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ABSTRACT: A combined experimental and theoretical study has demon- Ny , __ o  [Ru N~ R
strated that [Ru(n>-CsHs)(py),(PPhy)]* is a key intermediate, and active “_ J 1\\_ -2

catalyst for, the formation of 2-substituted E-styrylpyridines from pyridine and EE— bl
terminal alkynes HC=CR (R = Ph, C¢H,-4-CF;) in a 100% atom efficient R * e ”:'-’\f NS
manner under mild conditions. A catalyst deactivation pathway involving Ru)~ ¥ R At y
formation of the pyridylidene-containing complex [Ru(7’-CsHj)(k*-C;s- P \\ [ N
CH,NCH=CHR)(PPh;)]* and subsequently a 1-ruthanaindolizine complex [ y AL ‘f"

has been identified. Mechanistic studies using '*C- and D-labeling and DFT S -V

calculations suggest that a vinylidene-containing intermediate [Ru(7*-CsHg)-

(py)(=C=CHR)(PPh;)]* is formed, which can then proceed to the pyridylidene-containing deactivation product or the
desired product depending on the reaction conditions. Nucleophilic attack by free pyridine at the a-carbon in this complex
subsequently leads to formation of a C—H agostic complex that is the branching point for the productive and unproductive
pathways. The formation of the desired products relies on C—H bond cleavage from this agostic complex in the presence of free
pyridine to give the pyridyl complex [Ru(7’-CsHs)(CsH,N)(=C=CHR)(PPh,)]. Migration of the pyridyl ligand (or its
pyridylidene tautomer) to the a-carbon of the vinylidene, followed by protonation, results in the formation of the 2-
styrylpyridine. These studies demonstrate that pyridylidene ligands play an important role in both the productive and

nonproductive pathways in this catalyst system.

B INTRODUCTION

The selective, direct C—H functionalization of organic
substrates by transition metal compounds is an attractive
method for structural elaboration.' By circumventing the use of
halogenated substrates in metal-catalyzed reactions (which are
often prepared from the parent hydrocarbon) salt-based
byproducts are eliminated thus greatly improving atom-
efficiency and facilitating isolation of the product.” Direct C—
H functionalization has been achieved by a number of methods.
One popular strategy is to employ a directing group, such as a
heteroatom or unsaturated tether, to dictate coordination to the
metal® The C—H activation event may also be aided by the
presence of an intramolecular base, such as a carboxylate or
carbonate ligand, which facilities the deprotonation of the
substrate.* The formation of a (cyclo)metalated substrate then
allows for the key carbon—carbon bond formation, either via
electrophilic or oxidative coupling.*®

An alternative pathway to activate heterocyclic substrates is
to exploit the reactivity of their carbene-containing tautomers.
As shown below, pyridylidene is a high energy tautomer of
pyridine, in which a formal hydrogen migration has occurred to
reveal an unsaturated carbene.® This may be viewed as being
similar to the well-established alkyne/vinylidene tautomeriza-
tion.” Transition metal complexes may facilitate the formation
of pyridylidene groups from pyridine derivatives, in a similar
fashion to that for alkynes and vinylidenes. There are a number
of examples of metal centers which are able to promote the
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conversion of heterocyclic substrates to their N-heterocyclic
carbene forms. For example, the reaction of iridium complexes
containing tris-pyrazolylborate ligands with 2-substituted
pyridine derivatives may result in the formation of pyridylidene
ligands.® Although the established tendency of the tris-
pyrazolylborate iridium fragment to support carbene ligands
is an important factor in assisting this process, the relief of steric
strain by removing the substituent in the 2-position away from
the local coordination sphere of the metal also acts as a driving
force. Again, a similar steric driving force is often invoked for
the formation of vinylidene ligands from the corresponding
alkyne complex. The number of examples in which
unsubstituted pyridine may be transformed to the parent
pyridylidene is limited.*

H
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Pyridine Pyridylidene
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Alkyne Vinylidene

An alternative strategy to stabilize the pyridylidene tautomer
of both substituted pyridines and quinolines has focused on
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exploiting hydrogen bonding between the resulting N—H
group and a halide ligand within the coordination sphere of
Group 8 and 9 metals.” Other examples based on the
transformation of imidazole li%ands to N-heterocyclic carbenes
promoted by molybdenum," manganese,'' and rhenium'>
have also been reported. The reverse process, conversion of an
N-heterocyclic carbene to a substituted imidazole, has also been
observed."

As is also the case with alkyne and vinylidene ligands,'* the
formation of the carbene tautomer involves a C—H bond
activation and it might be expected that the carbene form will
display markedly different reactivity from the parent hetero-
cycle. However, the number of examples where parent
pyridylidenes have been implicated in the mechanism of
stoichiometric or catalytic functionalization of heterocycles is
limited.'* Therefore the possibility exists for utilizing this
tautomerization in a synthetically useful manner to activate
nitrogen-containing heterocycles.

An analogy may be drawn between the work of Bergman and
Ellman, for the direct functionalization of heterocyclic
substrates.® It has been established that the key step in this
process is the rhodium-mediated conversion of a heterocycle
into its N-heterocyclic carbene tautomer (Scheme 1)."” The
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formation of the carbene complex activates the heterocycle and
subsequent coupling between the metal-bound carbon atoms
and unsaturated substrates, as well as aromatic halides has been
achieved. The demonstration that pyridylidene ligands offer
potential routes to the direct functionalization of pyridine and
related heterocycles is therefore of clear importance.

In 2003, Murakami and Hori demonstrated that a system
based on [Ru(;’-C;H)CI(PPh,),], 1, and NaPF, was able to
catalyze the formation of 2-styrylpyridine from pyridine (which
acts as both substrate and solvent) and a trimethylsilyl-
protected alkyne (Scheme 2a).'® The reaction selectivity
resulted in substitution at the 2-position of pyridine and only
the E-isomer of the alkene was obtained. It was proposed that
vinylidene complexes (which may be obtained by reaction of 1
with terminal alkynes HC=CR, 2, in the presence of a halide
scavenger) [Ru(n*-CsHs)(=C=CHR)(PPh,),]*, [3]*, were
intermediates in this process. An intramolecular coupling
between coordinated pyridine and the vinylidene was proposed
as the key step in the formation of the product (Scheme 2b).
This reaction has some extremely attractive features, notably it
is a relatively atom-efficient method to prepare functionalized
pyridines. However, the high ruthenium catalyst loading (20
mol %), reaction temperature (150 °C) and the necessity of
using silyl-protected alkynes, are significant drawbacks. This
prompted us to employ a mechanism-driven approach, using a
combination of experimental and theoretical studies, to gain
insight into the fundamental processes controlling both C—H
activation of the pyridine and the subsequent C—C bond
formation.
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?(a)(i) + 20 mol % 1, 22 mol % NaPF,, 150 °C, 7 h; (b) mechanism
proposed by Murakami and Hori for the formation of 2-
styrylpyridine.'® (i) +py, —PPhs; (iii) +py, —[Hpy]*; (iv) +[Hpy]*,
—PYy-

We now report that [Ru(i7>-CsH;)(py),(PPhy)]* is able to
promote the formation of 2-styrylpyridine derivatives under
mild conditions via direct coupling of terminal alkynes with
pyridine. A deactivation pathway involving the formation of a
pyridylidene ligand has been identified, as have the key C—H
cleavage and C—C bond formation steps. The latter involves
the migration of a pyridyl (or pyridylidene ligand) to the metal-
bound carbon atom of a vinylidene ligand. Thus, we propose
that pyridylidene ligands play an important role in both the
productive and nonproductive pathways for this catalyst system.

B RESULTS AND DISCUSSION

Experimental Studies. Initial studies of the isotopically
enriched complex [Ru(7’-CH)(="C=CHPh)(PPh;),]",
[3a]*-*C found that dissolution of deep-red [3a]*-"*C in ds-
pyridine resulted in the rapid formation of a yellow solution. A
BC{'H} NMR spectrum of this solution showed that the
vinylidene complex (typical 8¢, ~ 350)”* had been
deprotonated by pyridine to give the alkynyl complex [Ru(7>-
CsH;)(—""C=CPh)(PPh,),], [4a]-°C (bc, 117.7 (Jpc =
24.8 Hz, identified by comparison to an authentic sample of
[4a]) (Scheme 3)." As the reported conditions for catalysis
occurred at elevated temperature, the reaction mixture was
heated to 125 °C. After 1 h, the resonances for [4a]-"*C in the
BC{'H} and *'P{'H} NMR spectra had decreased in intensity
and signals due to H*C=CPh and uncoordinated PPh; were
observed, along with a new singlet resonance at &, 48.7
(approximately a 1:1 ratio with free PPh;). In some instances a
small quantity of OPPhy and [Ru(i*-CsHy)(**CO)(PPhy),]",
[5]7-3C were also generated in these reactions, the latter
presumably arisin§ from either hydrolysis or oxidation of the
vinylidene ligand.” After the mixture was heated for 23 h the
ratio of [4a]-*C to the species with the resonance at 5, 48.7
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(i) ds-pyridine, room temperature; (i) 120 °C, 1 h; (iii) 120 °C, 23
h.

was ~1:3 and any free H*C=CPh had been converted to E-2-
styrylpyridine 7a.

These data indicated that on heating a new ruthenium
species containing a single PPh; ligands, in which the alkyne
was no longer coordinated to the metal, had been formed. We
speculated that the vinylidene and a PPh; ligand may have been
replaced by the solvent, ds-pyridine, to give [Ru(’-CsHs)(ds-
py)>(PPhy)]*, [6]*-dj,. Complex [6]PF; was prepared
independently b?r reaction of [Ru(#>-C;H;)(NCMe),(PPh,)]-
[PFq], 8[PF4],>" with an excess of pyridine and its NMR
spectra were identical to those observed on heating [3a]PFy.

Treatment of [6]PFy with an equimolar amount of either
HC=CPh, 2a, or HC=C—C(H,—4-CF;, 2b, in pyridine
solution followed by heating at 50 °C for 24 h resulted in the
quantitative formation of E-2-styrylpyridines, 7a and 7b
respectively (Scheme 4). The *'P{'H} NMR spectrum of the
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“(i) + [6]PF¢, 50 °C, 24 h.

crude reaction mixture recorded in d-pyridine solution
demonstrated that [6]PF¢ was still the major phosphorus-
containing compound in the reaction mixture. Further
stoichiometric aliquots of the alkyne could be added to this
solution, which, after heating, resulted in the formation of
additional 7. However, during the course of these procedures a
new resonance at dp 61.6 was observed to increase in intensity
in the ¥P{"H} NMR spectra, and a corresponding resonance in
the cyclopentadienyl region of the 'H NMR spectrum was
observed at dy S5.00, indicating the formation of a new
ruthenium species.

The reaction was attempted with a substoichiometric amount
of [6]PF, but at a significantly lower temperature than that
employed by Murakami and Hori. Heating complex [6]PF, (20
mol %) in pyridine solution with either 2a or 2b for 16 h at 50
°C resulted in the formation of some of the desired product 7,
but only ~50% conversion was observed (based on conversion
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of alkyne). The ¥P{"H} NMR spectrum demonstrated that
significant quantities of the product that exhibited a resonance
at Op 61.6 were present which, in the stoichiometric and
substoichiometric reactions, appears to inhibit the formation of
7. Repeating the reaction between [6]PF; and 2b in pyridine
but at 100 °C and using focused microwave radiation did result
in the formation of some 7b, however significant quantities of
the head-to-tail alkyne dimer ArCH=CH—C=CAr (Ar =
C¢H,—4-CF;) were also formed.”> These data indicate that, by
virtue of being able to perform the coupling reaction at a lower
temperature, alkyne dimerization is inhibited when [6]PF; is
employed as a catalyst. As it is unnecessary to employ
trimethylsilyl-protected substrates, [6]PF; promotes the
formation of 7 with 100% atom efficiency, albeit with 50%
conversion.

Solvent Dependence. The reaction between [6]PF and
either 2a or 2b exhibited a marked solvent dependence. In
contrast to the results obtained in pyridine solution, treatment
of a CH,Cl, solution of [6]PF4 with either 2a or 2b did not
result in the formation of the desired products 7a or 7b. After
heating at 50 °C for 15 h the major organometallic product
from the reactions were shown to be [9a]* and [9b]* (Scheme
S). The structures of both complexes were established by single
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crystal X-ray diffraction ([9a]* Figure 1, [9b]* Supporting
Information) and the resulting structural determinations
demonstrated that an unusual coupling reaction between the
alkyne and pyridine had occurred to give a substituted
pyridylidene ligand in which the N-heterocyclic carbene ligand
is tethered to the metal by a pendant alkene.

The formulation for complexes [9a]* and [9b]" is supported
by NMR spectroscopy. Using [9b]* as an example, the *C{'H}
NMR spectrum exhibited a doublet resonance for the metal-
bound carbon atom at §¢ 179.6 (}Jpc = 19.1 Hz), consistent
with the presence of the N-heterocyclic carbene ligand. A
doublet resonance at 5¢ 66.6 (*Jpc = 3.5 Hz) and a singlet at 5¢
54.8 were assigned to the two carbon atoms of the coordinated-
alkene group. As shown by a 2D-HMQC experiment, these two
resonances were attached to hydrogen atoms exhibiting peaks
at 8 3.60 (dd, 1H, 3Jyp = 11.4 Hz, °Jyy = 7.9 Hz) and &y 6.77
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Figure 1. Solid-state structure of the cation [9a]*. Thermal ellipsoids
(where shown) at the 50% probability level, hydrogen atoms (except
H(11) and H(12)) omitted for clarity.

(d, 1H, *Jyqy = 7.9 Hz) respectively. A 'H-'H COSY
experiment demonstrated that these two alkene peaks were
mutually coupled and a 'H—'H NOESY spectrum illustrated
that the proton responsible for the resonance at y 6.77 was
orientated toward the cyclopentadienyl ligand, hence this
resonance was assigned to H(11) (Figure 1): the peak at &y
3.60 was attributed to H(12). The 'H NMR spectrum of both
[9a]PF, and [9b]PF were temperature dependent. At room
temperature only broad resonances were observed for the
aromatic groups of the PPh; ligand. At 220 K separate peaks for
each of the three phenyl groups of the phosphine ligand were
observed, consistent with rotation of the PPh; group being
restricted on the NMR time scale.”

Dissolution of an isolated sample of bright yellow [9b]PF, in
ds-pyridine resulted in the formation of a red solution which
exhibited a single resonance in the *'P{'"H} NMR spectrum at
3p 61.6. The "H NMR spectrum exhibited a broad resonance at
Oy 17.4 which was assigned as a pyridinium ion N—H proton. It
was concluded that the pyridine solvent had acted to
deprotonate the organic ligand bound to ruthenium to give a
new species [10b] (Scheme S).

Complex [10b] could also be prepared from the reaction of
[9b]* with DABCO in CH,Cl, solution. After removal of the
solvent, the product was extracted with pentane and cooling the
resulting solution to —20 °C afforded crystals of [10b] suitable
for study by single crystal X-ray diffraction (Figure 2a). The
subsequent structural determination demonstrated that [9b]*
had been deprotonated to produce a complex which is probably
best viewed as containing a 1-ruthanaindolizine ligand, similar
to the 3-osmaindolizine and 3-ruthanaindolizine complexes
obtained from the deprotonation of complexes containing N-
bound 2-vinylpyridine ligands.** The bond lengths within the
metalla-indolizine rings in [10b] (Figure 2b) and its *C{'H}
NMR spectrum (§c 219.3 [C(6)] and 5c 1902 [C(12)])
suggest that the structure is probably best described by a
pyridylidene-vinyl resonance form.

The metrical parameters from the molecular structures of
complexes [9a]*, [9b]*, and [10b] are consistent with a
contribution from a ruthenium pyridylidene resonance form.
The ruthenium—carbon bonds in [9a]* and [9b]* (2.039(2) A
[9a]*, 2.029(3) A [9b]*) are shorter than those observed in
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Figure 2. (a) Solid-state structure of the [10b]. Thermal ellipsoids
(where shown) are at the 50% probability level and hydrogen atoms
(except H(11)) and the pentane of crystallization were omitted for
clarity. (b) Bond lengths (A) within the 1-ruthanaindolizine group.

related phenyl-containing ruthenium half-sandwich com-
pounds, where the metal—carbon bonds typically fall within
the region 2.06—2.10 A*® NBO analysis (see Supporting
Information) of the DFT-optimized cation [9a]" also suggests
significant pyridylidene character. Although the NBO reference
structure for this ion contains a Ru—C single bond and C(6)—
N(1) double bond, there is significant donation of metal-based
electron density to the C—N z* orbital (occupation = 0.478 e7;
total second order perturbation stabilization energy for these
interactions = 63 kJ mol™") giving some 7-character to the M-C
bond. This is very similar to bonding in the pyridylidene
complex [P]* (Scheme 11), but quite different from the related
pyridyl complex [O] (Scheme 11) (C—N z* occupation
0.362 €7, total second order perturbation stabilization energy =
34 kJ mol™"). The Ru—C(6) bond length in [10b] is shorter
than those in [9]* and a lower field chemical shift of C(6) is
observed. Similarly to the experimental data, NBO analysis of
[10a] suggests a more localized bonding regime in the C;N
ring {Wiberg bond indices (WBI) for C(7)—C(8) and C(9)—
C(10) are 1.569 and 1.618 respectively} compared to [9a]"
(WBI = 1.490 and 1.513) with significant 7 character to the
M=C bond.

A comparison of the bond lengths and *C{'H} NMR data
for [9a]*, [9b]" and [10b] with Ir and Os complexes
containing pyridylidene ligands that have been reported in
the literature is presented in Table 1. The data indicates that for
the iridium complexes the metal—carbon bonds are generally
shorter than in [9]* and closer to those observed in [10b]. This
may indicate greater pyridylidene character in these cases when
compared to [9]" and the osmium species L.

NMR spectra of crystals of [10b] in ds-pyridine solution
contained resonances that were identical to the product
observed in the reactions between [6]PF; and 2b in pyridine
solution, whose presence coincided with a decrease in activity.

Heating a sample of [10b] in ds-pyridine solution in the
presence of [Hpy]PF, did not exhibit any significant changes
until 150 °C, when new resonances were observed that were
identical to 7b. In contrast, heating [10b] in the absence of
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Table 1. Bond lengths (A) and chemical shifts for selected complexes containing pyridylidene ligands. TpM** = hydrotris(3,5-
dimethylpyrazolyl)borate, TpMs'’ = dimetalatedhydrotris(3,5-dimesitylpyrazolyl)borate

M M J 12
[ 6
7 NH 7 ‘ N "
8N 10 8N 10
) 9 9
TF:?HZ TpMe2 Tp"”s" TPMEZ T"Mez
Céll—/of—HQ Ph\\""llr ~ 'r\® PhwIr =~ Ph\““‘""" =
PPy, M / \HN(P HN~~ 4/“ 7 )/N 7
Ph Ph Me
R
| IR = Me v v Vi
l=ph
[9a]* [9b]* [10b] 4 i e v vid i
M—C(6) 2.039(2) 2.029(3) 1.996(2) 2.055(8) 1.982(2) 1.978(3) 1.975(2) 1.949(3) 1.97(2)
C(6)-N(1) 1.359(2) 1.360(3) 1.394(3) 1.366(9) 1.366(3) 1.369(4) 1.368(3) 1.384(4) 1.42(2)
C(6)—C(7) 1.406(3) 1.401(4) 1.420(3) 1.41(1) 1.422(2) 1.431(4) 1.423(4) 1.414(4) 1.40(2)
C(7)—C(8) 1.388(3) 1.380(4) 1.375(3) 1.37(1) 1.373(3) 1.379(4) 1.369(4) 1.369(5) 1.52(3)
C(8)-C(9) 1.402(3) 1.405(4) 1.406(4) 1.39(1) 1.402(3) 1.397(6) 1.402(3) 1.402(6) 1.59(3)
C(9)—C(10) 1.373(3) 1.367(4) 1.353(4) 1.35(1) 1.358(3) 1.366(5) 1.363(4) 1.371(5) 1.38(2)
C(10)-N(1) 1.349(2) 1.353(3) 1.368(3) 1.39(1) 1.364(2) 1.396(5) 1.361(4) 1.375(4) 1.36(2)
N(1)-C(11) 1.453(2) 1.459(3) 1.415(3) 1.500(4) 1.43(2)
C(11)—C(12) 1.405(3) 1.411(4) 1.339(3) 1.533(4) 1.31(2)
M-C(11) 2.152(2) 2.127(3) 2.046(2) 2.02(1)
M-C(12) 2.258(2) 2.245(3) 2.063(3)
8¢ C(6) 179.6 219.3 182.6 171.9 183.1 190.6 160.9

[Hpy]* did not result in the formation of the organic product.
The conditions required to form 7b from [10b] are far more
forcing than those observed in the reactions promoted by [6]*
indicating that the formation of [10] represents a catalyst
deactivation process and is generated in a process which is
competitive to that which yields 7.

The synthesis of complexes containing N-bound 2-
styrylpyridine ligands was targeted to ensure that product
coordination did not inhibit the subsequent regeneration of
[6]". Reaction of the acetonitrile complex [8]PF with either 7a
or 7b resulted in the ultimate formation of complexes [11a]*
and [11b]* respectively (Scheme 6). An NMR study of the

Scheme 6
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7bR = CeHy-4-CF3 [11b]* R = CgH4-4-CF4

7aR=Ph
7b R = CgHy-4-CF,

(i) CH,Cl,; (ii) + ds-py.
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reaction revealed that an equilibrium between complexes [8]*
and [11]" was established in both cases and in order to reach
completion it proved necessary to remove the solvent, and
therefore the displaced acetonitrile, several times during the
course of the reaction Related osmium and ruthenium
complexes have previously been prepared.”*

Complexes [11a]PF; and [11b]PF, were characterized by
NMR spectroscopy and single crystal X-ray diffraction. The
structure of [11a]PF is displayed in Figure 3 and demonstrates
that the 2-styrylpyridine ligand is coordinated to the metal
through both the nitrogen atom of the pyridine ring and the
pendant alkene. The NMR spectra of complexes [11a]" and

c(7)

Figure 3. Solid-state structure of the cation [11a]*. Thermal ellipsoids
(where shown) at the 50% probability level, hydrogen atoms (except
H(11) and H(12)) omitted for clarity.
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[11b]* were temperature dependent. At 220 K, two isomeric
forms of the complex were observed whereas at room
temperature broad time-averaged signals were observed. The
two interconverting isomers are thought to differ in the
orientation of the alkene ligand relative to the [Ru(s’-
C;H;)(PPh;)] fragment (see Supporting Information).

Dissolution of [11a]PF in ds-pyridine resulted in the
selective formation of the bis-pyridine complex [6]-d,(PF and
uncoordinated 2-styrylpyridine demonstrating that 7 is readily
displaced from the ruthenium and product inhibition is
unlikely. Therefore, the data are consistent with the formation
of [10] being the primary deactivation route.

Mechanistic Investigations into the Formation of
Pyridylidene Complexes. Treatment of a pyridine solution
of [6]PF, with either 2a or 2b did not result in any reaction
until heated to 50 °C, at which point the formation of 7a and
7b respectively was observed. In contrast, treatment of a room
temperature CD,Cl, solution of [6]PF, with one equivalent of
HC=CPh, 2a-3C, resulted in the formation of three
products (Scheme 7). The major product, [12a]*-"*C, was

Scheme 77
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,\-Rui\_ Ph.P .-Ru\ i;'{u@
PhyP a
3{@{ X H 3 JdA\_‘.\ph
\,_j R r/N Ph PPhy
he |
[12a]' R =Ph (13)* (141

[12b]* R = CgHy4-CF,

>

L ®
& R
PhP" '.3“‘;:;4
O
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(i) CH,Cl,

identified as the vinylidene-containing complex [Ru(17*-CsHs)-
(py)(="*C=CHPh)(PPh,)]* on the basis of the observation of
a doublet resonance in the *C{'H} NMR spectrum at §¢ 355.2
(d, *Jpc = 16.9 Hz); a corresponding doublet was observed in
the *'P{'H} NMR spectrum at &, 51.8. The "H NMR spectrum
exhibited a broad resonance at 8y 5.14 of relative integration
one, due to the proton attached to the p-carbon of the
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vinylidene ligand and a resonance with relative integration of
two for the hydrogen atoms in the ortho-position of the
coordinated pyridine at 5y 8.40. A related compound, [Ru(r’-
C H;)(NCMe)(=C=CHSiMe;)(PPh,)]*, has been previ-
ously observed on reaction of [8]* with HC=CSiMe,.*° The
observation of [12a]*-"*C is an important one as this species
was proposed by Murakami and Hori as a key intermediate on
the route to 7a (Scheme 2b).'®

The two minor products were shown to be complex [13]PF;
and the known allyl-carbene complex [14]PF previously
reported by Kirchner (identified by comparison with an
authentic sample).”**” The identity of [13]PF¢ was confirmed
by a single crystal X-ray diffraction study that demonstrated a
condensation reaction between two molecules of the alkyne
and a pyridine had occurred (Figure 4) to give an 7’
coordinated butadienyl ligand.*®

Figure 4. Solid-state structure of the cation [13]*. Thermal ellipsoids
(where shown) are at the 50% probability level, and hydrogen atoms
(except for H(29) and H(38)) were omitted for clarity.

Although [13]PF, proved to be only a minor component of
the reaction mixture, further evidence for its formulation was
obtained from the reaction between [6]PF and H'*C=CPh.
In this instance the resonance in the *'P{'H} NMR spectrum
assigned to [13]*-3C, was observed as a broad doublet-of-
doublets (5p 48.1, *Jpc = 12.2 and 6.3 Hz), consistent with the
incorporation of two enriched alkynes into the product. Two
isotopically enriched resonances were observed in the *C{'H}
NMR spectrum due to [13]*-*C at 6¢ 67.1 (d, ¥Jpc = 7.7 Hz)
and 8¢ 170.8 (d, ¥Jpc = 12.9 Hz) because of C(29) and C(37)
respectively (Figure 4).

Related reactions between [6]* and 2a or 2b in CD,Cl,
solution led to formation of [12a]* and [12b]" respectively.
The reaction of [6]PF, with 2a in CD,Cl, solution in the
presence of two equivalents of pyridine resulted in the
formation of [12a]PF, and [13]PF; no [14]PF, was observed.
Increasing the quantity of alkyne in the reaction increased the
proportion of [13]PF, produced. The most selective reaction
was observed on treatment of 6[ PF] with 2b in the presence of
two equivalents of pyridine. In this instance, the only product
observed in the initial reaction mixture was the vinylidene
complex [12b]PF.

Complex [12]" prepared in situ from the reaction between
[6]PF¢ and 2a or 2b, converted slowly at room temperature in
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CD,Cl, solution to form the corresponding complex [9]*. The
BC{'H} NMR spectrum of the product obtained from the
reaction of [6]PF4 with 2a-'*C revealed that the resonance at
Oc 54.8 corresponded to an isotopically enriched carbon. The
resonance in the '"H NMR spectrum at 5y 6.77 now exhibited
an additional large coupling (‘Jcy = 196 Hz) whereas the
resonance at 8y 3.60 was unaffected. These data imply that the
3C label has been incorporated at position C(11) (Figure 1,
Scheme 8a). A '"H NMR spectrum of the reaction of [Ru(s’-

Scheme 87
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(i) CD,Cl, +2 py; (ii) CD,Cl,, +2 ds-py.

CH;)(NCDy),(PPh;)]%, [6a]*-d,, with 2a in the presence of
NC;Dj; revealed that the relative integration of the resonance at
Sy 3.60 (for H(12)) was unaffected but the peak at 5y 6.77 was
no longer observed, suggesting initial complete deuterium atom
incorporation at this site. Although isotopic scrambling occurs

on prolonged standing, these data suggest that the H(12) was
originally from the terminal alkyne (Scheme 8b). Both the *C
and *H labeling studies are consistent with a vinylidene-
containing complex acting as an intermediate in the formation
of [9]".

The results from these synthetic and mechanistic studies
indicate that [6]" may promote the formation of the desired 2-
styrylpyridines, 7 and that the formation of the pyridylidene-
containing complexes [9]* and [10] represent catalyst
deactivation. Furthermore, the vinylidene complex [12]*
appears to be an important intermediate in the assembly of
the pyridylidene ligands.

DFT Studies. A DFT study was undertaken to provide
further insight into the key mechanistic processes underpinning
the formation of the different organometallic and organic
products observed in this study. Calculations were performed at
the (RI-)PBE0/def2-TZVPP//(RI-)BP86/SV(P) level using
the full ligand substituents employed in the experimental
study.” Data presented below include pyridine solvation (using
the COSMO method). Details of the gas phase and
dichloromethane solvated data and other computational details
are provided in the Supporting Information. ZPE-corrected
SCF energies (Egcp,zpg) and Gibbs energies at 298.15 K (in kJ
mol™") are both presented for the potential energy surfaces
below and are quoted in relative to complex [6]*. However,
because of the difficulties associated with the assessment of
Gibbs energies in solution, all energies discussed in the main
text are Egcp,zpp Experimentally observed complexes are
referred to by numbers, computationally generated structures as
letters. Dotted lines on the PES indicate connectivitey between
minima and transition states (confired by DRC analysis). Steps,
such as solvent-mediated deprotonation and ligand loss, are
likely to be poorly modeled by the methodologies used, and as
such, connections to neighboring states are not shown.

Scheme 9. Pathway A: Potential Energy Surface for the Formation of [6]* and 7a Based on the Mechanism Proposed by
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Scheme 10. Pathway B: Potential Energy Surface for the Formation of [9a]" from [12a]**
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Given that the vinylidene complex [12a]* has been proposed
by Murakami and Hori as a key intermediate in the formation
7a and that our experimental observations support this
hypothesis, the formation and reactivity of this species were
the starting point for the DFT study. The formation of [12a]*
from [6]" is predicted to be energetically favorable (AEgcp,zpx
= —14 kJ mol™') and proceeds via a 1,2-hydrogen migration
pathway (Scheme 9). The alkyne binds initially to the metal in
an n’-fashion to give [A]", slippage to the related C—H o-
complex results in [B]*. Hydrogen migration then occurs via
TS(p)+[124)+ to afford [12a]*. This process is typical for PPh,-
containing half-sandwich ruthenium complexes.”””*!

Three mechanistic pathways were then evaluated. In
Pathway A, the formation of 7a by the mechanism proposed
by Murakami and Hori was probed. The formation of [9a]"is
explored in Pathway B, and the generation of 7a by an
alternative pathway to that proposed by Murakami and Hori is
described in Pathway C.

Pathway A involves a direct coupling between the a-carbon
of the vinylidene ligand and carbon atom in the 2-position of
the pyridine ring of [12a]" that may be viewed as an
electrophilic substitution reaction. Our calculations reveal that
the resulting intermediate [C]* lies at a relative energy of +136
kJ mol™" and is reached via the relatively high-energy transition
state TS[;5,54(c]+ (+154 kJ mol™"). Two pathways were then
considered for the subsequent formation of the product. Simple
deprotonation of [C]* by the pyridine solvent would afford [D]
(=61 KkJ mol™), reprotonation at the metal-bound carbon of
the alkenyl ligand then affords [E]" (=99 kJ mol™') which
contains an agostic interaction between the a-C—H bond of the
vinyl substituent. Cleavage of this agostic interaction, via [F]*
allows access to [1la]* (—148 k] mol™) and ultimately
regenerate [6]" with concomitant formation of 7a (—172 kJ
mol™). An alternative pathway to [E]" involves a concerted
hydrogen migration from pyridine to the alkenyl ligand via a
high energy pathway involving TS[c1, g}, (+149 kJ mol™?).
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We have used the energetic span model of Kozuch and Shaik
to compare the feasibilities of different mechanistic possibilities
for these catalytic systems.*” Pathway A has a large energetic
span of +168 kJ mol™ (where the TDI = [12a]* and the TDTS
= TS[1243+{c]+)- This is not inconsistent with the relatively harsh
reaction conditions used in Murakami and Hori’s system (150
°C, 7 h). However, it does not explain the formation of product
via our revised experimental conditions (50 °C, 2 d) described
above. Also, a mechanistic proposal which accounts for both the
formation of 7a and the pyridylidene complex [9a]" is required.
The electrophilic character of the metal-bound carbon atom of
vinylidene ligands is well established, therefore Pathway B
focuses on a mechanistic route involving nucleophilic attack by
free pyridine at the a-carbon of the vinylidene in [12a]*
(Scheme 10). This results in the formation of the alkenyl
complex [G]*, which on loss of the metal-bound pyridine
affords [H]*. The generation of a vacant coordination site
allows for the formation of an intermediate agostic complex
[I]*, which exists as two key conformational isomers (see
Supporting Information) each with a potentially different fate.
In the first instance, C—H activation, via formal oxidative
addition to the metal via TSy, [y, (+58 kJ mol™) affords the
hydride complex [J]*. Complex [J]* lies in a shallow minimum
and it was necessary to fix the Ru—H bond during optimization
to allow this state to be located.>> Hydride migration via
TS(j.(x+ then affords the agostic complex [K]*, in which the
alkenyl-pyridylidene ligand has been assembled. A shift from a
C—H agostic interaction to #7-C=C binding modes then
affords [9a]*.

Pathway B is a relatively low energy process (energetic span
for the formation of [9a]* = +72 kJ mol™; where TDI = [12a]*
and TDTS = TSy,},) compared to Pathway A, which
proceeds via the high energy state TS[;5,1,c]+ (energetic span =
+168 kJ mol™"). This mechanistic possibility is consistent with
the deuteration studies described above, as initial D
incorporation from ds-py into [9a]” would occur at the a-
carbon of the vinyl group, as would be expected with an
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Scheme 11. Pathway C: Potential Energy Surface for the Formation of [11a]* from [12a]™
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intramolecular process. Complex [9a]* is calculated to be 84 kJ
mol ™" lower in energy than the reference point and as such is a
kinetic product of the reaction (the formation of 7a and
regeneration of [6]* represents the thermodynamic product in
this system being energetically favorable by 172 kJ mol™!
compared to the reference point).

The calculations also indicate why [10a] results in catalyst
deactivation. The formation of the product from [10a] may
occur via two potential pathways, in the first instance, C—N
bond cleavage may occur to give [L]. In principle [L] could
isomerize to [O] which is a key intermediate in the formation
of 7a in Pathway C (q.v.). However, the transition state
connecting [10a] and [L] (TS[;0,jr)) lies at very high energy
(+187 kJ mol™") leading to a large energetic span for this
possibility (+271 kJ mol™'; where TDI = [9a]* and TDTS =
TS[10a)1])- Alternatively, [10a] may revert to [I]* via [9a]",
which then undergoes an alternative C—H bond activation,
affording [11a]* (q.v.). However, the TDI for this process is
now [9a]*, which is significantly lower in energy than the
vinylidene complex [12a]" leading to a large energetic span
(+179 kJ mol~"; where TDI = [9a]* and TDTS = TSq)p)) for
the formation of 7a from [9a]*, thus illustrating why the
formation of the pyridylidene complex [9a]* and subsequent
deprotonation to form [10a] is a catalyst deactivation pathway.

Scheme 11 shows the alternative fate for [I]* as Pathway C,
which involves oxidative addition of the C—H bond to the
metal via transition state TSp,vj. (which is essentially
isoenergetic with [I]* at this level of theory) to afford the
pyridylidene-hydride complex [M]*. Although [M]* (and [J]*
encountered earlier) are formally hydrides, their partial charges
(+0.038 for [M]* and +0.085 for [J]*; from a PABOON
population analysis) suggest protic rather than hydridic
character. As such, deprotonation of [M]" by free pyridine
can occur to give [N] (alternatively, Pathway C may be
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accessed at this point by deprotonation of [J]* to yield [N],
Scheme 10). Cleavage of the carbon—nitrogen bond via
TS(nj0) (+94 kJ mol™") results in the formation of pyridyl
complex [O] (+62 kJ mol™"). This is the microscopic reverse of
the formation of related alkenyl complexes from a coordinated
pyridyl ligand and vinylidene, which has been observed
previously.*! Pyridyl migration via TS[o)p (+95 kJ mol™)
then affords [D], which on protonation of the M—C bond
yields [11a]* and subsequently liberation of 7a with
regeneration of [6]*. The energetic span for the formation of
7a from the catalyst [6]* via Pathway C is 109 k] mol™" (where
TDI = [12a]* and TDTS = TS(o;p)). This is significantly more
favorable than formation of the product via the mechanism
proposed by Murakami and Hori (energetic span = +168 kJ
mol™) or from the catalyst deactivation product [10a]
(energetic span = +179 kJ mol™") and is consistent with the
experimental conditions discussed above.

A further mechanistic possibility is that protonation of the
nitrogen atom in the pyridyl ligand in [O] will afford [P]* (-2
kJ mol ™) generating a pyridylidene ligand. In this instance the
transition state for C—C bond formation (TS(pj,(qj+), which
corresponds to pyridylidene migration to the vinylidene, is at a
lower energy than the analogous transformation involving
pyridyl migration (TS[o)p])- Deprotonation of the product of
pyridylidene migration, [Q]*, may then result in the formation
of [D] which on subsequent reprotonation allows access to
[11a]*. Potential mechanisms for the isomerization of [12a]* to
form [P]* are discussed in the Supporting Information.

Pathways B and C account for many of the experimental
observations. For example, reactions performed in CH,Cl,
solution with only a small excess of pyridine result in the
formation of [9a]". Presumably under these conditions,
deprotonation of the intermediate pyridylidene-hydride com-
plexes [J]for [M]* is slow hence the kinetically preferred
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product [9a]” is obtained. In contrast, when the reaction is
performed under pyridine-rich conditions, the formation of the
pyridylidene [N] is promoted due to the excess of base and this
pathway leads to the desired product 7a occurs.

The proposed pathways also provide insight into the
observed stereochemical outcome of the reaction. Both the
formation of the metal-complex [9a]* and the final product 7a
proceeds in a highly selective manner to give the E-isomer of
the alkene. The potential energy surface was surveyed for
pathways leading to both the E-(proE-pathway) and Z-(proZ-
pathway) isomers of the products. On the whole, most points
were essentially isoenergetic, apart from the formally
coordinatively unsaturated complexes [H]* and [Q]* (dis-
cussed in the Supporting Information) and the transition states
TS(njjo] and TS[gjp)- Importantly, the proE-isomer of
TS[o)p), Which is the TDTS for formation of 7a, is 19 kJ
mol ™" lower in energy than the corresponding proZ-form. The
origin of this energy difference appears to be an unfavorable
steric clash between the phenyl ring of the alkenyl group and
the pyridyl ligand in the proZ-isomer (Figure Sb): a similar

Figure S. Structures of (a) proE-TS[ojp] and (b) proZ-TS(ojp)-

clash is present in TSyj[o}. This leads to an energetic span for
formation of the Z-isomer of 7a that is 25 kJ mol™ more
positive and conveniently explains the stereoselectivity of the
catalyst.

Proposed Catalytic Cycle. Experimental and theoretical
data indicate that [Ru(n>-CsHs)(py),(PPhs)]*, [6]%, is the
active species for the direct C—H functionalization of pyridine
by terminal alkynes and a possible catalytic cycle is shown in
Scheme 12. The first step of the reaction mechanism is the
formation of the vinylidene complex [Ru(i*-CsH;) (py)(=C=
CHR)(PPh;)]*, [12]*. The nitrogen atom in the pyridine acts
as directing group toward the electrophilic a-carbon of the
vinylidene ligand promoting formation of the o-complex [I]".
Complex [I]* may act as a precursor to the C—H activation
products [J]* and [M]*. A kinetically favored hydrogen-
migration from [J]* occurs to give [9]". This is the dominant
pathway observed in CH,Cl, solution and results in catalyst
deactivation. In contrast, for reactions performed in base-rich
media (such as in pyridine solution) deprotonation of either
intermediate metal pyridylidene-hydride may lead to productive
catalysis. Access to [N] allows for C—N bond cleavage before
C—C bond formation by pyridylidene (or pyridyl) migration to
the a-carbon of a Ru-vinylidene species from [P]*. Therefore
the generation of the pyridylidene/pyridyl ligand provides a
lower energy pathway for C—C bond formation. Rearrange-
ment of [Q]" followed by ligand substitution then affords 7.
Pyridine therefore plays two roles in the reaction: it acts as
substrate and as an intermolecular proton shuttle deprotonating
a hydride complex to promote the desired pathway to 7 and
reprotonating either [O] or [D] to form the product.
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B CONCLUSIONS

On the basis of the mechanistic understanding gained from this
study, we have demonstrated that the formation of 2-
styrylpyridine from terminal alkynes and pyridine may be
catalyzed by [6]*. This occurs under far milder conditions than
the corresponding reactions promoted by [Ru(*-C;H;)Cl-
(PPh;),]. This entails that only trace amounts of dimerization
of the terminal alkyne are observed indicating that the product
may be formed with almost 100% atom efficiency and we are
currently investigating the application of this methodology for
the alkenylation of a range of N-heterocycles. Both the
experimental and theoretical studies have demonstrated that
pyridylidene ligands may play an important role in C—C bond
formation reactions and thus are potentially attractive
intermediates for the development of new C—H functionaliza-
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tion reactions. Interestingly, in the system discussed here
pyridylidene ligands are implicated in both productive and
nonproductive mechanistic pathways.

The pyridylidene ligand in complex [9]" appears to be
formed via a different mechanism to those described for the
related iridium-* and rhodium-containing'® systems. In these
cases the first step in the reaction pathway is proposed to be the
formation of a C—H o-complex from the N-bound form of the
heterocycle. In neither case is the carbene ligand formed
directly from this intermediate. In the iridium case, a 6-CAM
mechanism®* occurs transferring a hydrogen first to a phenyl
ligand then to the nitrogen atom of a pyridyl ligand. In the case
of the rhodium system, formal oxidative addition of the C—H
bond occurs via a o-complex. A key feature of the current
system is the templating by the vinylidene ligand. Nucleophilic
attack by pyridine at the a-carbon of this ligand brings the C—
H bond in the ortho position of the heterocycle into proximity
of the metal hence promoting bond activation. An important
consequence of this interaction is that pyridine is only activated
in the 2-position hence the subsequent product is formed in a
regiospecific manner. Such mechanistic processes may provide
an alternative to the existing directing groups employed in
related direct C—H functionalization reactions. The develop-
ment of the direct coupling of an unprotected terminal alkyne
with pyridine and its derivatives provides a 100% atom efficient
route to the catalytic functionalization of N-heterocycles, which
may have significant synthetic applications.
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B NOTE ADDED IN PROOF

Subsequent to the submission of our manuscript, Esteruelas
and co-workers have demonstrated that an osmium vinylidene
may undergo carbon—carbon bond formation with a
pyridylidene-derived ligand. This process corresponds to the
conversation of [O] to [D] (Scheme 11) in our study. See
Bajo, S.; Esteruelas, M. A.; Lopez, A. M.; Oiate, E.
Organometallics 2012, 31, 8618—8626.
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