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in Aromatic Estersto Olefins
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The reaction mechanism of the Ru(H),(CO)(PPh,),-cat-
ayzed addition of C—H bonds in aromatic esters to olefins was
studied by means of deuterium-labeling experiments and meas-
urement of the 13C kinetic isotope effect. The deuterium-labeling
experiment revealed a rapid equilibrium among the intermediates
prior to the reductive elimination, and the 13C NMR kinetic iso-
tope effect indicated that C—C bond formation is the rate-deter-
mining step in this reaction.

Since the catalytic use of otherwise unreactive C-H bonds
via carbon-hydrogen bond cleavage with low-valent transition
metal complexes, so called C—H activation, is a subject of consid-
erable interest in organic synthesis,! a variety of catalytic reac-
tions, including C-H bond cleavage have been reported by us*® as
well as others* Most of these studies have focused on exploring
the scope and limitations of these types of catalytic reactions and
only afew have involved mechanigtic aspects.3>7 We have now
studied the mechanism of our catalytic reaction, i.e., the rutheni-
um-catalyzed aromatic C—H/olefin coupling via chelation-assisted
C—H bond cleavage. In this communication, we propose a reac-
tion mechanism, specifically, the rate-determining step, of the
Ru(H),(CO)(PPh;),-catalyzed reaction of aromatic esters with
olefins, which was determined by means of an isotope labeling
experiment and measurement of the 13C kinetic isotope effect.

We have already noted that when the reaction of methyl
benzoate (1) with triethoxyvinylsilane (2) is carried out in the
presence of Ru(H),(CO)(PPhs); (3) as the catalyst, no coupling
product was obtained (eq 1).22 In sharp contrast, the introduc-
tion of an electron-withdrawing CF; group at a position ortho to
the ester group resulted in a formation of the coupling product 5
in 97% yield (eq 1).22
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Since the C-H bond dissociation energy is large (ca. 110
kcal/mol; 464 kJmol),? one is prone to speculate that the C-H
bond cleavage step is rate-determining and that a decrease in the
electron density of the C—H bonds as a result of the presence of
the electron-withdrawing group enhances the reactivity of the
C—H bonds as is often encountered in the case of the oxidative
addition of arylhalides to transition metals.® In this case, howev-
er, this assumption is not valid. The deuterium labeling experi-
ment described below indicates that the C—H bond cleavage step
is not rate-determining. The deuterated substrate, methyl ben-
zoate-ds (1-ds), was used for the coupling reaction with 2
(Scheme 1). A GC analysis of the reaction mixture showed that

the starting materials were not consumed after 24 h. An analysis
of the recovered starting materials by 'H NMR spectroscopy
revealed that the observed hydrogen intensity at each position
was nearly identical to the theoretical value for complete scram-
bling among the five positions, i.e., two ortho and three
olefinic.1%12 Very importantly, the observed scrambling of pro-
tons provides evidence for the existence of a pre-equilibrium
process prior to the reductive elimination.
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Scheme 1. H/D exchange reaction between 1-ds with 2.

From the result mentioned above, a plausible reaction mech-
anism is shown in Scheme 2.3 Hydrometalation of the olefin in
D giveseither E or F. In the present case, E can only return to D
since the branched product was not detected in this reaction.
When triethoxyvinylsilane (2) was used as an olefin, no
C—H/ol€fin coupling product was obtained. This result indicates
that the intermediate F does not undergo reductive elimination to
give G. The deuterium scrambling experiment using 2 (Scheme
1) shows that these equilibrium processes (A to F) are taking
place well ahead of reductive eimination (if any) and suggests
that the C—H cleavage is an easy step compared to the product
forming process, i.e., the reductive elimination.
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Scheme 2. Plausible reaction mechanism.
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If C—C bond formation, i.e., the reductive elimination step in
this case (F to G in Scheme 2), is rate-determining, a 13C kinetic
isotope effect should be observed at the C6 position.'*® This
NMR experiment with 13C at natural abundance was carried out
as follows: 1) the catalytic reaction was stopped after an appro-
priate reaction period (64%, 69%, and 79% conversions); 2) the
starting ester was recovered; 3) the relative intensity of the 13C
isotope was quantified by the 13C NMR spectrum. If the C-C
bond formation step is rate-determining, the relative intensity of
the 13C isotope at C6 would be expected to be increased. The
reaction of methyl o-methylbenzoate with trimethylvinylsilane
using 3 as the catalyst was carried out (eq 2). The resulting KIEs
(kizcfkase) Of the aromatic carbons for each conversion are shown
inTable 1. The appreciable KIE at C6 (1.033) strongly suggests

that C—C bond formation is rate-determining.
0
SiMes

7 Ru(H)2(CO)(PPha)s
_4 °°
OMe . /\SiMeg (3) 2-4 mol%
reflux (135 °C, bath temp.)

2 equiv toluene, 10-20 cm®

Table 1. Experimental "*C kinetic isotope effect

o
1
{3 OMe
4 ~—_
(assumed) 1.000 6 1.033 (average)
. KIEs

Run Conversion —z C2  Ca«C4 C5 _ C6
1 64%  0.996(1) 1.001(3) 1.003(1) 1.000 1.034(1)
2 69%  0.999(2) 0.996(3) 1.000(1) 1.000 1.032(1)
3 79%  0.997(1) 0.996(1) 1.004(1) 1.000 1.034(1)

We have demonstrated that in the Ru(H),(CO)(PPhs);-cat-
alyzed reaction of aromatic esters with olefins, a rapid equilibri-
um exists among the intermediates prior to the reductive elimina-
tion step and that the C—C bond formation step, i.e., the reductive
elimination, is rate-determining but the C-H bond cleavage step
is not. Typicaly, an electron-donating group in the leaving
group facilitates reductive elimination.” Interestingly, however,
in the present case, an electron-withdrawing group, i.e., a CF;
group, was found to enhance the reactivity of the ester.’® One
possible explanation for thisis that an akyl group on the rutheni-
um center migrates onto the ortho carbon adjacent to the rutheni-
um atom (6 to 7, Scheme 3). In the case of intermediate 7, the
negative charge generated on the aromatic ring should be stabi-
lized by the electron-withdrawing group. The Ru~C bond in 7 is
then cleaved (7 to 8, Scheme 3).2° It should be added that our
preliminary study shows that the mechanism of the aromatic
ketone and olefin coupling reaction appears to be different from
that described here. Thiswill be the subject of future report.
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Scheme 3. Two-step mechanism for reductive elimination.
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