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Abstract. Density functional studies are performed to understand the role of chelatpigpsphine ligands
[(PhP(CH)mPPR); m= 1-4] in modulating the regio-selectivity of benzoic acid addition to 1-hexyne, in pres-
ence of ruthenium(ll) catalyst [(BR(CH)nPPh)Ru(methallyl}]. The Markovnikov addition to 1-hexyne is
observed when catalyst [(Ph,P(CH,) PPh)Ru(methallyl}] is employed, whereas a reverse regio-selectivity
is witnessed in presence &f [(PhbP(CH,)sPPh)Ru(methallyl}]. Anti-Markovnikov addition occurs via the
neutral vinylidene intermediate$4{4) formed after 1,2-hydrogen shift in hexyne coordinated ruthenium(ll)
complexes3y 4. The energy pro le shows clear preference for Markovnikov addition by 15.0 kcal/@of

in case of catalyst systefy. In contrast, anti-Markovnikov pathway following neutral vinylidenes are more
favourable by 9.1 kcal/mol G ) for catalyst systeniy. 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 ?) than the one furnishing th&-product. The calculated results are in good agreement with the reported
experimental ndings.

Keywords. Enol esters; DFT; regio-selectivity; ligands; ruthenium(ll) catalyst.

1. Introduction Later, Bruneatet al. reported the catalytic activation
of valuable C3-feedstock viz. propadiene and propyne,
Enol esters are useful precursors in organic synthesiswards the addition of carboxylic acids in presence
especially for the regio- and stereo-selective generatief binuclear ruthenium catalyst to form isopropenyl
of enolates. They have been used as intermediatessters, subsequently enhancing the industrial impor-
in carbon—carbon and carbon—heteroatom bond formgince of this transformatichTo increase the ef ciency
tion and also act as versatile substrates for a variend versatility of this method, GooRest al. syn-
of well-known organic transformations. Furthermorethesized a new catalyst system that can furnish both
vinyl esters such as vinyl acetates and acetoxystyrengirkovnikov and anti-Markovnikov regio-products in
are important precursors for the preparation of vaexcellent selectivity.
ious polymers and copolymetsThe most efcient  |nterestingly, Doucet and Dixneuf have reported that
method for the preparation of these compounds igith the modi cation of the chelating bidentate lig-
the ruthenium-catalysed addition of carboxylic acidands, the regio-selectivity of the nucleophilic addition
to alkynes. For the rst time, Rotem and Shvocan be controlled allowing predominant formation of a
used ruthenium metal catalyst such ass;®©). given hexenyl benzoate isomdr, (I, Il ; scheme 1).
and [Ru(CO)(O,CCHs)], for the addition of car- To be precise, experimental observations reveal that
boxylic acids to substituted acetylenes under harsfatalytic systemsl, and 14, differing only in their
conditions, resulting mainly in the regio-selectivespacer groupsnf = 1 in 1, vs. 4 in 1) are capa-
Markovnikov productS. The reaction was further ple of reversing the regio-selectivity with predominant
developed by the groups of Mitsudo and Dixneufformation of the Markovnikov addition produdt in
with the introduction of more active catalysts, forthe former case and anti-Markovnikov enol ester
e.g., bis(cyclooctadienyl)Ru-phosphine-maleic anhyin the latter (scheme 1). The same authors proposed
dride or Ru(*-methallyl),-phosphine combinatiorfs> 3 mechanistic route to explain the regioselectivity for
the alkyne coupling with carboxylic acid as depicted in
For correspondence scheme 2.
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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 catalytibexyne coordination will furnish intermediaBewhich
reaction involves a facile ligand exchange by the activean equilibrate in several of its resonance forBisiy
catalystl, to form the ruthenium carboxylate speciesand 3_iiy, scheme 2), including the vinylidene isomer
2, (scheme 3). A rearrangement front{carboxylate) 5,. In organometallic catalysis, metal vinylidenes are
to ( -catboxylate) specie3; will provide room for the the commonly preferred ligands in both mono- and
coordination of the incoming alkyne moiety. Subsequemtolynuclear metal complexésCarboxylate will attack
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Scheme 2. Probable mechanistic scheme for the addition of carboxylic acids to alkynes as proposed by Bisahetf
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the electrophilic carbon of the coordinated alkyne moiONIOM(MO:MO)*® method. The ONIOM high level
ety to form intermediaté,. Subsequent protonolysis of has been designated for the whole molecules except
the ruthenium—carbon bond, or protonation of the ruthghenyl ring (—Ph) in phosphine ligands and treated
nium centre followed by reductive elimination, will with meta hybrid generalized gradient approximation
liberate the desired enol ester product as sketched (in-GGA) by means of M06-2X functional employing
scheme 1. It is pertinent that the regioselectivity majasis set with the relativistic effective core potential
depend on the electronic environment of the coordinated Hay and Wadt (LANL2DZ) for ruthenium atom
alkyne species. The carboxylate addition will take placgnd 6-31G(d for other elements (H, C, N O and P).
at the most electrophilic carbon atom of the terminafthe ONIOM low level (—-Ph) has been described by
alkyne, the electronic effect of which is unambiguouslyhe HF/STO-3G method. The geometries were opti-
in uenced by the chelating diphosphine ligand. Altermized without any symmetry constraints. Harmonic
natively the addition can occur at the Gf the vinyli-  force constants were computed at the optimized geome-
dene specie5;, to afford the anti-Markovnikov products tries to characterize the stationary points as minima or
[ andlll . saddle points. Zero-point vibrational corrections were
In this study, we investigate both the existence as welletermined from the harmonic vibrational frequencies
as relative stabilities of the intermediates proposed @ convert the total energids, to ground state energies
the catalytic cycle using computational methodologye,. The rigid-rotor harmonic-oscillator approximation
Furthermore, we will address the role of the chelatingias applied for evaluating the thermal and entropic con-
ligands in modulating the electronic environment on theibutions that are needed to derive the enthalples
metal centre, which in turn in uences the charge distriand Gibbs free energie&,qs at 298 K. All transition
bution of the coordinated hexyne fragment. The enestates were located using the linear synchronous transit
getics of the fundamental steps including the nuclgtST)'® method in which the reaction coordinate was
ophilic attack will be analysed for two sets of catalyskept xed at different distances while all other degrees
systemd, andly. On the basis of the energy differencepf freedom were relaxed. After the linear transit search,
the preference for a given pathway leading to particulahe transition states were optimized using the default
enol esters will be discussed. Berny algorithm implemented in the Gaussian09 cbde.
All transition states were conrmed by IRC (intrin-
sic reaction coordinate) calculations. For further vali-
2. Computational Details dation, single-point calculations were performed at the
M06-2X/LANL2TZ(Ru)/TZVP (H, C, N, O and P)
All calculations were performed using GaussiahO9evel of theory. Solvation energie€f) were evalu-
program packages. The geometries of stationary poirdted by a self-consistent reaction eld (SCRF) approach
and transition states were optimized using the two-layéor all the intermediates and transitions states, using
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Scheme 3. Ligand exchange and alkyne coordination stepd&dd. The G § energy terms
(in kcal/mol) are represented for catalyst systdragld).
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Table 1. Energy changes (in kcal/mol) for ligand exchange and 1-hexyne coordination steps involved in catalyst systems
14 4. For different energy terms, refer to computational details.

Steps E o H 598 G 208 E E Steps E . H 598 G 293 E E
11, 2, S51.9 S521  S§565  S$450 11y 24 S738 S744  S786  S63.9
22, 3,  S143  S128 33.9 §76 2% 3y $9.7 $8.2 77.9 $8.2
23, 3  S11.7 S103 33.8 $6.4 23 3 S36 S22 111.9 00.9

the SMD continuum solvation model implemented in Under reaction temperature 65 C) facile ligand
Gaussian0%* Toluene was chosen as a solvent (dieleexchange occurs irl, to yield the respective di-
tric constant = 2.374) with SMD-intrinsic Coulomb carboxylate comple®,, which is considered as cata-
radii for the respective atoms. lyst for the subsequent hexyne addition reaction
The different energy termsE ., H .95, G 208, (scheme 3). The high exothermicity for the step
E S and G ? represented in tables 1, 3 and 4 (seé, 2, (I {x = a, b, ¢, d and e} is549.5,
text) are de ned as followsE . is the total electronic $58.2, $62.0, $68.7 andS$58.5 kcal/mol; refer to
energy change at ONIOM{MO06-2X/LANL2DZ(Ru)/6- table 1) is an obvious outcome due to two rea-
31G*(H, C, N, O and P):HF/STO-3G} level of the-sons: rstly, the facile removal of methallyl ligands
ory, H .93 and G .9 are gas-phase enthalpy changas isobutene after protonation; and secondly, the sta-
and gas-phase Gibbs free energy change, respéiity gained by the coordination of the benzoate ions
tively. E S is the solvent electronic energy at M06-to the ruthenium(ll) centre. Successful isolation2gf
2X/LANL2TZ(Ru)/TZVP(H, C, N, O and P) level. or its analogue [(bis(diphenylphosphino)butane)Ru(
Finally, G } is the solvent-phase free energy changé€),CCF;),] as reported under experimental conditions
where the total solvent electronic enerdy (F) is aug- supports the calculated exothermicity of the ligand
mented with the gas-phase free energy correction exchange process. Besides the electronic factor, stearic
ONIOM{MO06-2X/LANL2DZ(Ru)/6-31G*(H, C, N, O factor can also play a signi cant role. During replace-
and P):HF/STO-3G} level. The charge distribution wasnent of methallyl ligands by benzoate ions, steric
analysed using the Weinhold’s NPA (natural populatioorowding around metal centre is reduced, the effect
analysis) approach. 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
3. Result and Discussions ligand exchange step fdg to be more exothermic than
its lower homologuesl{; x = a, b and c).
Experimental results of Dixneuét al. showed that |t is well-known that coupling reaction of X—H
regio- and stereo-selectivity of carboxylic acid additioqx_ = RCOO-, RCONR—, RO—, RNH-, etc.) bonds
to the terminal alkynes can be modulated by the chajg the alkyne occurs via two principal pathways:
length connecting the phosphorous atoms of chela(ti) oxidative addition of X—H followed by alkyne
ing bi-dentate phosphine ligand in catalykt (X = jnsertion to metal-X bond, or (i) alkyne coordina-
a, b, c and d; refer to scheme )it was observed tjon followed by nucleophilic attack to the coordi-
that catalyst containing one (GHspacer group fur- pated alkyne. The former pathway would be pre-
nished predominantly the Markovnikov-added produGyred for catalytic systems having electron-rich metal

I; whereas when four (C}) groups are used, & rever-center with small coordination number. However, in
sal of regio-selectivity occurs (scheme 1). Here, we

have demonstrated the mechanism for twalentate
phosphine containing catalystk, and 14, on the basis Table 2. NPA charges on the selective atoms (Ru, C1 and
of calculated energy change of the key steps and NPA2) of alkyne coordinated complexgg

charges of the intermediates postulated in the propos%q)mplex

catalytic cycle (scheme 2). The reactivity and selec- i fdes ez

tivity of other catalysts with homologoubi-dentate 3, S0.246 S0.246 0.126
ligand (1, 1.) and non-chelating phosphine ligands ( 3» S0.227 50.243 0.059
having two PPk instead ofbi-dentate phosphine) are 3 ggggg ggggg 8-8;‘2‘
also examined and interpreted using NPA charges of t : £0144 &0.288 0.151

reactive atoms.
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octahedral comple®, the ruthenium(ll) center is both respectively, as obvious from the NPA charges tabulated
coordinatively saturated and electron de cient precluin table 2. Hence, the benzoic acid should preferen-
ding the possibility to follow the coupling pathway (i) tially attack at the C2 positions leading to the intermedi-
as mentioned earlier. Alternatively, we can also think adite 4, which will eventually produce the Markovnikov
a possibility where alkyne insertion to the Ru—O bonaddition product | (schemes 1 and 4). We can sur-
occurs in2,. However, experimental nding supports mise that the scope of Markovnikov product forma-
the external attack of carboxylate rather than the ort®n depends upon the magnitude of positive charge on
already coordinated to the ruthenium centerence, C2 atom in3,/3,. To understand the wider role of lig-
pathway (ii) stands out to as the only route for thends in modulating the regio-selectivity of product for-
coupling reaction. mation, we have studied the benzoic acid addition to
During the subsequent hexyne coordination2jn the selected intermediat8sand3y, respectively. Since
one of the Ru—O bonds cleaves, providing ample roothe C2 charge separation is negligible betw8giand
for the incoming ligand to form the >-complex 3, 3,, we have only considered the nucleophilic addition
(scheme 3). Closer inspection Bf geometries reveal step for3, (q c; = S 0.010e from 3, to 3,) and 3,
that the Ru-02/04 bonds are more elongated thgm c, = 0.002e from 3, to 3,) intermediates, which
the Ru-01/03 bonds dio1(2./24)=2.143/2.166 A, are supposed to furnish different regio-addition pro-
rrg02(24/24)=2.207/2.244 A,  &503(2:/2¢)=2.142/2. ducts as experimentally reported. To explore the reac-
142 A and kuwsoa(2./24)=2.224/2.237A). It is also tion surface, the benzoic acid was gradually allowed to
observed that O1/03 orients to the site crowded witattack the C2 centres 8f and3y. Interestingly, the cal-
two cis phosphorus atoms (P1 and P2); whereas ikulated activation barrier for the st&y 4, is sub-
02/04, one phosphorus @$s- and othettrans-( gure  stantially higher than the one iy 44 ( 'GP =
S1). The combined effect of such spatial disposition 5.8 kcal/mol for3, 4, vs. *G® = 45.3 kcal/mol
ligands creates a sterically less demanding environmdot 3 44, scheme 4 and table 3). It is not sur-
for the incoming hexyne to coordinate from the O2/O4rising that the activation barrier has strong correlation
site. The coordination of hexyne results in two isowith the positive charge at the C2 centipA34/34) =
meric intermediates3(, 3,, scheme 2), differing only 0.126/0.02Z, table 2). The optimized transition states
in the orientation of then-butyl chain. As usual, the [3,-4,]* and By—44]* are characterized with an eigen-
coordination ste@,  3,/3, is exothermic for the stud- mode of decent magnitudé&S 870 cm®? in [3,—4,]*
ied set of ligands, but endergonic due to the entropics. S427 cm®? in [3;—44]*) animating the attack of
penalty associated with ligand combination (refer toxygen atom on PhCOOH towards C2 with concomi-
table 1). Surprisingly, there exists no trend in the reldant transfer of acid hydrogen (H2) atom to O2 of coor-
tive stabilities of the intermediat&; and3,. In case of dinated benzoate ( gure 1). In intermediag,, the O2
catalytic systenil,, isomer3, is more stable thaB,. from one of the benzoates has protonated during the
In contrast, the reverse is seen for catalytic syslgm addition step while the O4 from other benzoate regains
( G3(3. 3./3¢« 3y) =S 1.5/7.1 kcal/mol). its bonding to saturate the coordination at the ruthenium
center. The geometrical parametersdgf resemble a
typical vinyl intermediate. The C1-C2 bond lengths are
3.1 Markovnikov addition 1.337/1.339 A and Ru—-C1-C2 angles 135.6/135,9
which are in good agreement with previously calcu-
Markovnikov product would be generated if the bentated result by Caulton in the RUHCI(GHCH,)(PHs)»
zoic acid attacks C2 of the coordinated-Ru(ll) intermediaté¢® During the subsequent step of the
hexyne species. In intermediat8g3,, the atoms C1 reaction, the nal Markovnikov product | will be
and C2 represent nucleophilic and electrophilic centerperated with the regeneration of catalgsty.

* Ph % Ph

Ph .
Ph_ Pho. phcooH | ph ph A . o,
W] e, ( NP o \(h Ph\l/Pho]/} H
e, Sru| 3 DR\ O . P 1 Ph
<L</P\/3%2 25.8(45.3) i{;P\/ qu' o) -27.8(-58.9)[{5/%\04\ OAO
Ph Pho\fO "Bu Ph" ph O "By Ph/ \PhoJ )
Ph Ph Bu
3.(30) [Ba-4al* ([3¢-4dl¥) 4, (49)

Scheme 4. Markovnikov product formation pathway. For energy conventions see scheme 2.



286 Bholanath Maity et al.

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 . H 598 G 293 E E Steps E o H 598 G 208 E E

3% [84f 173 159 207 224 34 [34* 346 381 434 365
[3da]? 4o 5383 5347 5274  $425  [344q]} 4 S$589 S$601  $537  $432

Ru-C1=2.448
Ru-C2=2517
Cl-C2=1.218
Ru-01=2.158

Ru-C1=2.039
C1-C2=1.337
Ru-01=2.185
Ru-02=3.168
Ru-03=2.165
Ru-04 = 2.249
Ru-P1=2272
Ru-P2=2.604
02-H2=0.989
Ru-C1-C2=135.6

Ru-C1=2.088
Ru-C2=3.013
C1-C2=1.293
Ru-01=2.209
Ru-02=3.491
Ru-03=2.167
Ru-04 = 2.242
Ru-P1=2.284
Ru-P2=2.467
02-H2=1.479

[3a_4a]¢ Ru-C1 C2=1243 4a

Ru-02=2.242
Ru-03=2.165
Ru-04=3.089
Ru-P1=2.313
Ru-P2=2.309
C1-H1=1.068
Ru-C1-C2=79.0

Ru-C1=2.537
Ru-C2=2.605
Cl-C2=1216
Ru-01=2.173

Ru-C1=2.144
Ru-C2= 2984
C1-C2=1.285
Ru-01=2.222

Ru-02=2.281
Ru-03=2.127

Ru-02=3.613

Ru-03=2.153 Ru-C1=2.086

Ru-0O4=3.114 Ru-04 = 2286 C1-C2=1.339
Ru-P1=2.285 Ru-P1=2253 Ru-01= 2222
Ru-P2=2.286 Ru-P2=2.385 Ru-02 = 3.243
C1 H1=1.067 02-H2=1.364 Ru-03=2.149
Ru-Cl C2=79.4 Ru-CL C2=118.8 Ru-04 = 2,259
Ru-P1=2271

Ru-P2=2.498

[3d‘4d] t 4, 02-H2=0.999

Ru-C1 C2=135.9

Figure 1. Optimized geometries of intermediates and transition states involve in nucleophilic addi-
tion step to the3y 4. Hydrogen atoms are omitted for clarity. All bond lengths are in angstrom (A)
and angles in degree)(

The calculated NPA charges (table 2) of C2 atorgentre of the 2-Ru(ll) intermediate3,. However, the
for intermediates3, to 3; are in the order of electron-rich C1 center foB, complexes (table 2)
32 >3 >3, > 34. Considering the calculated results forinders the direct approach of any nucleophile; thus
benzoic acid addition (vide supra) and the NPA charggsecluding the formation of anti-Markovnikov products
at the C2 centre, it is understandable to believe that andlll ). Therefore, formation of anti-Markovnikov
the extent of positive charge at the C2 center will dicproduct via direct nucleophilic attack to the alkyne
tate the feasibility of Markovnikov addition to occur.coordinated complex is ruled out. To explain the regio-
Indeed, the experimental results fully substantiate ogelectivity of nucleophilic addition, Dixneut al. pro-
understanding. To further support our statement, the @dsed an isome8_i (scheme 3), where C1 possesses
charge on monodentate phosphine containing isd@nera partially positive charge. Unfortunately, such geome-
is highest among the studi€t] intermediates suggest-try did not converge during DFT optimization. To the
ing an exclusive formation of Markovnikov additionbest of our knowledge, an electrophilic C1 center can
product. This supports the experimental ndings obe obtained, if a conversion route for tBeintermedi-
Gool3eret al. on vinyl ester formation using rutheniumates to transform to their respective vinylidene isomers
catalysed addition of carboxylic acids to alkyries. 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’ Hence, it is important at this stage
In general, the anti-Markovnikov product formationto search for probable pathways for vinylidene forma-
can occur if the nucleophile coordinates to the Ction. From3,, two different pathways leading to neutral

3.2 Anti-Markovnikov addition
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and cationic vinylidene intermediates are calculated &s to transform to vinylidene intermediate, since C2 is
discussed here. the most electron de cient among tl3 intermediates
(table 2). The imaginary frequencies of the transition
o , states B,—5.]* and By—54]* depicts the correct mode,
3.2a Neutral  vinylidene formation  pathway jnyolving the oscillation of hydrogen (H1) between C1
Dixneuf proposed a mechanism for the formation,q c2 atoms. The calculated activation barriers and the
of ruthenium vinylidene complex via 1,2-protongegmetrical parameters (see gure 2) of the optimized
shift at the alkyne coordinated moie8.**** While  {ransition states resemble the DFT results reported by
investigating the mechanism of vinylidene formationyakatsukiet al, while investigating the hydration of
in water addition to alkynes, Sagt al. reported a 4jkynes using ruthenium(ll) cataly&tThe vinylidene
similar 1,2-proton shift supported by isotopic Iabe”'”gcomplexes5a,d can now undergo the usual nucleophilic

experiment? Considering the above facts, we studieyqition at the C1 center to form the anti-Markovnikov
the transfer of the acetylinic hydrogen (H1) atom fromyn | esterdl andlll (scheme 1).

C1 to C2 in both3,4 intermediates (scheme 5). The

vinylidene intermediates, 4, formed after such proton

transfers is more unstable than its hexyne coordinat@®b Cationic vinylidene formation pathway There

predecessor by 12.7/17.5 kcal/mol. A similar endotheexists a different pathway for vinylidene formatigia

micity for vinylidene formation was also reportedRu-vinyl intermediates as proposed by Wakatsilal.

by Dixneuf and Morokuma for the complex of typeduring their study of water addition to terminal

RuX,(RC CH)(PRy),.1"%0 alkynes?! In search of similar Ru(ll)-vinyl interme-
The hydrogen atoms (H1) in transition statgsp,]* diates, we conducted protonation at the C2 center of

and By—5;]* are more positivedu: ([3:=5.]"/[34-54]*)  3w4. After addition of proton at C2 atom i8,, ruthe-

= 0.386/0.38%) than the connecting intermediatg;  nium(ll) vinyl intermediate3,-vin is formed as depicted

and5,q (gq1(3a/34) = 0.266/0.272 andgq1(5./5¢) =  in scheme 6. We have noticed a migration of proton to

0.256/0.258) indicating a proton shift accompanyingC1 center with subsequent coordination of O4 to C2,

the vinylidene formation step. The activation barrier foteading to an intramolecular ligation of the benzoate

3. 5, is slightly higher than that o8y B¢ step ion. Itis clear that intermediat&-vin after subsequent

by 7.5 kcal/mol ( *G3(3,  54/3¢  54) = 40.8/33.3 transformation will produce the desired Markovnikov

kcal/mol, refer to table 4). A probable explanation restproduct |. In contrast, similar protonation irBy

on the electronic charges on the C2 atom8,g inter- furnished a typical ruthenium(ll) vinyl intermediate

mediates. The more positive charge on C34riqc2 =  34-vin, where no intramolecular coordination of ben-

0.126 e) hinders the approach of the incoming prozoate to C2 occurs. Unfortunately, the s8p 34-vin

ton resulting in a higher barrier than By (table 2). is highly endothermic G ? = 77.1 kcal/mol) making

Under similar grounds, we can justify the reluctance afs existence doubtful under the reaction condition.

Ph. Phn & B Ph B h  Ph i
1 P 1
\/ T%Oz Ph, /Phof\(oz \ Ta(oz )
~_| /|| 40.8(33.3) P /7 H -28.1(-15.8 ~. | 7/
[{Pz/'r“_\\\z B H{P;Ru/‘\\ — )[{PZ/FFu_C%B
/ K ’ n / S "Bu
Ph \Pho\fo nBu Ph/ \Pho\fOA Bu Ph \Pho\fo
Ph Ph Ph
3.(34) [3a-5a1* ([34-5d]%) 5a (54)

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 comf3gaes3,.
For different energy terms, refer to computational details.

Steps E . H 598 G 208 E E Steps E . H 598 G 208 E E

3 [3S5)* 416 333 411 413 3 [33S5]F 334 355 3657 310
[3.55]F 5. 5337 S$254 S$343 S§75  [3-5]" 5  S183 5204 S219 S122
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Ru-C1=1.806
C1-H1=2.078
C2-H1=1.087
O C1-C2=1.304
Ru-01=2.162
Ru-02=2.228
Ru-03= 2.104
Ru-P1=2.365
Ru-P2=2.736
Ru-C1-C2=165.7

Ru-C1=1.797
C1-H1=2.088
9 C2-H1=1.087
C1-C2=1.305
Ru-01=2.152
Ru-02=2.207
Ru-03= 2.091
Ru-P1=2.345
Ru-P2=2732
Ru-C1-C2=166.0

Ru-C1=2.018
C1-H1=1.180
C2-H1=1.532
C1-C2=1.272
Ru-01=2.196
Ru-02=2.235
Ru-03= 2.077
Ru-P1=2.283 Ru-P1=2.282
Ru-P2=2.402 Ru-P2=2.402

[Sa_sa]i Ru-C1-C2=174.8 5a [Sd_aﬂi Ru-C1-C2=168.1 5d

Ru-C1=2.022
C1-H1=1.18
C2-H1=1.543
C1-C2=1.268
Ru-01=2.200
Ru-02=2.247
Ru-03= 2.149

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 In alkynyl complexes6,,, the C1-C2 distances

for generation of cationic vinylidene intermediatesgre 1.224/1.221 A comparable to the reported value
(scheme 7) considering the oxidative addition of alkynef 1.222 A in [Ru(IV)Cp*(H)(C CMe(PH),]* inter-

via C1-H bond activation at the ruthenium cefiter mediate?! In complexes 6,,,, substantial electron
followed by protonation at the C2 center. DFT calcugdensities at C1 and C2 atomge((6,4) = S 0.143/
lations by Wakatsuki showed that oxidative additior§0.124e; gc,(6,,4) = S 0.13050.169€), prohibit any

of C*-H bond of coordinated 1-alkyne to the ruthenucleophilic attack at these centres. In 1986, Consiglio
nium(ll) intermediate was unfavourable due to venet al. showed experimentally that ruthenium-alkynyl
high activation barrier of 40.3 kcal/mol (Hxs) at complexes can be converted into vinylidene species in
B3LYP/LANL2DZ(Ru)/6-31G(d)(C, H, O and P) level presence of protic aci#f. Following the same line of

of theory. A similar oxidative addition pathway wasthought, we have added a proton to CXgf, resulting
studied for intermediat@;. The optimized geometry in cationic vinylidene intermediates, , (see scheme 7
of the oxidatively added Ru(IV)-hydrido-alkynyl com-and gure 2) as shown in gure 3. The protonation
plex (64, gure S2) is 41.8 kcal/mol G ) unstable step 6, 7,4) of the alkynyl isomers entails a
than3y, indicating a high activation barrier to surmountmoderately high endothermicity of 43.7 and 45.4
We were also curious to explore a similar possibilitjkcal/mol (scheme 7 and table 5).

for 3, intermediates. We were unable to optimize The deuterium labelling experiment conducted by
the desired Ru(IV)-hydrido-alkynyl complex; insteadWakatsuki con rms that the acetylinic hydrogen does
the H1 atom migrated to the O4 center leading to aot migrate to the C2 center as discussed in the neu-
new ruthenium(ll)-alkynyl complexe§, , (scheme 7). tral vinylidene formation pathway. The study proposed
The overall step 3, 6,4) is endergonic by that a cationic pathway should be followed in case
4.6/9.2 kcal/mol H ,gs, table 5), a value which is in of hydration of alkynes in alcohol medium. However,
good agreement with the result reported by Wakatsukiur calculated results support the neutral vinylidenes
(H 208 = 9 kcal/mol)?* The calculated activation bar- (5, 4) formation via 1,2-proton shift to be energetically
riers ( *G3(3, 6,/3, 64 = 13.0/6.5 kcal/mol) more favourable than the cationic vinylideng&, ()

are comparatively lower than usual oxidative additiomoute?® The contradiction arises probably due to the
( *Ee = 18.9 kcal/mol at B3LYP/LANL2DZ(Ru)/6- polarity of the employed solvent, as the charge species
31G(d,p)(C, H, O and P) label of theory) investigatedinder non-polar solvent, here toluene, is not stabi-
by Gimenoet al?3 lized. GooReret al. have also proposed the presence

Ph * Ph *
i T w ot

Ph
3,-vin 3a(3d) 3d-vm

Scheme 6. Cationic vinyl formation step. For energy conventions, see scheme 2.
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H
Hg 2/Ru:C
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Scheme 7. Cationic vinylidene formation pathway via alkynyl intermediate.

Table 5. Energy changes (in kcal/mol) for the step of cationic vinylidene formation from alkyne coordinated complexes,
3,4 Via alkynyl complex. For different energy terms, refer to computational details.

S S
Steps E e H 208 G 208 E L Steps E e H 208 G 208 E L
3, [3,51—661]i 8.0 7.3 8.5 12.6 3d [3 —6d]i 8.0 5.0 7.6 6.9
3,6 6, 339 527 368 567 [3,6]° 6, 509 42 5§12 502
6, 7, 90.7 89.7 92.6 41.8 6d 7d 94.1 88.9 91.3 45.5
o1 o1
o1 o1
c2 P1
" " o © P 0:1°1 03 e Ru C1=1810
03 Ru-C1=2440 Ru-c1=2441 o3 Ru-C1=1.998 C1C2-1302
04 Ru-C2=2536 04 Ru-C2=3.155 04 Cc1 C2=1224 04 Ry 01=2.147
CL-C2=1.217 C1-C2=1219 Ru-O1 = 2.143 Ru-02=2.165
Ru-01=2164 Ru-01=2.161 Ru-02= 2233 RU-03=2.160
Ru-02=2.214 Ru-02 = 2.209 Ru 022233 Ru-03= 2169
Ru-03=2.167 Ru-03=2.177 04-H1=1011 Ru-P1=2.332
04-H1=2.052 O4-H1=1712 Cl H1=1853 Ru-P2=2.668
Ru_P1-2334 RuP1o2332 Ru-P1=2268 Ca H2=109%0
3'4 RuP2-2283 [3'4=6',]¥ RuP2-2286 6', 2&221;52'5:5?77.2 7', Rwcrcesims

o1 o1 o1 o1 o
P1 02 2 P1 Pl Ru-C1=1.814
P1 c1 o2 C1C2=1301
P2 ct P2 e P2 o2 P2 a ? Ruot-ziat
H1 c1 HL 02 Ru-02= 2224
03 Ry C1=2569 Hl Ru-C1=2219 Ru-C1=1.989 03 HL Ru-03= 2.167
Ru-C2=2874 Ru-C2=3.167 03 44 cic2=1221 04-H1=0.986
04 c1c2=1.214 03 4 C1-C2=1.224 Ru-01 = 2,150 o4 Ru-P1=2.359
Ru-O1=2173 Ru-O1=2.154 Ru-02=2271 Ru-P2=2864
Ru-02= 2271 Ru-02 = 2.264 Ru-03=2192 C2-H2=1.093
Ru-03= 2.148 Ru-03=2.165 04-H1=0988 Ru-Cl-C2=174.3
04-H1=2.009 04 H1=1182 C1 H1=2343
C1-H1=1.077 C1 H1=1.402 Ru-P1=2.290
Ru-P1=2.285 Ru-P1=2294 Ru-P2=2.684
Ru P2=2.262 Ru P2=2.326 Ru-C1 C2=172.0
. . . . .
3y [3'4-6'd]* 6'g 7'y

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(ll)-vinylidene intermediates whilepre-complexes8,—E and 8,—Z (scheme 8, gure 4),
explaining the mechanism for hydroamidation reactiowhich are common in gas-phase mechanistic studies.
of terminal alkynes under toluene medidfn. The proximity of O1 and O4 the acidic hydrogen of
benzoic acid in intermediat@&—E and8,—Z, enhances
the nucleophilicity of the acid oxygen facilitating

been reported in experimental studies that in presen?oggotﬁg' iﬁil(:;tohﬁ?f gt%aiin;i: Eh:rzct'ggiﬁglba{éﬁs
of catalyst ([(bis(diphenylphosphino)butane)Rii( 12.4,6.4 kcal/rgol (refer to tablg 6) for the stép}slrE .
0O,CCR),], the triuoroacetate group does not add '9’ Iéand8 ~ 9.—7 The activated complexes
to the 1-hexyne, ruling out any internal attack of[ a - e IV piex

" : . .
nucleophile on eitheB, or 5, intermediates. We have 8,—9,—E]" and [B«—9¢-Z]" are characterized with a

discussed the formation of two types of vinyIidenesQ‘Ingle negative eigenmode erlctlng th? movement
intermediates: neutrabf,) and cationic T, ,). How- of oxygen towards the C1 W'th. cqncomltgnt hydro—
ever, the calculated results suggest the formation gfn transfer to Qll O4. The activation barrier in case
cationic vinylidenes to be highly endergonic and henc® the Z—attqck IS 'OW?V than theE—attack' due to
require no further discussion. From the comparativ@ larger steric congestlor_l of the p_heny_l rings of P1
energy values shown in schemes 4 and 5, it is neceast—om_S toward_s the incoming ben20|c_ acid group. The
sary to understand that for reactions emanating frorf® mtermedlat_es 9“_.E _an(_j A wﬂl_eventually_
catalystl,, the Markovnikov addition is energetically undergo_reductive el|m|nat|o_n to furmsh_ respective
more favourable than anti-Markovnikov product=" @"d Z-products along with regeneration of the
formation (vide infra). Therefore, the pathway foI-CataIyStzd'

lowing the neutral vinylidene intermediatg will be

least feasible in this case. Whereas, for catalljst 3.3 Regio- and stereo-selectivity

the neutral vinylidene pathway reveals lower energy

barriers than the Markovnikov addition route (redcomparison of both regio- and stereo-selective addi-
lines, gure ). Similar to typical vinylidenes, the C1 tions of benzoic acid to 1-hexyne in presence of two sets
atom in5q4 is highly positive ic; = 0.427e) luring of catalyst is schematically captured in the comparative
the nucleophile to attack. The LUMO i is the g energetics G 7) plot shown in gure 5. It is evident
atomic orbital of C1 residing on they plane contain- from the calculated energy pro les that pathways trac-
ing the C1-C2-H-Bu fragment ( gure S3). Thereforejng the cationic vinylidenes/(,,; dotted black line) are
there exists two possibilities for benzoic acid to coordihighly endothermic and hence will not be followed in
nate the C1 center; eitheyn-or anti- with respect to the present case. On the left side are the two competing
the butyl fragment giving rise t&- or Z-enol esters pathways: the Markovnikov addition fro8y, 4 (thick red

(I or I, respectively). The approach of benzoic acidine) and anti-Markovnikov addition via neutral vinyli-
from two different sides allowed the formation ofdene5yq (thin blue line). For catalyst,, Markovnikov

3.2¢ Nucleophilic attack step to vinylidenelt has

Ph

Ph Ph
Ph 1 Ph Ph
>:ol H\o/go Ph. Ph 2%'0 /Q Ph. Ph zJ/\o’H/g
Ph\ /Phé \/ H—.O (o) \./ (@] o [e)
; P /
P | H 106 Pd -15.3 ~J
SRru—c —_— C Ri—C=" =7, Ru—C, H
PZ/R“<§%B 3\04\(8 /P;/ N
3 u ) "Bu ~)
PhCOOH Ph/ \PhO% Ph Pho\< Ph Pho\< nBu
” bh Ph Ph
5 . 8d—E [8d—9d—E]i gd—E
d 0.8
ph Pl ph phoo
PhCOOH N/ C‘)“o? Ph\l/PhO%oz F’h\l/ O<<oz H
Pl 22 M 57 S T NI
B R G G G ey
"Bu P N Bu
/\ O3 “ / ’ (@) / ; +0
Ph" ph Yo o P Ph \pho\ Oi \fo Ph \Pho\ N \/(
H/ \( »/ H Y H ph
Ph b Ph Ph Ph
84-Z [84-%4-Z]* 9%-Z

Scheme 8. Nucleophilic attack step to the vinylidene intermedigfeFor energy conventions, see scheme 2.
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Ru-C1=1832
o1 C1-C2=1.303 o1 Ru C1=1926
Ru-O1=3.347 C1-C2=1317 o1 Ru-C1=2.043
o Ru-02 = 2.094 02 H2 Ru-02 = 2.141 o2 C1-C2=1.337
p1l Ru-03= 2.180 1 Ru-03=2.176 H2 Ru-02=2.235
5 02 o1 Ru-04 = 2.284 P2 Ru-04 = 2.268 PL RU-O3= 2.147
Ru-P1=2.304 =
Ru-P1=2.307 P2 Ru-04=2.242
c2 Ru-P2=2.670 C1 H1 Ru-P2=2.621 c1 Ru-P1=2.292
0s 03 O1-H2=1.721 os O3 c2 T O1-H2=1577 03 c2 "1 Ru-P2=2600
Ru-Cl C2=162.9 Ru-CL C2= 151.4 04 01 H2=00981
Ru-CL C2=136.0
84,-E [84-9-EJ* 9-E
o1
Ru-C1=1.820 . o1
C1-C2=1.303 c2 H
ot Ru-O1=2.149 PLo02 o
P1 Hl Ry 02=2272 P2 a Pz c2
c1 -
c2 Ru-03=2.132 02
P2 02 Ru-04 = 3.069 03 H2 H2
Ru-P1=2315
03 Ru-P2=2.741 04 Ru-C1=1925 o L Coo13a6
o 04-H2=1.906 C1-C2=1.312 o4 RU-O1 = 2190
04 Ru Cl C2=1755 Ru-01=2.176 >y
Ru-02 = 2.220 Ru-02=2.239
R oas e Ru-03 = 2.201
Ru-P1=2.333 Ru-P1=2279
Ru-P2=2.680 Ru-p2=2.638
04-H2 =1.502 04-H2=0.993
Ru-CL C2=157.6 Ru-C1-C2=1286
842 [84-9-2]* %2

Figure 4. Optimized geometries of intermediates and transition states involved in nucleophilic
attack step for the vinylidene intermedid&ig For other conventions, refer to gure 1.

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

Steps E ¢ H 598 G 598 E E Steps E ¢ H 298 G .98 E E
5 84-E S$155 8146 $3.6 S$10.3 5 84-Z §19.7 $191 865 S125
84—E [84-9¢—E]* 6.0 4.9 8.4 83 827 [8;-9¢Z]* 4.0 2.9 2.3 7.3

[8:—9%—E]7 9-E $19.9 $17.8 $5185 $516.8 [By9-Z]' 92z 5254 $23.0 $224 $196

(@) 74563 (b) o
[3a-54]%(51.4) i

[34-4d]¥(51.8)

[84-94-E]¥(39.3)

____________

Figure 5. Energetics of different pathways for cataly$tqa) and1ly (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 fag, the 1, ( *G>(1./14 = 15.0/9.1 kcal/mol; gure 5). So,
anti-Markovnikov addition remains favourable. Thewe can infer that under elevated reaction temperatures,
results are in good agreement with the experimentptoduct mixtures containing both the regio-selective
observations reported so far. Closer inspection of thenol esters can be detected for catalystSatisfyingly,
reaction pro le reveals that the relative energy differthe experimental results show a substantial increase in
ence between the Markovnikov and anti-MarkovnikoWarkovnikov product formation using catalyktunder
barriers in case of catalysly is lower than in reaction temperature of 373 K. Furthermore, in case of
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14, the calculated results show a clear preference ftie role of ancillary chelating phosphine ligands in con-

Z-selective enol esterdl ) as an outcome of the anti- trolling the regio-selectivity of benzoic acid as reported

Markovnikov addition process (blue line fér and pur- in the experimental observations. Further mechanistic
ple dotted line forE-product in gure 5b), supporting investigations by our group are in progress.

the experimental nding reported by Dixneef al.

Supplementary Information

4. Conclusions Steric effect in ligand exchange step (  2,) and
related optimized geometries are given in scheme S1
In the present DFT study, we have addressed thgq gure S1. Figure S2 represents the oxidative addi-
role of chelating phosphine ligands in governing thgn in 3, intermediate. KS-LUMO of5; and nucle-
regioselectivity of ruthenium(ll)-catalysed benzoic acigyphilic approach of that intermediate are shown in
addition to 1-hexyne. For general catalyst systemy,re S2. Absolute total energy (in Hartrees) and Carte-
of the type: [(PBP(CH)mPPR)Ru(methallyl)], modi-  sjan coordinates of all intermediates and transition
fying the length of the spacer (GM, unit resul- giates are shown in tables S1 and S2, respectively. For

ted in different regio-controlled enol ester productsgetails see www.ias.ac.in/chemsci website.
Reactions performed using catalyst [(PhP(CH,)

PPhRu(methallyl}], where m=1, the Markovnikov
added product (I) was obtained as major quantity. IAcknowledgement
case of catalysty [(Ph,P(CH,),PPhRu(methallyl
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