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Abstract. Density functional studies are performed to understand the role of chelatingbi-phosphine ligands
[(Ph2P(CH2)mPPh2); m= 1–4] in modulating the regio-selectivity of benzoic acid addition to 1-hexyne, in pres-
ence of ruthenium(II) catalyst [(Ph2P(CH2)mPPh2)Ru(methallyl)2]. The Markovnikov addition to 1-hexyne is
observed when catalyst1a [(Ph2P(CH2)PPh2)Ru(methallyl)2] is employed, whereas a reverse regio-selectivity
is witnessed in presence of1d [(Ph2P(CH2)4PPh2)Ru(methallyl)2]. Anti-Markovnikov addition occurs via the
neutral vinylidene intermediates (5a/ d) formed after 1,2-hydrogen shift in hexyne coordinated ruthenium(II)
complexes3a/ d. The energy pro�le shows clear preference for Markovnikov addition by 15.0 kcal/mol (�G S

L)
in case of catalyst system1a. In contrast, anti-Markovnikov pathway following neutral vinylidenes are more
favourable by 9.1 kcal/mol (�G S

L) for catalyst system1d. The Z-enol ester formation is more predominant
in the anti-Markovnikov pathway since the activation barrier for this step requires less energy (5.9 kcal/mol,
�G S

L) than the one furnishing theE-product. The calculated results are in good agreement with the reported
experimental �ndings.
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1. Introduction

Enol esters are useful precursors in organic synthesis,
especially for the regio- and stereo-selective generation
of enolates.1 They have been used as intermediates
in carbon–carbon and carbon–heteroatom bond forma-
tion and also act as versatile substrates for a variety
of well-known organic transformations. Furthermore,
vinyl esters such as vinyl acetates and acetoxystyrenes
are important precursors for the preparation of var-
ious polymers and copolymers.2 The most ef�cient
method for the preparation of these compounds is
the ruthenium-catalysed addition of carboxylic acids
to alkynes. For the �rst time, Rotem and Shvo
used ruthenium metal catalyst such as Ru3(CO)12

and [Ru(CO)2(O2CCH3)]n for the addition of car-
boxylic acids to substituted acetylenes under harsh
conditions, resulting mainly in the regio-selective
Markovnikov products.3 The reaction was further
developed by the groups of Mitsudo and Dixneuf,
with the introduction of more active catalysts, for
e.g., bis(cyclooctadienyl)Ru-phosphine-maleic anhy-
dride or Ru(� 3-methallyl)2-phosphine combinations.4,5

� For correspondence

Later, Bruneauet al. reported the catalytic activation
of valuable C3-feedstock viz. propadiene and propyne,
towards the addition of carboxylic acids in presence
of binuclear ruthenium catalyst to form isopropenyl
esters, subsequently enhancing the industrial impor-
tance of this transformation.6 To increase the ef�ciency
and versatility of this method, Gooßenet al. syn-
thesized a new catalyst system that can furnish both
Markovnikov and anti-Markovnikov regio-products in
excellent selectivity.7

Interestingly, Doucet and Dixneuf have reported that
with the modi�cation of the chelating bidentate lig-
ands, the regio-selectivity of the nucleophilic addition
can be controlled allowing predominant formation of a
given hexenyl benzoate isomer (I , II , III ; scheme 1).
To be precise, experimental observations reveal that
catalytic systems1a and 1d, differing only in their
spacer groups (m = 1 in 1a vs. 4 in 1d) are capa-
ble of reversing the regio-selectivity with predominant
formation of the Markovnikov addition productI in
the former case and anti-Markovnikov enol esterII
in the latter (scheme 1). The same authors proposed
a mechanistic route to explain the regioselectivity for
the alkyne coupling with carboxylic acid as depicted in
scheme 2.5
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Scheme 1. Enol ester formation via carboxylic acid addition to alkynes in presence of ruthenium catalyst.

It was suggested that the initial step of the catalytic
reaction involves a facile ligand exchange by the active
catalyst1x to form the ruthenium carboxylate species
2x (scheme 3). A rearrangement from (� 2-carboxylate)
to (� 1-catboxylate) species3x will provide room for the
coordination of the incoming alkyne moiety. Subsequent

hexyne coordination will furnish intermediate3, which
can equilibrate in several of its resonance forms (3_ix
and3_iix, scheme 2), including the vinylidene isomer
5x. In organometallic catalysis, metal vinylidenes are
the commonly preferred ligands in both mono- and
polynuclear metal complexes.8 Carboxylate will attack
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Scheme 2. Probable mechanistic scheme for the addition of carboxylic acids to alkynes as proposed by Dixneufet al.5b
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the electrophilic carbon of the coordinated alkyne moi-
ety to form intermediate9x. Subsequent protonolysis of
the ruthenium–carbon bond, or protonation of the ruthe-
nium centre followed by reductive elimination, will
liberate the desired enol ester product as sketched in
scheme 1. It is pertinent that the regioselectivity may
depend on the electronic environment of the coordinated
alkyne species. The carboxylate addition will take place
at the most electrophilic carbon atom of the terminal
alkyne, the electronic effect of which is unambiguously
in�uenced by the chelating diphosphine ligand. Alter-
natively the addition can occur at the C� of the vinyli-
dene species5x to afford the anti-Markovnikov products
II andIII .

In this study, we investigate both the existence as well
as relative stabilities of the intermediates proposed in
the catalytic cycle using computational methodology.
Furthermore, we will address the role of the chelating
ligands in modulating the electronic environment on the
metal centre, which in turn in�uences the charge distri-
bution of the coordinated hexyne fragment. The ener-
getics of the fundamental steps including the nucle-
ophilic attack will be analysed for two sets of catalyst
systems1a and1d. On the basis of the energy difference,
the preference for a given pathway leading to particular
enol esters will be discussed.

2. Computational Details

All calculations were performed using Gaussian099

program packages. The geometries of stationary points
and transition states were optimized using the two-layer

ONIOM(MO:MO)10 method. The ONIOM high level
has been designated for the whole molecules except
phenyl ring (–Ph) in phosphine ligands and treated
with meta hybrid generalized gradient approximation
(m-GGA) by means of M06-2X functional employing
basis set with the relativistic effective core potential
of Hay and Wadt (LANL2DZ)11 for ruthenium atom
and 6-31G(d)12 for other elements (H, C, N O and P).
The ONIOM low level (–Ph) has been described by
the HF/STO-3G method. The geometries were opti-
mized without any symmetry constraints. Harmonic
force constants were computed at the optimized geome-
tries to characterize the stationary points as minima or
saddle points. Zero-point vibrational corrections were
determined from the harmonic vibrational frequencies
to convert the total energiesEe to ground state energies
E0. The rigid-rotor harmonic-oscillator approximation
was applied for evaluating the thermal and entropic con-
tributions that are needed to derive the enthalpiesH298

and Gibbs free energies,G298 at 298 K. All transition
states were located using the linear synchronous transit
(LST)13 method in which the reaction coordinate was
kept �xed at different distances while all other degrees
of freedom were relaxed. After the linear transit search,
the transition states were optimized using the default
Berny algorithm implemented in the Gaussian09 code.9

All transition states were con�rmed by IRC (intrin-
sic reaction coordinate) calculations. For further vali-
dation, single-point calculations were performed at the
M06-2X/LANL2TZ(Ru)/TZVP (H, C, N, O and P)
level of theory. Solvation energies (ES

L ) were evalu-
ated by a self-consistent reaction �eld (SCRF) approach
for all the intermediates and transitions states, using
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Table 1. Energy changes (in kcal/mol) for ligand exchange and 1-hexyne coordination steps involved in catalyst systems
1a/ d. For different energy terms, refer to computational details.

Steps �E e �H 298 �G 298 �E S
L Steps �E e �H 298 �G 298 �E S

L

11a � 2a Š51.9 Š52.1 Š56.5 Š45.0 11d � 2d Š73.8 Š74.4 Š78.6 Š63.9
22a � 3a Š14.3 Š12.8 33.9 Š7.6 22d � 3d Š9.7 Š8.2 77.9 Š8.2
23a � 3�

a Š11.7 Š10.3 33.8 Š6.4 23d � 3�
d Š3.6 Š2.2 111.9 00.9

the SMD continuum solvation model implemented in
Gaussian09.14 Toluene was chosen as a solvent (dielec-
tric constant� = 2.374) with SMD-intrinsic Coulomb
radii for the respective atoms.

The different energy terms,�E e, �H 298, �G 298,
�E S

L and �G S
L represented in tables 1, 3 and 4 (see

text) are de�ned as follows.�E e is the total electronic
energy change at ONIOM{M06-2X/LANL2DZ(Ru)/6-
31G*(H, C, N, O and P):HF/STO-3G} level of the-
ory, �H 298 and �G 298 are gas-phase enthalpy change
and gas-phase Gibbs free energy change, respec-
tively. �E S

L is the solvent electronic energy at M06-
2X/LANL2TZ(Ru)/TZVP(H, C, N, O and P) level.
Finally, �G S

L is the solvent-phase free energy change,
where the total solvent electronic energy (�E S

L ) is aug-
mented with the gas-phase free energy correction at
ONIOM{M06-2X/LANL2DZ(Ru)/6-31G*(H, C, N, O
and P):HF/STO-3G} level. The charge distribution was
analysed using the Weinhold’s NPA (natural population
analysis) approach.15

3. Result and Discussions

Experimental results of Dixneufet al. showed that
regio- and stereo-selectivity of carboxylic acid addition
to the terminal alkynes can be modulated by the chain
length connecting the phosphorous atoms of chelat-
ing bi-dentate phosphine ligand in catalyst1x (x =
a, b, c and d; refer to scheme 1).5b It was observed
that catalyst containing one (CH2) spacer group fur-
nished predominantly the Markovnikov-added product
I; whereas when four (CH2) groups are used, a rever-
sal of regio-selectivity occurs (scheme 1). Here, we
have demonstrated the mechanism for twobi-dentate
phosphine containing catalysts,1a and1d, on the basis
of calculated energy change of the key steps and NPA
charges of the intermediates postulated in the proposed
catalytic cycle (scheme 2). The reactivity and selec-
tivity of other catalysts with homologousbi-dentate
ligand (1b, 1c) and non-chelating phosphine ligands (1e

having two PPh3 instead ofbi-dentate phosphine) are
also examined and interpreted using NPA charges of the
reactive atoms.

Under reaction temperature (� 65� C) facile ligand
exchange occurs in1x to yield the respective di-
carboxylate complex2x, which is considered as cata-
lyst for the subsequent hexyne addition reaction
(scheme 3). The high exothermicity for the step
1x � 2x, (1x {x = a, b, c, d and e} is,Š49.5,
Š58.2, Š62.0, Š68.7 andŠ58.5 kcal/mol; refer to
table 1) is an obvious outcome due to two rea-
sons: �rstly, the facile removal of methallyl ligands
as isobutene after protonation; and secondly, the sta-
bility gained by the coordination of the benzoate ions
to the ruthenium(II) centre. Successful isolation of2d

or its analogue [(bis(diphenylphosphino)butane)Ru(� 2-
O2CCF3)2] as reported under experimental conditions
supports the calculated exothermicity of the ligand
exchange process. Besides the electronic factor, stearic
factor can also play a signi�cant role. During replace-
ment of methallyl ligands by benzoate ions, steric
crowding around metal centre is reduced, the effect
can be roughly quanti�ed as 23.8 kcal/mol (for fur-
ther details, refer to scheme S1 of supplementary infor-
mation). Relative relaxation of the chelating phosphine
ligand depends on its steric bulk; thus allowing the
ligand exchange step for1d to be more exothermic than
its lower homologues (1x; x = a, b and c).

It is well-known that coupling reaction of X–H
(X– = RCOO–, RCONR–, RO–, RNH–, etc.) bonds
to the alkyne occurs via two principal pathways:
(i) oxidative addition of X–H followed by alkyne
insertion to metal–X bond, or (ii) alkyne coordina-
tion followed by nucleophilic attack to the coordi-
nated alkyne. The former pathway would be pre-
ferred for catalytic systems having electron-rich metal
center with small coordination number. However, in

Table 2. NPA charges on the selective atoms (Ru, C1 and
C2) of alkyne coordinated complexes3x.

Complex qRu qC1 qC2

3a Š0.246 Š0.246 0.126
3b Š0.227 Š0.243 0.059
3c Š0.243 Š0.257 0.074
3d Š0.255 Š0.230 0.022
3e Š0.144 Š0.288 0.151
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octahedral complex2x, the ruthenium(II) center is both
coordinatively saturated and electron de�cient preclu-
ding the possibility to follow the coupling pathway (i)
as mentioned earlier. Alternatively, we can also think of
a possibility where alkyne insertion to the Ru–O bond
occurs in2x. However, experimental �nding supports
the external attack of carboxylate rather than the one
already coordinated to the ruthenium center.5b Hence,
pathway (ii) stands out to as the only route for the
coupling reaction.

During the subsequent hexyne coordination in2x,
one of the Ru–O bonds cleaves, providing ample room
for the incoming ligand to form the� 2-complex 3x

(scheme 3). Closer inspection of2x geometries reveal
that the Ru–O2/O4 bonds are more elongated than
the Ru–O1/O3 bonds (rRuŠO1(2a/2d)= 2.143/2.166 Å,
rRuŠO2(2a/2d)= 2.207/2.244 Å, rRuŠO3(2a/2d)= 2.142/2.
142 Å and rRuŠO4(2a/2d)= 2.224/2.237 Å). It is also
observed that O1/O3 orients to the site crowded with
two cis phosphorus atoms (P1 and P2); whereas in
O2/O4, one phosphorus iscis- and othertrans- (�gure
S1). The combined effect of such spatial disposition of
ligands creates a sterically less demanding environment
for the incoming hexyne to coordinate from the O2/O4
site. The coordination of hexyne results in two iso-
meric intermediates (3x, 3�

x, scheme 2), differing only
in the orientation of then-butyl chain. As usual, the
coordination step2x � 3x/3�

x is exothermic for the stud-
ied set of ligands, but endergonic due to the entropic
penalty associated with ligand combination (refer to
table 1). Surprisingly, there exists no trend in the rela-
tive stabilities of the intermediates3x and3�

x. In case of
catalytic system1a, isomer3�

a is more stable than3a.
In contrast, the reverse is seen for catalytic system1d

(� GS
L (3a � 3�

a/3d � 3�
d) = Š 1.5/7.1 kcal/mol).

3.1 Markovnikov addition

Markovnikov product would be generated if the ben-
zoic acid attacks C2 of the coordinated� 2-Ru(II)
hexyne species. In intermediates3x/3�

x, the atoms C1
and C2 represent nucleophilic and electrophilic centers,

respectively, as obvious from the NPA charges tabulated
in table 2. Hence, the benzoic acid should preferen-
tially attack at the C2 positions leading to the intermedi-
ate4x which will eventually produce the Markovnikov
addition product I (schemes 1 and 4). We can sur-
mise that the scope of Markovnikov product forma-
tion depends upon the magnitude of positive charge on
C2 atom in3x/3�

x. To understand the wider role of lig-
ands in modulating the regio-selectivity of product for-
mation, we have studied the benzoic acid addition to
the selected intermediates3a and3d, respectively. Since
the C2 charge separation is negligible between3x and
3�

x, we have only considered the nucleophilic addition
step for3a (�q C2 = Š 0.010e from 3a to 3�

a) and3d

(�q C2 = 0.002e from 3d to 3�
d) intermediates, which

are supposed to furnish different regio-addition pro-
ducts as experimentally reported. To explore the reac-
tion surface, the benzoic acid was gradually allowed to
attack the C2 centres of3a and3d. Interestingly, the cal-
culated activation barrier for the step3a � 4a is sub-
stantially higher than the one in3d � 4d (� ‡GS

L =
25.8 kcal/mol for3a � 4a vs. � ‡GS

L = 45.3 kcal/mol
for 3d � 4d; scheme 4 and table 3). It is not sur-
prising that the activation barrier has strong correlation
with the positive charge at the C2 centre (qC2(3a/3d) =
0.126/0.022e, table 2). The optimized transition states
[3a–4a]‡ and [3d–4d]‡ are characterized with an eigen-
mode of decent magnitude (Š370i cmŠ1 in [3a–4a]‡

vs. Š427i cmŠ1 in [3d–4d]‡) animating the attack of
oxygen atom on PhCOOH towards C2 with concomi-
tant transfer of acid hydrogen (H2) atom to O2 of coor-
dinated benzoate (�gure 1). In intermediate4a/ d, the O2
from one of the benzoates has protonated during the
addition step while the O4 from other benzoate regains
its bonding to saturate the coordination at the ruthenium
center. The geometrical parameters of4a/ d resemble a
typical vinyl intermediate. The C1–C2 bond lengths are
1.337/1.339 Å and� Ru–C1–C2 angles 135.6/135.9� ,
which are in good agreement with previously calcu-
lated result by Caulton in the RuHCl(CH= CH2)(PH3)2

intermediate.16 During the subsequent step of the
reaction, the �nal Markovnikov product I will be
liberated with the regeneration of catalyst2a/ d.
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Table 3. Energy changes (in kcal/mol) for nucleophilic attack on the alkyne coordinated complex. For different energy
terms, refer to computational details.

Steps �E e �H 298 �G 298 �E S
L Steps �E e �H 298 �G 298 �E S

L

3a � [3a–4a]‡ 17.3 15.9 20.7 22.4 3d � [3d–4d]‡ 34.6 38.1 43.4 36.5
[3a–4a]‡ � 4a Š38.3 Š34.7 Š27.4 Š42.5 [3d–4d]‡ � 4d Š58.9 Š60.1 Š53.7 Š43.2

3a 4a[3a-4a]‡

Ru C1 = 2.088
Ru C2 = 3.013
C1 C2 = 1.293
Ru O1 = 2.209
Ru O2 = 3.491
Ru O3 = 2.167
Ru O4 = 2.242
Ru P1 = 2.284
Ru P2 = 2.467
O2 H2 = 1.479
Ru C1 C2 = 124.3
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Figure 1. Optimized geometries of intermediates and transition states involve in nucleophilic addi-
tion step to the3a/ d. Hydrogen atoms are omitted for clarity. All bond lengths are in angstrom (Å)
and angles in degree (� ).

The calculated NPA charges (table 2) of C2 atom
for intermediates 3a to 3d are in the order of
3a > 3c > 3b > 3d. Considering the calculated results for
benzoic acid addition (vide supra) and the NPA charges
at the C2 centre, it is understandable to believe that
the extent of positive charge at the C2 center will dic-
tate the feasibility of Markovnikov addition to occur.
Indeed, the experimental results fully substantiate our
understanding. To further support our statement, the C2
charge on monodentate phosphine containing isomer3e

is highest among the studied3x intermediates suggest-
ing an exclusive formation of Markovnikov addition
product. This supports the experimental �ndings of
Gooßenet al.on vinyl ester formation using ruthenium
catalysed addition of carboxylic acids to alkynes.7

3.2 Anti-Markovnikov addition

In general, the anti-Markovnikov product formation
can occur if the nucleophile coordinates to the C1

centre of the� 2-Ru(II) intermediate3x. However, the
electron-rich C1 center for3x complexes (table 2)
hinders the direct approach of any nucleophile; thus
precluding the formation of anti-Markovnikov products
(II andIII ). Therefore, formation of anti-Markovnikov
product via direct nucleophilic attack to the alkyne
coordinated complex is ruled out. To explain the regio-
selectivity of nucleophilic addition, Dixneufet al. pro-
posed an isomer3_i (scheme 3), where C1 possesses
a partially positive charge. Unfortunately, such geome-
try did not converge during DFT optimization. To the
best of our knowledge, an electrophilic C1 center can
be obtained, if a conversion route for the3x intermedi-
ates to transform to their respective vinylidene isomers
exists. A theoretical study of vinylidene complexes by
Kostic and Fenske identi�ed the electron de�ciency
at C1 and the localization of electron density in the
M= C double bond.17 Hence, it is important at this stage
to search for probable pathways for vinylidene forma-
tion. From3x, two different pathways leading to neutral
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and cationic vinylidene intermediates are calculated as
discussed here.

3.2a Neutral vinylidene formation pathway:
Dixneuf proposed a mechanism for the formation
of ruthenium vinylidene complex via 1,2-proton
shift at the alkyne coordinated moiety3x.8b,18 While
investigating the mechanism of vinylidene formation
in water addition to alkynes, Saáet al. reported a
similar 1,2-proton shift supported by isotopic labelling
experiment.19 Considering the above facts, we studied
the transfer of the acetylinic hydrogen (H1) atom from
C1 to C2 in both3a/ d intermediates (scheme 5). The
vinylidene intermediate,5a/ d, formed after such proton
transfers is more unstable than its hexyne coordinated
predecessor by 12.7/17.5 kcal/mol. A similar endother-
micity for vinylidene formation was also reported
by Dixneuf and Morokuma for the complex of type
RuX2(RC� CH)(PR3)2.17,20

The hydrogen atoms (H1) in transition states [3a–5a]‡

and [3d–5d]‡ are more positive (qH1([3a–5a]‡/[3d–5d]‡)
= 0.386/0.385e) than the connecting intermediates3a/ d

and5a/ d (qH1(3a/3d) = 0.266/0.272e andqH1(5a/5d) =
0.256/0.258e) indicating a proton shift accompanying
the vinylidene formation step. The activation barrier for
3a � 5a is slightly higher than that of3d � 5d step
by 7.5 kcal/mol (� ‡GS

L(3a � 5a/3d � 5d) = 40.8/33.3
kcal/mol, refer to table 4). A probable explanation rests
on the electronic charges on the C2 atoms in3a/ d inter-
mediates. The more positive charge on C2 in3a (qC2 =
0.126 e) hinders the approach of the incoming pro-
ton resulting in a higher barrier than in3d (table 2).
Under similar grounds, we can justify the reluctance of

3e to transform to vinylidene intermediate, since C2 is
the most electron de�cient among the3x intermediates
(table 2). The imaginary frequencies of the transition
states [3a–5a]‡ and [3d–5d]‡ depicts the correct mode,
involving the oscillation of hydrogen (H1) between C1
and C2 atoms. The calculated activation barriers and the
geometrical parameters (see �gure 2) of the optimized
transition states resemble the DFT results reported by
Wakatsukiet al., while investigating the hydration of
alkynes using ruthenium(II) catalyst.21 The vinylidene
complexes,5a/ d can now undergo the usual nucleophilic
addition at the C1 center to form the anti-Markovnikov
enol estersII andIII (scheme 1).

3.2b Cationic vinylidene formation pathway: There
exists a different pathway for vinylidene formationvia
Ru-vinyl intermediates as proposed by Wakatsukiet al.
during their study of water addition to terminal
alkynes.21 In search of similar Ru(II)-vinyl interme-
diates, we conducted protonation at the C2 center of
3a/ d. After addition of proton at C2 atom in3a, ruthe-
nium(II) vinyl intermediate3a-vin is formed as depicted
in scheme 6. We have noticed a migration of proton to
C1 center with subsequent coordination of O4 to C2,
leading to an intramolecular ligation of the benzoate
ion. It is clear that intermediate3a-vin after subsequent
transformation will produce the desired Markovnikov
product I . In contrast, similar protonation in3d

furnished a typical ruthenium(II) vinyl intermediate
3d-vin, where no intramolecular coordination of ben-
zoate to C2 occurs. Unfortunately, the step3d � 3d-vin
is highly endothermic (�G S

L = 77.1 kcal/mol) making
its existence doubtful under the reaction condition.
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Scheme 5. Neutral vinylidene formation pathway. For energy conventions see scheme 2.

Table 4. Energy changes (in kcal/mol) for the step of vinylidene formation from alkyne coordinated complexes,3a and3d.
For different energy terms, refer to computational details.

Steps �E e �H 298 �G 298 �E S
L Steps �E e �H 298 �G 298 �E S

L

3a � [3a Š 5a]‡ 41.6 33.3 41.1 41.3 3d � [3d Š 5d]‡ 33.4 35.5 35.7 31.0
[3a Š 5a]‡ � 5a Š33.7 Š25.4 Š34.3 Š7.5 [3d–5d]‡ � 5d Š18.3 Š20.4 Š21.9 Š12.2



288 Bholanath Maity et al.
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Ru C1 = 2.022
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Ru P2 = 2.736
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Figure 2. Optimized geometries of intermediates and transition states involve in neutral vinylidene
formation step. For other conventions, see �gure 1.

We have also investigated an alternative route
for generation of cationic vinylidene intermediates
(scheme 7) considering the oxidative addition of alkyne
via C1–H bond activation at the ruthenium center22

followed by protonation at the C2 center. DFT calcu-
lations by Wakatsuki showed that oxidative addition
of Csp–H bond of coordinated 1-alkyne to the ruthe-
nium(II) intermediate was unfavourable due to very
high activation barrier of 40.3 kcal/mol (� ‡H298) at
B3LYP/LANL2DZ(Ru)/6-31G(d)(C, H, O and P) level
of theory. A similar oxidative addition pathway was
studied for intermediate3d. The optimized geometry
of the oxidatively added Ru(IV)-hydrido-alkynyl com-
plex (6d, �gure S2) is 41.8 kcal/mol (�G S

L) unstable
than3d, indicating a high activation barrier to surmount.
We were also curious to explore a similar possibility
for 3�

a/ d intermediates. We were unable to optimize
the desired Ru(IV)-hydrido-alkynyl complex; instead
the H1 atom migrated to the O4 center leading to a
new ruthenium(II)-alkynyl complexes6�

a/ d (scheme 7).
The overall step (3�

a/ d � 6�
a/ d) is endergonic by

4.6/9.2 kcal/mol (�H 298, table 5), a value which is in
good agreement with the result reported by Wakatsuki
(�H 298 = 9 kcal/mol).21 The calculated activation bar-
riers (� ‡GS

L(3�
a � 6�

a/3
�
d � 6�

d = 13.0/6.5 kcal/mol)
are comparatively lower than usual oxidative addition
(� ‡Ee = 18.9 kcal/mol at B3LYP/LANL2DZ(Ru)/6-
31G(d,p)(C, H, O and P) label of theory) investigated
by Gimenoet al.23

In alkynyl complexes6�
a/ d, the C1–C2 distances

are 1.224/1.221 Å comparable to the reported value
of 1.222 Å in [Ru(IV)Cp*(H)(C� CMe(PH3)2]+ inter-
mediate.21 In complexes 6�

a/ d, substantial electron
densities at C1 and C2 atoms (qC1(6�

a/ d) = Š 0.143/
Š0.124e; qC2(6�

a/ d) = Š 0.130/Š0.169e), prohibit any
nucleophilic attack at these centres. In 1986, Consiglio
et al. showed experimentally that ruthenium-alkynyl
complexes can be converted into vinylidene species in
presence of protic acid.24 Following the same line of
thought, we have added a proton to C2 of6�

a/ d resulting
in cationic vinylidene intermediates7�

a/ d (see scheme 7
and �gure 2) as shown in �gure 3. The protonation
step (6�

a/ d � 7�
a/ d) of the alkynyl isomers entails a

moderately high endothermicity of 43.7 and 45.4
kcal/mol (scheme 7 and table 5).

The deuterium labelling experiment conducted by
Wakatsuki con�rms that the acetylinic hydrogen does
not migrate to the C2 center as discussed in the neu-
tral vinylidene formation pathway. The study proposed
that a cationic pathway should be followed in case
of hydration of alkynes in alcohol medium. However,
our calculated results support the neutral vinylidenes
(5a/ d) formation via 1,2-proton shift to be energetically
more favourable than the cationic vinylidene (7�

a/ d)
route.25 The contradiction arises probably due to the
polarity of the employed solvent, as the charge species
under non-polar solvent, here toluene, is not stabi-
lized. Gooßenet al. have also proposed the presence
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Table 5. Energy changes (in kcal/mol) for the step of cationic vinylidene formation from alkyne coordinated complexes,
3�

a/ d via alkynyl complex. For different energy terms, refer to computational details.

Steps �E e �H 298 �G 298 �E S
L Steps �E e �H 298 �G 298 �E S

L

3�
a � [3�

a–6�
a]‡ 8.0 7.3 8.5 12.6 3�

d � [3�
d–6�

d]‡ 8.0 5.0 7.6 6.9
[3�

a–6�
a]‡ � 6�

a Š3.9 Š2.7 Š6.8 Š6.7 [3�
d–6�

d]‡ � 6�
d Š0.9 4.2 Š1.2 Š0.2

6�
a � 7�

a 90.7 89.7 92.6 41.8 6�
d � 7�

d 94.1 88.9 91.3 45.5

3'a 6'a[3'a-6'a]‡ 7'a
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C1
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H1

Ru C1 = 2.441
Ru C2 = 3.155
C1 C2 = 1.219
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Ru O2 = 2.209
Ru O3 = 2.177
O4 H1 = 1.712
C1 H1 = 1.234
Ru P1 = 2.332
Ru P2 = 2.286
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Ru C1 = 1.998
C1 C2 = 1.224
Ru O1 = 2.143
Ru O2 = 2.233
Ru O3 = 2.199
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Ru P2 = 2.558
Ru C1 C2 = 177.2
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Figure 3. Optimized geometries of intermediates and transition states involved in cationic vinylidene
formation step. For other conventions, refer to �gure 1.
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of neutral ruthenium(II)-vinylidene intermediates while
explaining the mechanism for hydroamidation reaction
of terminal alkynes under toluene medium.26

3.2c Nucleophilic attack step to vinylidene: It has
been reported in experimental studies that in presence
of catalyst [(bis(diphenylphosphino)butane)Ru(� 2-
O2CCF3)2], the tri�uoroacetate group does not add
to the 1-hexyne, ruling out any internal attack of
nucleophile on either3x or 5x intermediates. We have
discussed the formation of two types of vinylidenes
intermediates: neutral (5a/ d) and cationic (7�

a/ d). How-
ever, the calculated results suggest the formation of
cationic vinylidenes to be highly endergonic and hence
require no further discussion. From the comparative
energy values shown in schemes 4 and 5, it is neces-
sary to understand that for reactions emanating from
catalyst1a, the Markovnikov addition is energetically
more favourable than anti-Markovnikov product
formation (vide infra). Therefore, the pathway fol-
lowing the neutral vinylidene intermediate5a will be
least feasible in this case. Whereas, for catalyst1d,
the neutral vinylidene pathway reveals lower energy
barriers than the Markovnikov addition route (red
lines, �gure 5b). Similar to typical vinylidenes, the C1
atom in 5d is highly positive (qC1 = 0.427 e) luring
the nucleophile to attack. The LUMO in5d is the px
atomic orbital of C1 residing on thexy plane contain-
ing the C1–C2–H–Bu fragment (�gure S3). Therefore,
there exists two possibilities for benzoic acid to coordi-
nate the C1 center; eithersyn-or anti- with respect to
the butyl fragment giving rise toE- or Z-enol esters
(III or II , respectively). The approach of benzoic acid
from two different sides allowed the formation of

pre-complexes8d–E and 8d–Z (scheme 8, �gure 4),
which are common in gas-phase mechanistic studies.27

The proximity of O1 and O4 the acidic hydrogen of
benzoic acid in intermediates8d–E and8d–Z, enhances
the nucleophilicity of the acid oxygen facilitating
smooth attack to the C1 center. The activation barriers
for the nucleophilic attack steps are relatively low:
12.4, 6.4 kcal/mol (refer to table 6) for the steps8d–E
� 9d–E and8d–Z � 9d–Z. The activated complexes
[8d–9d–E]‡ and [8d–9d–Z]‡ are characterized with a
single negative eigenmode depicting the movement
of oxygen towards the C1 with concomitant hydro-
gen transfer to O1/O4. The activation barrier in case
of the Z-attack is lower than theE-attack due to
a larger steric congestion of the phenyl rings of P1
atoms towards the incoming benzoic acid group. The
�nal intermediates 9d–E and 9d–Z will eventually
undergo reductive elimination to furnish respective
E- and Z-products along with regeneration of the
catalyst2d.

3.3 Regio- and stereo-selectivity

Comparison of both regio- and stereo-selective addi-
tions of benzoic acid to 1-hexyne in presence of two sets
of catalyst is schematically captured in the comparative
energetics (�G S

L) plot shown in �gure 5. It is evident
from the calculated energy pro�les that pathways trac-
ing the cationic vinylidenes (7�

a/ d; dotted black line) are
highly endothermic and hence will not be followed in
the present case. On the left side are the two competing
pathways: the Markovnikov addition from3a/ d (thick red
line) and anti-Markovnikov addition via neutral vinyli-
dene5a/ d (thin blue line). For catalyst1a, Markovnikov
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Scheme 8. Nucleophilic attack step to the vinylidene intermediate5d. For energy conventions, see scheme 2.
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Figure 4. Optimized geometries of intermediates and transition states involved in nucleophilic
attack step for the vinylidene intermediate5d. For other conventions, refer to �gure 1.

Table 6. Energy changes (in kcal/mol) for the step of nucleophilic attack the5d intermediate. For different energy terms,
refer to computational details.

Steps �E e �H 298 �G 298 �E S
L Steps �E e �H 298 �G 298 �E S

L

5d � 8d–E Š15.5 Š14.6 Š3.6 Š10.3 5d � 8d–Z Š19.7 Š19.1 Š6.5 Š12.5
8d–E � [8d–9d–E]‡ 6.0 4.9 8.4 8.3 8d–Z � [8d–9d–Z]‡ 4.0 2.9 2.3 7.3
[8d–9d–E]‡ � 9d–E Š19.9 Š17.8 Š18.5 Š16.8 [8d–9d–Z]‡ � 9d–Z Š25.4 Š23.0 Š22.4 Š19.6
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9d-Z(16.7)
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Figure 5. Energetics of different pathways for catalysts1a (a) and1d (b). Colour code: thick (red)
lines for Markovnikov, thin (blue) lines for anti-Markovnikov via neutral vinylidenes and dotted
(black) lines for anti-Markovnikov via cationic vinylidenes.

addition pathway is most preferred; while for1d, the
anti-Markovnikov addition remains favourable. The
results are in good agreement with the experimental
observations reported so far. Closer inspection of the
reaction pro�le reveals that the relative energy differ-
ence between the Markovnikov and anti-Markovnikov
barriers in case of catalyst1d is lower than in

1a (�� ‡GS
L(1a/1d = 15.0/9.1 kcal/mol; �gure 5). So,

we can infer that under elevated reaction temperatures,
product mixtures containing both the regio-selective
enol esters can be detected for catalyst1d. Satisfyingly,
the experimental results show a substantial increase in
Markovnikov product formation using catalyst1d under
reaction temperature of 373 K. Furthermore, in case of
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1d, the calculated results show a clear preference for
Z-selective enol esters (II ) as an outcome of the anti-
Markovnikov addition process (blue line forZ- and pur-
ple dotted line forE-product in �gure 5b), supporting
the experimental �nding reported by Dixneufet al.

4. Conclusions

In the present DFT study, we have addressed the
role of chelating phosphine ligands in governing the
regioselectivity of ruthenium(II)-catalysed benzoic acid
addition to 1-hexyne. For general catalyst system
of the type: [(Ph2P(CH2)mPPh2)Ru(methallyl)2], modi-
fying the length of the spacer (CH2)m unit resul-
ted in different regio-controlled enol ester products.
Reactions performed using catalyst1a [(Ph2P(CH2)
PPh2Ru(methallyl)2], where m= 1, the Markovnikov
added product (I) was obtained as major quantity. In
case of catalyst1d [(Ph2P(CH2)4PPh2Ru(methallyl)2]
the anti-Markovnikov addition product was predomi-
nant. In the presence of1a, the calculated energy val-
ues show the Markovnikov addition pathway to be
more favourable by 15.0 kcal/mol. In contrast, for
1d, the anti-Markovnikov addition leading to theZ-
enol ester (II ) was more favourable than the other
regio-selective pathway by 9.1 kcal/mol. In order to
obtainII , addition of benzoic acid to the C1 centres of
[(Ph2P(CH2)1/ 4PPh2Ru(� 2-O2CPh)2(� 2-hexyne)] (3a/ d)
is necessary. However, suf�cient electron density at
the C1 centre refrains the occurrence of coordina-
tion. Hence, alternative pathways for anti-Markovnikov
addition accompanying the vinylidene intermediates
are considered. We have shown pathways follow-
ing both neutral as well as cationic vinylidene com-
plexes. Formation of cationic vinylidenes demands very
high energy and are hence not considered as a pre-
ferred reaction route. Pathways leading through neu-
tral vinylidenes are more realistic in terms of energy
values, particularly the addition of benzoic acid to
[(Ph2P(CH2)4PPh2Ru(O2CPh)2(= C= CHBu)] (5d). The
activation barrier for theZ-enol ester product forma-
tion is less than its other stereo-isomers (III ) by 5.9
kcal/mol. The difference in energy arises from the
steric interaction of the phenyl groups coordinated to
the phosphorus atom with the incoming benzoic acid
during the anti-attack. The calculated results are in
good agreement with the experimental �ndings from
the group of Doucet and Dixneuf. Moreover, consid-
ering our calculated NPA charges at the C2 atoms in
intermediates3x, we can correctly predict the formation
of the Markovnikov addition product if at all possible.
Our calculated results provide good interpretation of

the role of ancillary chelating phosphine ligands in con-
trolling the regio-selectivity of benzoic acid as reported
in the experimental observations. Further mechanistic
investigations by our group are in progress.

Supplementary Information

Steric effect in ligand exchange step (1x � 2x) and
related optimized geometries are given in scheme S1
and �gure S1. Figure S2 represents the oxidative addi-
tion in 3d intermediate. KS-LUMO of5d and nucle-
ophilic approach of that intermediate are shown in
�gure S2. Absolute total energy (in Hartrees) and Carte-
sian coordinates of all intermediates and transition
states are shown in tables S1 and S2, respectively. For
details see www.ias.ac.in/chemsci website.
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