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Abstract Density functional theory (DFT) was used to
investigate the ruthenium hydride-catalyzed regioselective
addition reactions of benzaldehyde to isoprene leading to
the branched {3,y-unsaturated ketone. All intermediates and
the transition states were optimized completely at the
B3LYP/6-31 G(d,p) level (LANL2DZ(f) for Ru,
LANL2DZ(d) for P and Cl). Calculated results indicated
that three catalysts RuHCI(CO)(PMes); (1), RuH,(CO)
(PMe;3); (2), and RuHCI(PMes); (3) exhibited different ca-
talysis, and the first was the most excellent. The most
favorable reaction pathway included the coordination of 1
to the less substituted olefin of isoprene, a hydrogen transfer
reaction from ruthenium to the carbon atom C1, the com-
plexation of benzaldehyde to ruthenium, the carbonyl addi-
tion, and the hydride elimination reaction. The carbonyl
addition was the rate-determining step. The dominant prod-
uct was the branched 3, y-unsaturated ketone. Furthermore,
the presence of one toluene molecule lowered the activation
free energy of the transition state of the carbonyl addition by
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hydrogen bonds between the protons of toluene and the
chlorine, carbonyl oxygen of the ruthenium complex. On
the whole, the solvent effect decreased the free energies of
the species.
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Introduction

Hydroacylation is an intriguing catalytic process because of
its potential usefulness in the general synthesis of ketones
from alkenes and aldehydes. Although the C-H bond acti-
vation by transition metal complexes often leads to decar-
bonylation, [1, 2] rhodium-catalyzed hydroacylation of
alkenes or alkynes is one of the most useful C-H bond
activation processes [3—10]. In 1998, employing Ru(cod)
(cot)PPh; as a catalyst, Kondo and Mitsudo first reported
ruthenium-catalyzed intermolecular hydroacylation of
dienes with aldehydes [11].

Transition metal hydrides are involved in a variety of
catalytic transformations and hydrometalation of such spe-
cies to unsaturated bonds provides intermediates having
metal-carbon or heteroatom bonds [12, 13]. Ruthenium
hydride catalysts have played a large role in these important
transformations [14-23]. Ryu and co-workers [22] reported
the regioselective addition of aldehydes to unsaturated
ketones catalyzed by RuHCI(CO)(PPh;); generating 1,3-
diketones. Rencently, Ryu and co-workers [23] studied ru-
thenium hydride-catalyzed addition of aldehydes to dienes
leading to (3,y-unsaturated ketones (Scheme 1), and sug-
gested a likely mechanism (Scheme 2). They also showed
that RuHCI(CO)(PPh3); gave the cross-addition product,
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Scheme 1 Ruthenium hydride-catalyzed addition of benzaldehyde to
dienes leading to {3,y-unsaturated ketones

2,3-dimethyl-1-phenyl-3-buten-1-one (P) in 95 % yield, and
other catalysts, such as RuH,(CO)(PPh;); and RuHCI
(PPh;);, gave a smaller amount of the product P.

In order to understand the reaction mechanism of ruthe-
nium hydride-catalyzed addition of aldehydes to dienes
leading to f3,y-unsaturated ketones in detail, the addition
of aldehydes to dienes catalyzed by three Ru-H catalysts
was studied in this work. Specifically, the present study
would elucidate the following issues: (1) the energetics of
the overall catalytic pathways in ruthenium hydride-
catalyzed addition, (2) the structural features of intermedi-
ates and transition states involved, (3) why RuHCI(CO)
(PPh3); was the better efficient catalyst than RuH,(CO)
(PPhs); and RuHCI(PPhs)s, and (4) the solvation effect in
reaction mechanism. The most possible reaction pathway
was outlined in Scheme 3.

Computational details

All calculations were carried out with the Gaussian 03
programs [24]. The geometries of all the species were fully
optimized by using density functional theory (DFT) [25] of
B3LYP method [26, 27]. The 6-31 G(d,p) basis set was used
for the carbon, oxygen, and hydrogen atoms, and
LANL2DZ basis set was used for ruthenium, phosphorus,
and chlorine atoms by adding one set of f~polarization
function to ruthenium (exponent: 1.235) [28] and one set
of d-polarization function to phosphorus (exponent: 0.371)
[29] and chlorine (exponent: 0.514) [29]. Frequency calcu-
lations at the same level were performed to confirm each
stationary point to be either a minimum or a transition
structure (T). The transition states were verified by intrinsic
reaction coordinate (IRC) [30] calculations and by animat-
ing the negative eigenvector coordinates with a visualization
program (Molekel 4.3) [31, 32]. The intermediates were
characterized by all real frequencies. In addition, the bond-
ing characteristics were analyzed by the natural bond orbital
(NBO) theory [33-36]. NBO analysis was performed by

ARy o
)% [Ru]-H )ﬁ/ Rl oo 0 [Ru]-H %
R1 A B P

Scheme 2 Potential mechanism suggested by Ryu and co-workers [23]
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utilizing NBO5.0 code [37] with the optimized structures.
Furthermore, based on the gas phase optimized geometry for
each species, the solvent effects of toluene were studied by
performing a self-consistent reaction field (SCRF) [38, 39]
of polarizable continuum model (PCM) [40] approach at the
same computational level.

Molecular orbital compositions and the overlap pop-
ulations were calculated with the AOMix program [41,
42]. The analysis of the MO compositions in term of
occupied and unoccupied fragment molecular orbitals
(OFOs and UFOs, respectively), the charge decomposi-
tion analysis (CDA), and the construction of orbital
interaction diagrams were performed using AOMix-
CDA [43]. In addition, the electron densities p at the
bond critical points (BCPs) or the ring critical points
(RCPs) for some species were calculated with the AIM
2000 program package [44, 45].

Results and discussion

All optimized structures in the reaction mechanism were
illustrated in Fig. S1~10. The relative free energies AG sy
including solvent energies, and the relative gas phase
free energies AG, enthalpies AH, and ZPE corrected
electronic energies AE were provided in Table S1~4.
Unless otherwise noted, the discussed energies were
relative free energies AGisoy in the following discussions.

The addition reactions catalyzed by the ruthenium-hydride
catalyst RuHCI(CO)(PMe3);

Figure 1 showed the potential energy hypersurface for the
most favorable pathway leading to the branched [3,y-unsat-
urated ketone in the addition reactions catalyzed by RuHCI
(CO)(PMe3); (1). Ruthenium hydride 1 coordinated to the
less substituted olefin of isoprene (R1) to form the complex
1_M1la and a free ligand PMe;. Intermediate 1_M1a under-
went a hydrogen transfer reaction through the transition
state 1_T1a with a free energy of 20.6 kJ mol™ leading to
the complex 1_M2a which isomerized the more stable com-
plex 1_M3a. Next, the complexation of benzaldehyde (R2)
to 1_M3a generated the complex 1_M4a and a free ligand
PMe;. And then intermediate 1_M4a went through a car-
bonyl addition via a six-centered transition state 1_T2al
with a free energy of 45.0 kJ mol™, resulting in the ruthe-
nium alkoxide complex 1_MS5al. Finally, intermediate
1_MS5al underwent a hydride elimination via a transition
state 1_T3al with a free energy of 34.9 kJ mol™ to deliver
the complex 1_Mé6al giving the branched [3,y-unsaturated
ketone. Hence, the formation of the ruthenium alkoxide
complex 1_MSal (the carbonyl addition) was the rate-
determining step for this pathway.
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Scheme 3 The most possible
reaction mechanism of
ruthenium hydride-catalyzed ad-
dition of benzaldehyde to dienes
leading to [3,y-unsaturated
ketones

R1

P

Intermediate 1_M1a was a polarized complex with 2.201
and 2.304 A of distances between Ru and two sp”-hybrid-
ized carbon atoms C1 and C2, respectively (Fig. 2). The
high stabilization energy of 288.4 kJ mol™! for the opy 11 —
(2p)c1, which was obtained from the second-order perturba-
tion analysis of donor-acceptor interactions in the NBO
basis and used to estimate the strengths of donor-acceptor
interactions of the NBOs, revealed the strong interaction
between or,j1 and (2p)c; orbitals and the electron transfer
tendency from Ogyp1 to (2p)ci. NBO analysis of 1_Mla
also showed there was a back-donation 7t bond between
ruthenium and 7ici.c, bond of isoprene: the occupied 7
bonding orbital (7tc;.c2) acted on the empty hybridized
orbital of ruthenium leading to a o coordinate bond; on the
other hand, the occupied d orbital (dyy, dy,, dy,) of rutheni-
um acted on the empty 7* antibonding orbital (77*c;_c2)
leading to a 7t back-donation bond. The formation of the
back-donation 7t bond weakened and activated the C1-C2
bond, which resulted in the formation of C1-H1 bond. In
hydrogen migration, the distance between Ru and H1, d(gy.-
H1y, increased, d(ci.n1y decreased, and Ru shifted to C2. It
was clear that a significant interaction between C1 and H1
occurred, conversely the Ru-H1 bond was weakened con-
siderably, as demonstrated by analyzing the changes of
Wiberg bond orders P; and electron density p at the BCPs

Fig. 1 Free energy profile for
the most favorable pathway in
Ru-catalyzed (RuHCI(CO)
(PMes); 1) addition reactions
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(e.g., Ru-H1 bond, P;, 1_Mla: 0.665—1_T1a: 0.380—
1_M2a: 0.014; p, 1_Mla: 0.143—1_Tla: 0.112—1_M2a:
0.000 e-A™). The Ru-C2 bond of 1_M2a was a ¢ bond,
while there was a back-donation 7t bond between ruthenium
and a resonance-stabilized structure (I ‘3‘) of C2, C3, C4 in
1_M3a and 1_M4a. The formation of the back-donation 7t
bond made two complexes more stable. The complex
1_M3a had been detected by H NMR in Ryu’s experiment
[23]. Transition state 1_T2al involved a Ru-02-C6-C2-C3-
C4 six-membered ring, and the electron density of the RCP
was 0.015 e-A>. As illustrated in Fig. 3, the HOMO-7 for
1_T2al was a mixture of 16.0 % HOFO-0 and 3.9 %
HOFO-2 for benzaldehyde (fragment 1) and 18.6 %
HOFO-3, 20.7 % HOFO-4, 7.6 % HOFO-5, 23.8 %
HOFO-6 for ruthenium fragment (fragment 2). It was clear
that the carbonyl addition between benzaldehyde and ruthe-
nium fragment occurred dominantly between HOFO-0 of
fragment 1 and HOFO-3, HOFO-4, HOFO-6 of fragment 2.
The net charge donation, which included both charge dona-
tion and electronic polarization contributions, was 0.14 of
electrons.

Furthermore, we have studied the other three reaction
pathways leading to the other three linear or branched
[3,y-unsaturated ketones: ruthenium hydride 1 coordinated
to the more substituted olefin of isoprene to form the

1_T2al

@ Springer



4958

J Mol Model (2012) 18:4955-4963

©Ru-HI1: 1.593
Ru-Cl1:2.201
Ru-C2: 2.304
Cl1-C2: 1411

201 C4
C5

C3

1_Mla

@Ru-HI: 1,653
Ru-Cl1: 2.236
Ru-C2:2.216

CI1-C2: 1.445

Ru-C3: 2.267
C2-C3: 1.412 | o
Ru-C3: 2.26 C3-C4: 1.437 @
C2-C3: 1.414 Ru-02: 2.288 201 Cl
C3-C4: 1.433 C6-02: 1.227
C2-Ru-02: 84.2 1.421
G R C4-Ru-02: 87.7 Ozﬁzgz C
c4 Cols 8CS
02e Sraa
IR 2341 / ——9 2677 4C2\
AL 99\9 3 C5 1.415
,. Cl
1_M3a 1_M4a
®

e Ru-C3:2.310
If Ru-C4:2270
Ru-Cé6: 2.375

—®
JC3 g
- & ﬂ
0_.——
‘:\ Ru-02:2.204

Ru-C3: 2.194

N

Ru-H2: 1.687 Ru-C4: 2.181
C6-H2: 1.637 Ru-H2: 1.594
1_MSal 1_T3al 1_Mbé6al

Fig. 2 Intermediates and transition states in the most favorable pathway in Ru-catalyzed (RuHCI(CO)(PMe;); 1) addition reactions

complex 1_M1b, and the carbonyl addition in the com-
plexes 1_M4a and 1_M4b had two possible reaction path-
ways, respectively. In 1_M4a, C6 attacking C2 was denoted
“al”, while C6 attacking C4 was denoted “a2”; in 1_M4b,
C6 attacking C3 was denoted “b1”, while C6 attacking C1
was denoted “b2”. All the optimized structures were illus-
trated Figs. S1 and 2. In the three reaction pathways, the
rate-determining step was also the formation of the rutheni-
um alkoxide complexes (the carbonyl addition) (Table S1).

The addition reactions catalyzed by the ruthenium-hydride
catalyst RuH,(CO)(PMes);

Figure 4 showed the potential energy hypersurface for the

most favorable pathway leading to the branched {3,y-unsatu-
rated ketone in the addition reactions catalyzed by RuH,(CO)

@ Springer

(PMe3); (2). Ruthenium hydride 2 coordinated to the less
substituted olefin of isoprene to give the complex 2_Mla
and a free ligand PMe;. Intermediate 2_M1a underwent a
hydrogen transfer reaction through the transition state
2_Tla with a free energy of 41.1 kJ mol™ resulting in the
complex 2_M2a. Next, the coordination of benzaldehyde
to 2_M2a generated the complex 2__M3a and a free ligand
PMe;. And then intermediate 2_M3a went through a car-
bonyl addition via a six-centered transition state 2_T2al
with a free energy of 45.4 kI mol ™', leading to the ruthenium
alkoxide complex 2_M4al. Finally, intermediate 1_M4al
underwent a hydride elimination via a transition state
2_T3al with a free energy of 57.5 kJ mol™ to deliver the
complex 2_MS5al forming the branched [3,y-unsaturated
ketone. Clearly, the hydride elimination was the rate-
determining step for this pathway.
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Fig. 3 Orbital interaction
diagram for 1 _T2al which is
formed by PhCHO and RuCl

.20

0.14 electrons of net charge donation

1 l _?_ 8

(CO)PMe3(CsHy) (the AOMix-
CDA calculation, based on -6.8 1
B3LYP/6-31 G(d,p) results
(LANL2DZ(f) for Ru, Cl and
P). The net charge donation CT
(1-2) - CT2—1) is 0.14 -7.04
electrons)
724
srad
76
-7.8 i
PhCHO
fragment 1

In intermediates 2_M2a and 2_M3a, Ru-C2, Ru-C3, and
Ru-C4 bonds were about 2.23~2.37 A (Fig. 5), and NBO
analysis showed there was a back-donation 7t bond between
ruthenium and a resonance-stabilized structure (I73) of C2,
C3, C4. In this reaction pathway, we could not attain the
structure with ogry.c> bond which was similar to 1_M2a.
Transition state 2_T2al involved a Ru-02-C6-C2-C3-C4
six-membered ring, and the electron density of the RCP
was 0.012 e’A. In 2_T3al, Ru-H3 was an o bond, and
C6 was sp”-hybridized, C6 and 02 exhibited +0.955 and -
0.626 of ATP charges. And there was a back-donation 7
bond between ruthenium and 7tc3_c4 OF Tieg.02 bond.

In addition, we have studied the other two reaction path-
ways leading to the other two {3,y-unsaturated ketones:

Fig. 4 Free energy profile for
the most favorable pathway
in Ru-catalyzed (RuH,(CO)
(PMe;); 2) addition reactions

RuCl(CO)PMe;(CsHg)

fragment 2

ruthenium hydride 2 coordinated to the more substituted
olefin of isoprene to deliver the complex 2_Ml1b, and the
carbonyl addition in the complex 2_M3a had two possible
reaction pathways which could be coexistent, but the car-
bonyl addition in the complex 2_M3b had only one reaction
pathway because of different steric hindrance. (Fig. S3~4)
In the two reaction pathways, the rate-determining step was
also the hydride elimination.

The addition reactions catalyzed by the ruthenium-hydride
catalyst RuHCI(PMes);

Figure 6 showed the potential energy hypersurface for the
most favorable pathway leading to the branched {,y-

2 T3al

@ Springer
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Fig. 5 Intermediates and transition states in the most favorable pathway in Ru-catalyzed (RuH,(CO)(PMej3); 2) addition reactions

Fig. 6 Free energy profile for 3_T2al
the most favorable pathway
in Ru-catalyzed (RuHCI
(PMes); 3) addition reactions
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unsaturated ketone in the addition reactions catalyzed by
RuHCI(PMe;); (3). Ruthenium hydride 3 coordinated directly
to the less substituted olefin of isoprene to form the six-
coordinate complex 3_MT1a. The intermediates and transition
states in the sequent reaction were similar to those discussed in
RuHCI(CO)(PMes);-catalyzed addition (Fig. 7). The free en-
ergies of 3 _Tla, 3 _T2al, 3_T3al were, respectively, 21.1,
65.3,32.7kJ mol™". Evidently, the formation of the ruthenium
alkoxide complex 3_MS5al (the carbonyl addition) was the
rate-determining step for this pathway.

In addition, we have studied the other two reaction path-
ways leading to the other two {3,y-unsaturated ketones:
ruthenium hydride 3 coordinated to the more substituted

©— PP  RuCl:2.185
Ru-Hl1: 1.591 1.

C1-C2: 1.414
3 Mla 3 Tla

Ru-C2: 2.327
Ru-C3:2.278

olefin of isoprene to form the complex 3_Mlb, and
the carbonyl addition in the complex 3_M3a had two
possible reaction pathways, but the carbonyl addition in
the complex 3_M3b had only one reaction pathway
because of different steric hindrance (Figs. S5 and 6).
In the two reaction pathways, the rate-determining step
was the formation of the ruthenium alkoxide complexes
(the carbonyl addition).

Ruthenium hydride 3 was five-coordinate complex,
so it could coordinate to the less substituted olefin of
isoprene to generate the five-coordinate ruthenium com-
plex 3_Mlec and a free ligand PMe; (Fig. S7). The free
energies of 3_Tle, 3_T2¢, 3_T3c were, respectively, 89.0,

@
“"Ru-Cl; 2.222
Ru-HI: 1.651

Ru-C2: 2.400 :
Ru-C3: 2271 e
@
=== C4 °
@=" 1.436 C6 80|
T 3 ;'1'236
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3 M3a 3 Mda 3 T2al
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C2-C6: 1.557 C6-H2: 1.586 Ru-Cé: 2.402 @

3 Msal

3_T3al 3_Mé6al

Fig. 7 Intermediates and transition states in more favorable pathway in Ru-catalyzed (RuHCI(PMe;); 3) addition reactions
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2477, 153.6 kJ mol™. In this pathway, the rate-determining
step was also the carbonyl addition. Obviously, the free energy
of 3_T2c¢ was higher than 3_T2al by 182.4 kJ mol™, so this
pathway was prohibited.

Overview of the reaction mechanism

As discussed above, we have studied the addition reactions
catalyzed by three catalysts RuHCI(CO)(PMej3);, RuH,(CO)
(PMe3)s, and RuHCI(PMe;);. In RuHCI(CO)(PMes);-cata-
lyzed process, the carbonyl addition was the rate-
determining step (AG(sol); 12a1=45.0 kJ mol ™', Fig. 1). In
RuH,(CO)(PMes); -catalyzed process, the hydride elimina-
tion was the rate-determining step (AG(sol); 13a1=57.5 kJ
mol™, Fig. 4). In RuHCI(PMes);-catalyzed process, the car-
bonyl addition was the rate-determining step (AG(sol)3 12a1=
65.3 kI mol™, Fig. 6). Clearly, the free energy of 1_T2al was
lower than those of 2_T3al and 3_T2al, and then RuHCI
(CO)(PMes); was the most excellent catalyst, which agreed
with these experiments [23]. Therefore, the reaction pathway
illustrated in Fig. 1 was the most favorable in the overall
reaction channels of the addition reactions catalyzed by
ruthenium hydride.

The free energy barriers of all transition states has been
summarized in Table S5. Several results due to the free
energy barriers were summarized as follows: (1) the rate-
determining steps of three catalysts-catalyzed processes
remained unchangeable. (2) Because the free energy barrier
of 1_T2al was lower than those of 2_T3al and 3_T2al
(AG7(501)1 1241=75.8, AG*(s01)2 13a1=100.1, AG"(s0l)5
12a1=98.4 kJ mol™"), the reaction pathway catalyzed by
RuHCI(CO)(PMe;); illustrated in Fig. 1 was the most fa-
vorable in the addition reactions. (3) Three catalysts RuHCI
(CO)(PMC3)3, Rqu(CO)(PMC3)3, and RUHCI(PMC3)3
exhibited different catalysis, and the first was remarkably the
most excellent, which agrees with these experiments [23].

As demonstrated above, the catalyst RuHCI(CO)(PMes);
exhibited the most excellent catalysis. The most favorable
reaction pathway began with the coordination of 1 to the
less substituted olefin of isoprene to form 1_M1la. Then, a
hydrogen transfer reaction from ruthenium to the carbon
atom Cl1 to give the complex 1_M2a which isomerized the
more stable complex 1_M3a. Next, the complexation of
benzaldehyde to ruthenium to generate the complex
1_M4a. Further, a carbonyl addition to form the ruthenium
alkoxide complex 1_MS5al. Finally, a hydride elimination to
deliver the complex 1_Mé6al giving the branched f3,y-un-
saturated ketone.

The effect of the explicit solvent

Ryu et al. reported the addition reaction to proceed smoothly
in toluene and 95 % high yield. We were interested in the

@ Springer

effect of toluene for the reaction. The intermediate and
transition structures on the most favorable pathway were
located in the presence of one toluene molecule. The opti-
mized structures of all intermediates and transition states
were shown in Fig. S10. As illustrated in Fig. S9, the
activation free energy of 1_T2al(t) was 4.9 kJ mol™ lower
than that of 1_T2al in the absence of solvent in Fig. 1. The
toluene protons interacted with the chlorine and carbonyl
oxygen of the ruthenium complex (The distances of hydro-
gen bonds were shown in Fig. S10.), withdrew electrons
from the ruthenium complex, and increased the electrophi-
licity of the allyl part, which would result in a carbonyl
addition.

In addition, to evaluate the solvent effect for toluene
(e=2.379), single-point computations have been performed
at the B3LYP/6-31 G(d,p) level (LANL2DZ(f) for Ru,
LANL2DZ(d) for P and Cl) using the PCM model with
default parameters, except for the temperature (363.15 K
was used). In general, the solvation effect was remark-
able, and it decreased the free energies of the species
(Tables S1-4).

Conclusions

The reaction mechanisms of ruthenium hydride-catalyzed
regioselective addition reactions of benzaldehyde to iso-
prene leading to the branched (3,y-unsaturated ketone were
explored computationally using DFT (B3LYP/6-31 G(d,p)
level, LANL2DZ(f) for Ru, LANL2DZ(d) for P and CI).
Calculated results indicated that three catalysts RuHCI(CO)
(PMes); (1), RuH,(CO)(PMe3); (2), and RuHCI(PMe3); (3)
exhibited different catalysis, and the first was the most
excellent. The most favorable reaction pathway began with
the coordination of 1 to the less substituted olefin of iso-
prene to form 1_MT1la. Then, a hydrogen transfer reaction
from ruthenium to the carbon atom C1 to give the complex
1_M2a which isomerized the more stable complex 1_M3a.
Next, the complexation of benzaldehyde to ruthenium to
generate the complex 1_M4a. Further, a carbonyl addition
to form the ruthenium alkoxide complex 1_M>5al. Finally, a
hydride elimination to deliver the complex 1_Mé6al giving
the branched [3,y-unsaturated ketone. The carbonyl addition
was the rate-determining step. The dominant product was
the branched f3,y-unsaturated ketone P1.

Furthermore, the presence of one toluene molecule low-
ered the activation free energy of the transition state of the
carbonyl addition by hydrogen bonds. In general, the solva-
tion effect was remarkable, and it decreased the free energies
of the species.
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