analyses afforded the values of observed rate constants (kg
s!) reported in Table 2.

Table 2. Observed Rate Constants for the Reaction of
Complex 1 with NaOAc in Acetic Acid at 25 °C

entry [NaOAc] (M) [Bu,NCI] (mol L") kops (7))
1 20 % 1078 0.045”
2 1.0 x 107 0.17°
3 5.5 % 107 0.42¢
4 1.1 x 1073 0.38¢
S 1.1 x 1072 0.44¢
6 5.5 % 1072 0.42¢
7 2.0 x 1078 0.25 0.039°
8 2.0 x 107° 0.50 0.028°
9 2.0 x 1078 0.75 0.021°
10 20 x 107° 1.00 0.012°

“+15%. The experimental uncertainty is also shown in Figure 2 as
error bars. “Values obtained by the initial rates method. “Values
obtained under pseudo-first-order conditions ([1] = (0.1-1.0) X 107*
M).

Comparison of the data in Tables 1 and 2 confirms the
dramatic rate difference for the reaction in neat acetic acid or in
the presence of acetate. In the latter case, the kg, values are
dependent on acetate in the lower concentration range while
they tend to level off toward an asymptotic value for [NaOAc]
> 0.5 mM, as shown in the plot of Figure 2. This evidence
seems to exclude a rate-determining attack of AcO™ to the
ruthenium dimer, which should exhibit linear dependence on
concentration of the nucleophile. Since ligand and in particular
chloride dissociation in polar solvents represents a key step in
both stoichiometric or catalytic reactions of octahedral
ruthenium(II) complexes, a mechanism based on solvent-
assisted ruthenium—chloride bond breaking in 1 with release of
Cl™ and formation of the solvated cationic intermediate [1 —

3832

0,3

0,2

0,1

6 8 10 12
[NaOAc], mm L'

Figure 2. Observed rate constants (+15%) vs concentration of sodium
acetate in the conversion of 1 into 3. The data points are from Table 2,
and the curved line represents the best fit with eq 6.

ClI7] (1*) is a likely pathway (eq 3). The rapid attack by acetate
or by AcOH to 1" and the subsequent breakdown of an acetato
complex (1*AcO™) yield monomeric species of type 3 (eqs 4
and 5; L = n°p-cymene).

kl _
1-(AcOH), = (1*)-(AcOH), + CI

. 3)
+ _ Ky + _ AcO
I + AcO = I"AcO — 2[RuCI(OAc)L] @)
-C
+ k," + _ AcOH
1" + AcOH — 1"AcO" —— 2[RuCI(OAc)L]
—H* —HCl ()

By assuming formation of the solvated intermediate 1* under
steady-state conditions, the derived rate expression of this
mechanism is given by eq 6.

kik,[AcO™]
k_,[CI"] + k,[AcO]

k =
obs ( 6)
Accordingly, the k, values exhibit dependence on [AcO~]
in the lower concentration range (Figure 2), where the terms
k_,[CI"] and k,[AcO~] may be comparable in size, whereas the
rate expression reduces to kg, = k; under the conditions that
k_,[CI"] < kJ[AcO~], in agreement with the observed
saturation behavior at high [AcO~]. A large value of k,/k_, is
also a reasonable expectation, since the competition between
acetate and chloride for the intermediate should favor the more
basic species. The best fit with a nonlinear least-squares
procedure of the data points from Table 2 to eq 6 gives the
limiting value of k; = 0.47 + 0.06 s~', which should represent
the rate constant of chloride dissociation from complex 1. The
linear version of eq 6 yields the interpolated value of k; = 0.55
+ 0.1 s7' (eq 7), in reasonable agreement with the nonlinear
best fit analysis (Figure S13 in the Supporting Information).
1 k[Cl]

=———*
ke  kiky[AcO]

1
ky (7)

One alternative to the purely dissociative mechanism of eqs 3
and 4 that is compatible with the rate data of Table 2 can be
described in terms of a rapid pre-equilibrium between complex
1 and acetate (K, eq 8) to give the outer-sphere complex 1-

AcO™. Exchange of chloride with acetate in the rate-
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determining step (k,, eq 9) is then followed by rapid evolution
into monomeric complexes.

K

1+ AcO 2 (1-AcO) (8)
kl — —_

(1-AcO7) = 1"AcO™ + CI )

Equation 10 represents the derived expression for this
mechanism, and it is similar to the Michaelis—Menten
equation.

Kk,[AcO™]
1 + K[AcO ]

obs ( 1 0)

In both mechanisms, chloride dissociation is involved in the
rate-determining step, either directly from dimer 1 to yield the
cationic species 1* (eq 3) or within the molecular complex (1-
AcO7) to give 1*AcO™ (eq 9). In octahedral ruthenium(II)
complexes, chloride dissociation is commonly a key step in
both stoichiometric or catalytic reactions,'” and chloride
substitution reactions often proceed by dissociative mecha-
nisms."*

Though the mechanisms depicted by eqs 6 and 10 are
indistinguishable on the basis of the kinetic data in Table 2
(entries 1—6), additional experiments performed at constant
[NaOAc] in the presence of tetrabutylammonium chloride
clearly indicate a modest rate suppression as a function of
[Bu,NCIl] (Table 2, entries 1 and 7—10, and Figure S14 in the
Supporting Information). This evidence suggests that an excess
of chloride ions in solution may influence and shift the
equilibrium in eq 3 by a mass balance effect, thus reducing the
concentration of intermediate 1*. The analysis of these data in
terms of eq 7 and the corresponding linear plot of 1/ky, vs
[Bu,NCl] affords the value k; = 0.54 + 1 s™* from the intercept
and the ratio k_;/k, = [5.0(£1.5)] X 107* from the slope, in
agreement with the previous considerations.

The mechanism for the reaction in neat acetic acid can also
be discussed in similar terms, but with the presence of the
solvent molecules instead of acetate ions, according to eqs 3
and 5. The value of the activation entropy close to 0 is
consistent with a rate-limiting dissociative step (eq 3) being
accompanied by extensive solvation of the derived ions. A
unifying picture of the solvolysis of complex 1 is represented in
Scheme 1.

Dimerization Reaction of Arylacetylenes Promoted
by Complex 1. The dimerization of phenylacetylene catalyzed
by 1 was followed in situ by '"H NMR using CD;CO,H as
solvent at different catalyst loads and temperatures. Reaction
profiles for the transformation of 4a at 29 °C upon varying [1]

Scheme 1. Mechanism of Acetolysis of Complex 1

o

+ CI-
ko
# 0 ——= o -
+ 2 Ru
NaOAc (- NaCl) /
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are shown in Figure 3. Relevant data obtained from these
experiments, including yield of trans-enyne Sa and stereo-
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Figure 3. Dimerization of phenylacetylene (4a, circle) followed by 'H
NMR in CD;CO,H, yielding trans-PhCH=CHC=CPh (5a, square)
in the presence of [{RuCl(u-Cl)(5#°-p-cymene)},]. Conditions:
amount of 1 (mol %) 8.4 (gray), 4.4 (blue), 2.0 (red); 29.2 °C.

Table 3. Dimerization of Phenylacetylene in the Presence of

[{RuCl(u-Cl1)(5-p-cymene)},] in CD3C02H"

AcOH

entry 1(%) T (°C) 8" (%) kg s’ (M s“) G
1 2.0 29.2 36 1.5 X 1072 9.4 x 107*
2 4.1 292 83 1.6 X 1072 1.0 x 1073
3 8.5 29.2 76 1.9 x 1072 1.3 x 1073
4° 43 292 38
5 4.4 41.6 82 9.4 x 1072 23 %1073
6 4.1 53.8 83 0.13 6.0 x 1073
7 44 63.8 85 0.31

“[4a] = 0.180 mol L™". *Estimated percent conversion of 4a to Sa on
the basis of 'H NMR data (£6%). “Sa:Sb = 97:3. 9+15%. “In
CD,CO,D. /Determined by GC-MS.

isomeric trans/cis ratio, are reported in Table 3. Appreciable
amounts of the gem isomer were not observed under these
conditions. The best compromise between activity and catalyst
load was obtained with 4 mol % of 1, giving rise to a near 80%
calculated yield of enyne, while the reaction was sluggish with 2
mol % and no useful changes were found using 8 mol % of the
complex (Table 3, entries 1—3). Yields of enyne product and
stereoselectivity (Sa:Sb = 97:3) did not change appreciably at
different temperatures.

When the run was performed in CD;CO,D, the conversion
of phenylacetylene was accompanied by concomitant H-D
exchange in the terminal triple bond and the enyne product was
only observed in the 'H NMR spectrum as traces of PhC=
CCH=CDPh. The major component PhC=CCD=CDPh
(5a-d,, 38%) was detected along with PhC=CD (4a-d,, 43%)
by GC-MS analysis, upon workup of the reaction mixture
(Table 3, entry 4). Such a decrease in activity can be related to
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the different proton-donor strengths of acetic acid and acetic
acid-d), the pK, value of the medium changing from 4.74 to
5.35,"” and agrees with the presence of proton transfer steps in
the catalytic cycle. In this respect, the role of the proton donor
from either the terminal alkyne or the medium is well-known
for alkyne dimerization reactions, including effects on the cis/
trans stereoselectivity or the switch to a different process.”

Inspection of the plots in Figure 3 evidence that the
disappearance of the substrate (4a, O) and the formation of the
enyne trans-PhCH=CHC=C-Ph (Sa, []) follow a sigmoidal
pattern, suggesting that the dimerization reaction is slower in
the early stages due to the buildup of active catalytic species. By
taking into account the results described in the previous
section, it seems reasonable to assume that the observed
activation stage is the consequence of the slow formation of
species of type [RuCl(OAc))(5%-p-cymene)] (3) from the
chloride complex 1.

On these bases, we have performed a detailed kinetic analysis
of the process initiated by the dimer 1, with the intention to
recognize different contributions to the overall reaction profile
and, ultimately, express the role of the various components.
The formation of Sa from the experiments performed at 29, 42,
and 54 °C in the presence of 4.4 mol % of 1 is represented
graphically in the concentration/time plots of Figure 4. As a

0.10 4
53:89C

[5a] (M)

0.00 4% . . ;

0 20000 40000 60000

time (s)

Figure 4. Dimerization of phenylacetylene 4a in the presence of 1
(4.4%) in AcOH at different temperatures (29.2, 41.6, 53.8 °C). The
solid lines represent the fitting of the experimental data points to eq 16
or 18 as red or black lines, respectively.

first approximation, the process can be analyzed in terms of
generation of the mononuclear species 3 from complex 1
(activation stage, eq 11) and conversion of the substrate into the
product upon catalysis by 3 (dimerization, eq 12).

k
complex 1 — 2 complex 3

(11)

kcat3
4a(alkyne) —> 1/2 5a (12)
The two reactions are assumed to follow the kinetic

expressions represented in eqs 13 and 14, where k; is the rate
constant for the solvolysis of complex 1 to yield 3 and k., ;3 is
the rate constant for the reaction catalyzed by the active species
3. The rate equation (14) implies that the reaction is first order
in alkyne and first order in complex 3, corresponding to
pseudo-first-order conditions upon assumption that [3]
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remains constant during the catalytic cycle. On the other
hand, a second-order rate dependence on alkyne concentration,
and hence the use of a quadratic term ([alkyne]?) in eq 14, is
not compatible with the observed kinetic plots, which tend to
level off to saturation values of the enyne concentration, as is
typical of first-order reactions. The substitution of [3] in the
integrated expression resulting from eq 14 yields eq 15, where
[1], is the initial concentration of the ruthenium dimer 1.

% = 2k[1] )
d[ds:‘] = ke 5[3][alkyne] "
-] (1 - el -
Rearrangement and integration of eq 15 affords eq 16.

[sa] = @(1 _ ezkm,smﬂ(l/ks—t—1/k5e*ks’>) )

The values of k, are the observed rate constants (k_,,) which
were obtained independently at the same temperatures (Table
1) and were used as known quantities to fit the kinetic data by a
nonlinear least-squares procedure. Fitting of the data points
with this equation was not satisfactory (Figure 4, red lines).
Upon taking into consideration various options, we have tested
the possibility that the original complex 1 may also give a minor
contribution to the catalysis and so have extended eq 16 to
include a rate constant for the alkyne dimerization catalyzed by
the dinuclear species (k. ;). Integration of the resulting
equation (17), which can be considered a more general
expression of eq 16, gives eq 18.

d[4a] _ _
—a =2k 5[1](1 — ¢ kst)[4a] + kcat_l[l]oe k‘t[4a]
(17)
[5a] = [4a], (1 = et slilo(1/k=t=1/k™) k(110
2
(18)

In this case, k. ; and k. 3 were treated as the only
adjustable parameters. The least-squares procedures gave the
fittings shown in Figure 4 in black, and the corresponding
values of the best-fit parameters are given in Table 3.

Equation 18 expresses that the contribution of complex 3
becomes increasingly larger at longer reaction times due to the
buildup of this species at the expense of complex 1. It is worth
mentioning that the data points for either formation of the
enyne or disappearance of the alkyne, upon exclusion of those
at initial ~15% reaction, give acceptable fits with the first-order
rate equation and, accordingly, linear plots of In[4a] vs time
(Figures S18 and S20 in the Supporting Information).

This situation, in agreement with eq 14, indicates,
unexpectedly, that the reaction is first order with respect to
the terminal alkyne, instead of second order, in spite of the fact
that the overall reaction involves 2 mol of 4a (this is confirmed
by consistent deviation from linearity in plots of [4a]™" vs
time). The dimerization of phenylacetylene has been indeed
found to be second order in alkyne when it is catalyzed by
either a cationic tris(u-hydroxo)diruthenium(II) complex™ or
by a (NHC)platinum(0) complex.”® The only reasonable
explanation of this experimental evidence in the catalysis by 1/
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AcOH is that only one alkyne molecule is involved in the rate-
determining step (rds) and that the other alkyne partner enters
the catalytic cycle in subsequent rapid events. In fact, every
substrate or reagent becoming part of a reaction sequence at a
stage subsequent to the rds does not affect the rate of the
reaction and gives no contribution to the overall reaction order.
When the reaction was performed in the temperature range
29—64 °C, the Eyring plot derived from the rate constants for
the disappearance of 4a gave the following values of activation
parameters AH¥ = 14(+3) kecal mol™! and AS* = —19(+8) cal
mol™' K™! (Figure S16 in the Supporting Information). The
negative value of entropy of activation suggests an associative
bimolecular rate-limiting step.

The dimerization promoted by 1 was then studied for
arylacetylenes RC(H,C=CH featuring different ring substitu-
ents: i.e., R = p-OMe (4b), m-F (4c), p-CF; (4d), p-NO, (4e).
The reactions were performed at 29 °C in CD;CO,H and
followed by 'H NMR, using the methodology and analytical
treatment just described for 4a. The conversion of each alkyne
at approximately 4 half-lives of reaction, the corresponding
yield of the trans-enyne product, the stereoisomeric ratio, and
the k_, ; values derived from fitting of the data points to eq 18
are reported in Table 4. The formation of the enyne is clearly

Table 4. Dimerization of RCqH,C=CH in the Presence of
[{RuCl(u-Cl1)(7°-p-cymene)},] in CD;CO,H, Obtained by
'H NMR”

conversn of 4 (%) (5 kot 3;
(%))? (10° M s7")

entry R trans:cis
1 p-MeO 91 (91) 96:4 0.080
2 H 81 (79) 97:3 0.016
3 m-F 52 (48) 94:6 0.0085
4  pCF, 76 (68) 93:7 0.0020
5  o-CF 75 (12)¢ >99:1
6 p-NO, 88 (—)° 96:4

“Conditions: [alkyne] = 0.18 M; 1, 4.2 mol %, 29.2 °C. bEstimated
percent conversion into $ (trans + cis) on the basis of 'H NMR data
(£5%). “+15%. “Likely formation of polyacetylenes. “Precipitation of
the product Se in the NMR tube hampered evaluation of conversion
into enyne and rate data.

disfavored in the presence of an electron-withdrawing group
(CF;) in an ortho position (Table 4, entry 5). A plot of k., 3 vs
the Hammett ¢ values for the rest of the substituents, except
NO,, is shown in Figure 5.*'
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Figure S. Hammett plot for the dimerization of aryl alkynes
RC4H,C=CH in the presence of complex 1 in CD;CO,H at 29 °C.
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The rate dependence on the substituent electronic effect
corresponds to a reaction parameter p = —1.8(£0.3), indicating
that increasing electron density of the triple bond favors the
reaction.

Dimerization Reaction of Arylacetylenes Promoted
by Complex 1/Metal Acetate. To find additional evidence
for the activity of the ruthenium acetate complex as proposed in
the previous section, an isolated sample of complex 3 was
tested as a catalyst in the reaction of phenylacetylene. The time-
dependent reaction profiles shown in Figure 6 highlight the
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Figure 6. Dimerization of phenylacetylene (4a, circles) in CD;CO,H
(29 °C), yielding trans-PhCH=CHC=CPh (Sa, squares) in the
presence of complex [{RuCl(u-Cl)(5-p-cymene)},] (1, 8.4 mol %) or
[RuCl(OAc) (1®-p-cymene)] (3, 10.2 mol %).

remarkable rate difference observed upon using dimer 1 or the
preformed acetate complex. In the latter case, both rapid
conversion and absence of the induction period are evident
effects. Treatment of the data points of [Sa] vs time with the
first-order rate equation gives a value of observed rate constant,
kops = 1.9 X 107* s7! corresponding to k. 3 = 0.011 M~ s7*
(Table S, entry 1), which is comparable with the best-fit
parameters calculated from eq 18 for the reaction initiated by 1
(Table 3, entries 1—3).

The rapid transformation of the dimeric complex 1 into 3
upon addition of sodium acetate to the acetic acid solution and
the remarkable catalytic activity of [RuCI(OAc)(r°-p-cymene)]
(3) suggest that the in situ generation of active catalytic species
may represent a viable procedure based on the use of
commercially available materials. Preliminary information in

Table 5. Dimerization of p-RC{H,C=CH in the Presence of
[{RuCl(u-C1) (5°-p-cymene)},]/MOAc in CD;CO,H

alkyne lor3 kc_ai_{i
entry R) (mol %) M 7, (m) M'sT)  transcis
1 4a(H) 3 (10) none 60 0.011 >99:1
2°  4a (H) 1(84)  none 480 0.019 97:3
3 4a(H) 1(27) Li 94 0.012 98:2
4 4a (H) 1(27) Na 56 0.021 99:1
57 4d 1(37) Na ~6 e >99:1
(CF;)
6! 4d 1(37)  none 148 0.0029 94:6
(CFs)

9415%. “alkyne] = 0.18 mol L™, 29 °C. “[alkyne] = 0.18 M, MOAc
= 1 equiv, 27 °C, ke 3 = kape/ (2 X [1]). 936 °C. “Poor kinetic fit.
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this respect was already obtained when the one-pot
desilylation/dimerization procedure was developed® or when
the dimerization of substituted arylalkynes (R = p-OMe, p-
CHO, p-NO,) catalyzed by the hexamethylbenzene complex 2
in the aqueous medium AcOH/H,O was studied.’

We have tested the reaction in the presence of complex 1 and
an acetate source for selected cases. In a typical procedure, an
acetate salt was used in an equimolar amount with the substrate
and so in large excess with respect to the ruthenium dimer, in
order to ensure displacement of eq 2 to the right. For the
analysis, the quantitative transformation of complex 1 into two
molecules of 3 (eq 2) was assumed. Conditions and kinetic data
of the experiments described in this section are reported in
Table S.

The kinetic profiles for the reaction of phenylacetylene in the
presence of two different acetate salts are shown in Figure 7. It
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Figure 7. Dimerization of phenylacetylene (4a, circles) yielding trans-
PhCH=CHC=CPh (Sa, squares) in the presence of complex (1, 2.7
mol %) and either lithium or sodium acetate (1 equiv), in CD;CO,H
at 27 °C.

is remarkable that convenient reaction times are now accessible
upon using less than 3 mol % of ruthenium dimer near room
temperature, with trans/cis selectivity larger than 99%. The
conversion into the enyne remains in the proximity of 80%, as
in the case of the reaction initiated by complex 1 alone. Thus,
improved catalytic activity affects the rate but not the reaction
yield, as is implicit in the concept of catalysis. The plots in
Figure 7 and the data in Table 5 indicate a moderate
dependence of the reactivity on the nature of the countercation
(Na vs Li), which is worthy of further analysis upon
examination of different acetate salts.

The activity of the catalytic system 1/NaOAc was also
evaluated for the case of the deactivated alkyne 4d (R = p-CF;).
The cocatalyst sodium acetate brings to completion the
transformation into the corresponding trans-enyne in less
than 1/2 h (calculated yield: 82% at 30 min), with
approximately a 20-fold rate increase with respect to 1 alone
and improved stereoselectivity (Figure 8 and Table 5, entries S
and 6).

Whereas 1-octyne is inert in the 1/AcOH mixture even at
high temperature (80 °C),** the reaction performed in the
presence of sodium acetate (l equiv) at room temperature
afforded a mixture of cis-, trans-, and gem-enynes and a
consistent amount of an organometallic derivative, not yet
identified. A convenient extension of the catalytic system 1/
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Figure 8. Dimerization of p-CF,C¢H,C=CH (4d, 0.18 M, open
circles) yielding Sa (squares) catalyzed by 1 (red) or by 1/NaOAc
(blue), in CD;CO,H at 36 °C (1, 3.7 mol %; NaOAg, 1 equiv).

AcOH/NaOAc to aliphatic alkynes requires further inves-
tigation.

Formation and X-ray Structure of a 4-Alkynyl-n*-
dienyl Complex. This section explains that an organometallic
ruthenium complex different from 1 and 3 is formed in the
course of the reaction. Under preparative conditions, treatment
of phenylacetylene (2.0 mmol) with complex 1 (2.5 mol %)
and sodium acetate (0.5 equiv) for 24 h at room temperature
afforded the enyne S (trans:cis = 98:2) in 73% isolated yield,
after workup and purification by column chromatography
(silica/DCM) (Scheme 2). Further elution with increasing
polarity of the eluent (DCM/acetone 1/1) forced the
separation of a dark red band, which was collected to give a
red solid.

Scheme 2. Dimerization of PA\C=CH Promoted by 1/
NaOAc in Acetic Acid

1 (2.5 mol%) Ph
# NaOAc (50 mol%)
Sl
AcOH I
n,22h Ph

5 73%

4a trans:cis = 98:2

10 7%

Spectroscopic and analytical data of this material were
consistent with the structure of a 7’-hexa-1,3-dien-5-yn-3-yl
complex, namely {Ru(7°-p-cymene)Cl[#*-(E,Z)-PhCH=
CHC=C(Ph)C=CPh]} (10), in which the organic ligand is
derived from the formal coupling of three molecules of alkyne.
Characteristic spectroscopic features of this complex are as
follows: (i) the v(C=C) absorption band in the infrared at
2201 cm’, indicating that the triple bond is not bound to
ruthenium, (i) the hydrogen atoms of the p-cymene ligand
exhibiting in the 'H NMR spectrum four distinct doublets
(*Jy_u = 5—6 Hz, 5.8—4.6 ppm), due to nonequivalency, (iii)
the vinylic protons of the n*-allyl group appearing as an AX
system (*Jy_y = 11 Hz) within the same range, and (iv) the
BC{'H} NMR signal at 179.9 ppm corresponding to the C3
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carbon, o-bound to ruthenium (Figures $22—S25 in the
Supporting Information).

The formation of 10 accounts for 7 mol % of the starting
alkyne and 50 mol % of ruthenium from complex 1. When it
was tested under catalytic conditions, complex 10 allowed for a
sluggish conversion of phenylacetylene. It can therefore reenter
the catalytic cycle, though with poor efficiency. One likely
pathway for the formation of 10 involves 7 coordination of the
enyne Sa through the internal triple bond and insertion into an
acetylide—ruthenium bond, as an effect of product competition
for the catalytic species.” The molecule is analogous to the
corresponding m-trifluoromethyl complex isolated after the
one-pot desilylation/dimerization of m-CF;C,H,C=CSiMe,
catalyzed by 1. In that case, the reaction mixture contained
excess sodium acetate due to quenching with acetic acid of the
aqueous NaOH solution of the first step.®

A similar Cp* n’-butadienyl complex, [Ru(7*-CsMe;)-
(PPh;){>-.PhCHCHC=CHPh(C=CPh)}] (11), featuring
the same organic ligand as in 10, was isolated in traces from
the dimerization of 4a promoted by a vinylidene complex in
NEt,/DCM.”* Complex 11 was also prepared independently
from the reaction of the vinylidene [Ru(;>-CsMe;)(PPh;)Cl-
(C=CHPh)] with phenylacetylene in the presence of NaOMe
or isolated as an impurity in the course of transformations of
[Ru(#7°-CsMe;) (PPh,),(C=CPh)].** Apparently, the forma-
tion of similar complexes with trimeric alkyne fragments is
favored under different conditions.

The structure of complex 10 was determined by single-crystal
X-ray diffraction analysis, from crystals obtained by slow
evaporation of a chloroform solution. The ORTEP type
representation of the complex is shown in Figure 9, and
selected bonding data are collected in Table 6.

Figure 9. Molecular structure and atom-labeling scheme for {Ru(#-p-
cymene)Cl[#*-(E,Z)-PhCH=CHC=C(Ph)-C=CPh]} (10). Hydro-
gen atoms have been omitted for clarity. Non-hydrogen atoms are
represented by their 50% probability ellipsoids.

In the asymmetric unit the ruthenium atom is 7-bonded to
the benzene ring with an average Ru—C distance of 2.2315(3)
A (range 2.167(4)—2.299(3) A), whereas the distance between
the ruthenium atom and the centroid of the ring is 1.735 A.
These values are consistent with those for other Ru(II) #%-arene
complexes reported in the CSD database.”* The diene fragment
of the 1,3,6-triphenylhexa-3,5-dien-1-yne ligand is bound to Ru
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in #*-trans coordination, in the same fashion as observed in the
Cp* complex already mentioned.” This type of coordination is
also found in other n®-arene complexes with pentadienyl
ligands.”

Catalytic Cycle for RAP Catalysis. The essential features
of the catalytic cycle for the alkyne self-coupling can be
regarded as being well understood for ruthenium(II)
complexes, on the basis of several works available in the
literature which include the study of single reactive steps and
observation of intermediates.'

The proposed catalytic cycle shown in Scheme 3 refers to the
specific conditions of the reaction promoted by 1 in acetic acid.
On the basis of the previous comments, a complex such as 3 is
assumed to be the catalytic species generated by interaction of
1 with AcOH/AcO™.*° Following 7 coordination of the alkyne
on the metal (A), the acetate ligand acting as intramolecular
base assists in C—H proton abstraction with formation of
acetylide and a weakly bound molecule of acid (B). Ligand
displacement by the second molecule of alkyne (C) followed by
1,2-H migration affords a vinylidene intermediate (D),”” while
the coupling step between the carbene and the acetylide carbon
atoms yields a ruthenium enynyl complex (E).”® Acetic acid
then acts as a proton source for the release of the enyne
product from ruthenium and generation of the acetate complex
3.7 Of course, alternatives to this picture are possible. For
instance, the endo attack of the alkynyl group to the
coordinated alkyne from C to E can occur, as proposed in
the case of the dimerization of 4a promoted by a cationic
diruthenium complex.™

Insights given by the current work into the catalytic cycle are
worth comment. First of all, the formation of the enyne follows
a first-order dependence on alkyne concentration, which is
already apparent in the reactions in the presence of 1 alone but
becomes clear with acetate cocatalysts.

This evidence implies the involvement of only one alkyne
molecule in the rds, which thus should precede the formation
of species C. Accordingly, the slowest step can be either the
attack of ArC=CH to complex 3 (3 to A) or the
intramolecular proton abstraction (A to B). The rate
dependence on the electronic effect of the aryl substituents
and the derived p value suggest that nucleophilic attack to the
ruthenium center of complex 3 should benefit by increased
electron density on the triple bond rather than proton
abstraction, thus hinting at a preference for the former step
as rate-limiting, which is also consistent with the observed
negative entropy of activation in the reaction of 4a. The
formation of the enynyl complex from species D should also be
favored by electron-donating substituents.”*

With regard to the reaction in presence of added acetate, the
rapid formation of 3 and the catalytic activity exhibited by the
preformed complex indicate that the effect is essentially
intramolecular, although an intermolecular contribution cannot
be excluded. For instance, the rate difference observed in the
use of either lithium or sodium acetate may depend on the
aggregation states of these acetate salts in acetic acid and
different abilities to interact intermolecularly with the z-alkyne
complex.

B CONCLUSION

This work describes the transformation of the precursor
dinuclear ruthenium complex 1 into the active catalytic species
for the terminal alkyne dimerization reaction in a Brensted
acidic medium. Such formation and as a consequence the C—C
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Table 6. Selected Bond Lengths (A) and Bond Angles (deg) for Complex 10

Bond Distances (A)

C(28)—Ru(01) 2.299(3) C(31)—Ru(01) 2.281(3)
C(29)—Ru(01) 2.233(3) C(32)—Ru(01) 2.186(3)
C(30)—Ru(01) 2.223(3) C(33)—Ru(01) 2.167(3)
C(1)- Ru(01) 2.265(3) C(2)—Ru(01) 2.172(3)
C(3)—Ru(01) 2.041(3) C(1)-C(2) 1.403(4)
Cl1-Ru(01) 2.494(8) C(5)-C(6) 1.188(4)
C(3)—C(04) 1.336(4)
Bond Angles (deg)
C(1)-C(2)-C(3) 118.60(3) Cl(1)-Ru(1)—-C(2) 100.93(7)
C(2)—-C(3)—-C(4) 140.12(3) 0(3)—Ru(01)—C(1) 84.05(7)
CI(1)—Ru(1)—C(3) 84.80(8)

Scheme 3. Proposed Catalytic Cycle for the Dimerization of
Terminal Aryl Alkynes Initiated by [{RuCl(u-Cl)(5%p-
cymene)},] (1) in AcCOH/AcO~
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coupling process can be accelerated in presence of additive
acetate salts, the intramolecular alkyne proton abstraction by
acetate being a key step of the catalytic cycle. The derived
catalytic system, on the basis of cooperative transition-metal
and Brensted acid catalysis, performs at room temperature with
high stereoselectivity and short reaction times. Taking into
account the use of commercially available materials, the
combination 1/AcOH/AcO~ can be regarded as being among
the most practical catalytic systems for the selective
dimerization of terminal alkynes.

B EXPERIMENTAL SECTION

General Procedures. All reagents and starting materials were
obtained from commercial sources and used as received. Complex 3
was prepared as reported in the literature.” 'H and *C{'H} NMR
spectra were recorded on a Bruker Avance II 300 spectrometer (300/
75 MHz). Chemical shifts are reported in & values relative to
tetramethylsilane, with reference to internal solvent for 'H (CDCl, at
7.27 ppm or CD;CO,H multiplet at 2.02 ppm) and for *C (CDCI, at
77.0 ppm) with coupling constants (J) given in Hz. FT infrared spectra
were recorded on a Nicolet 510 spectrometer. GC-MS analyses were
obtained on Agilent Technologies 6890N Network GC System
equipped with a 5973 Network Mass Selective Detector. High-
resolution ESI-TOF mass spectra were obtained on a Waters
Micromass instrument. Analytical thin-layer chromatography (TLC)
was performed on silica gel 60 F254 precoated glass or aluminum
plates and preparative flash chromatography on a glass column packed
with silica gel 60 (0.040—0.063 mm). The reactions were performed
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under an atmosphere of nitrogen using vacuum-line and standard
Schlenk techniques. UV—vis kinetic measurements were performed on
freshly prepared stock solutions of complex 1 and of sodium acetate in
acetic acid using a Hewlett-Packard 8452A Diode Array Spectropho-
tometer coupled with a HI-TECH Scientific Pneumatic Drive Unit or
a Varian Cary 300Bio instrument, equipped with thermostated cell
holders. A typical procedure for 'H NMR kinetic measurements is as
follows. A S mm NMR tube was charged with weighted amounts of
complex 1 and acetate salt, placed in a Kontes NMR manifold, and
subjected to two vacuum—nitrogen cycles; first the solvent and then
the liquid alkyne were added using a micro syringe. The tube was
stoppered under nitrogen, and the mixture was shaken to result in a
solution just before introduction into the NMR probe. Temperature
calibration of the NMR probe was checked using a standard methanol
solution. The sequential 'H NMR spectra were analyzed by integration
of the singlet signal due to the acetylenic proton of the substrate (3.8—
3.6 ppm) and of the vinylic doublet of the trans-enyne ArCH=
CHC=CAr (6.5-6.0 ppm), with reference to the intensity of the
solvent signals at 2.05 ppm. The stereoisomeric ratio was obtained by
integration of the trans and cis vinylic doublets at the end of the runs,
with similar values being observed in the course of the reaction. The
reactions were generally followed for more than 90% formation of the
trans dimer (near 4 half-lives) and yields determined upon addition of
bibenzyl as an internal standard to the final reaction mixtures.
Characterization data of enynes Sa—e were reported elsewhere.*®’
{Ru(#5-p-cymene)Cl[n>-(E,Z)-PhCH=CHC=C(Ph)C=CPh]}
(10). Complex 1 (30 mg, 0.50 mmol) and sodium acetate (9 mg, 0.11
mmol) were flushed with nitrogen in a Schlenk tube and then allowed
to dissolve in acetic acid (3.0 mL), with stirring. Following addition of
phenylacetylene (220 pL, 2.00 mmol), the tube was sealed with a
rubber stopper, and the reaction was allowed to proceed for 22 h at
room temperature. The initial dark red color of the solution changed
slowly to dark brown. After removal of the solvent under vacuum
(room temperature), the oily residue was purified by column
chromatography with dichloromethane as eluent to obtain compound
S (149 mg, yield 72%) and complex 10 (29 mg, 7%). FT-IR (film on
KBr): v 3052, 2963, 2925, 2870, 2200 (—C=C-), 1753, 1677, 1595,
1511, 1490, 1468, 1443, 1382, 1321, 1258, 1216, 1156, 1070, 1033,
910, 845, 790, 756, 692, 665, 652, 611, 598, 569, 548, 527, 512, 487,
441.13 cm™%. 'H NMR (300 MHz, CDCL,): 6 7.77 (d, *Jy_y = 8 Hz,
2H, PhH), 7.63 (d, *Jy_y = 8 Hz, 2H, PhH), 7.50 (d, *Jy_y = 7 Hz,
2H, PhH), 7.43—~7.31 (m, 8H, PhH), 7.18 (t, Jy_y = 7 Hz, 1H, PhH),
5.78 (d, >y = 5.1 Hz, 1H, p-cymene CH), 5.26 (dd, ¥Jy_y; = 6.1 He,
Yy = 1.2 Hz, 1H, p-cymene CH), 5.20 (d, ¥J,_y = 5.9 Hz, 1H, p-
cymene CH), 5.1 (d, *J;;_y; = 11.2 Hz, 1H, vinyl CH), 4.74 (d, ¥Jg_ =
11.3 Hz, 1H, vinyl CH), 4.61 (d, *Jy_y = 4.9 Hz, 1H, p-cymene CH),
2.55 (eptuplet, *J;;_y = 7 Hz, 1H, CHMe,), 2.07 (s, 3H, Me), 1.19 (d,
Ji—g = 7 Hz, 3H, CHMe), 1.13 (d, ¥Jy_i = 7 Hz, 3H, CHMe) ppm.
BC{H} NMR (75 MHz, CDCl,): § 179.88 (Ru—C), 140.75, 137.13,
131.67, 128.9, 128.32, 128.06, 127.56, 127.05, 12637, 126.13, 126.02,
115.14, 114.73, 101.13, 92.29, 91.55, 90.47, 87.33, 82.66, 77.14
(CDCly), 63.38, 30.65, 23.28, 21.63, 18.24 ppm. MS-ESI (M =
Cy,H; ClRu, 576.116): 541.1616 (cluster; caled for CyHjRu
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541.1469; M — Cl); 582.160 (cluster, calcd for C;,H;RuK 582.112;
M — Cl + K); 599.120 (cluster, calcd for C;4H;,0,Ru 599.161; M —
Cl + AcO); 1175.1848 (cluster, calcd for C,oHgCIO,Ru, 1175.279; 2
M — CI + OAc).

X-ray Crystallography. The diffraction data from a selected single
crystal were collected at room temperature on an Oxford Diffraction
Xcalibur Gemini S diffractometer using Mo Ka radiation (1 = 0.71073
A). The data were processed with CrysAlis software, and empirical
absorption correction using spherical harmonics were implemented in
the SCALE3 ABSPACK scaling algorithm.” The crystallographic data,
the data collection parameters, and the refinement parameters for
compound 10 are summarized in the Supporting Information. The
crystal structure was solved by direct methods using SHELXT and
refined by full-matrix least-squares calculations against F* using
SHELXL.”® All non-hydrogen atoms were refined with anisotropic
displacement parameters. All aromatic C—H atoms were included in
their calculated positions and treated as riding atoms: C—H = 0.93 A
for aromatic CH with U, (H) = 1.2 X Ueq(C). The figures were
produced using MERCURY.?" The software used for the preparation
of the materials for publication was WinGX** and PLATON.*
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