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Amines on the Reaction Rate
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The rate of palladium catalysed phenylation of allylic alcohols is markedly enhanced by addition of tertiary amines,
presumably by co-ordination to the palladium atom to form very reactive species.

As part of a continuing programme! dealing with the study of
the Heck reaction,? the kinetics of the title reaction (equation
1) have been investigated. For this reaction, a multi-step
mechanism involving cis-addition of ‘ArPdX’ followed by
syn-elimination of ‘HPdX’ is now well established.! A base is
generally added to the reaction system to regenerate Pd’ from
‘HPdX’ by neutralisation of HX.34

Since the determination of the rate law of such a complex
reaction is usually difficult, the initial pseudo-first order rate
of formation of the ketones (2) and (3) was evaluatedt with
different combinations of palladium salts, bases, and complex-
ing agents (Table 1).

+ The rate was measured by monitoring the appearance of the ketones
(2) and (3) by g.1.c. in the presence of triethyleneglycol dimethyl ether
as internal standard.
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Table 1. Initial pseudo-first-order rate constants for formation of the
ketones (2) and (3).»

Catalyst 10° &,/ Other ligand

Entry ¢#°C (10-2mol. equiv.) s—1 (mol. equiv.)

1 74 PdCl, (1) 2.20 —

2 74 PdCl, (1) 38.7 Et;N (1)

74 PdCl, (1) 70.0 Bun;N (1)

4 50 PdCl, (1) 0.06 Et;NH (0.2)

5 54 PdCl, (1) 0.06 Pyridine (0.2)

6 74 PdCl, (1) 0.05 [Me,NCH,], (0.1)

7 74 Pd(dba), (5)¢ 3.9 —

8 74 PdCl, (4) 0.13 (Ph);P(0.1)

9 74 Pd[(Ph);P]4 (1) 0.26 —

4 [But-3-en-2-o0l] = [PhI] = {AcONa] = 1M in dimethylformamide.
b Without AcONa. ¢ dba = dibenzylideneacetone.

Table 2. Initial rate constants in the presence of sodium acetate and/or
tertiary amines.*

Base 105 ky/
Entry R (mol. equiv.) s—!
1 Me AcONa (1) 22
2 Et AcONa (1) 2.4
3 Me EtN (1) 38.7
4 Me BusN (1) 70.0
5 Et EtN (1) 30.6
6 Me  AcONa(l)+ Et:;N(0.2) 70.3
7 Et  AcONa(l)+ EGN(0.2) 66.7
8 Me  AcONa(1)+ Bu;N(0.2) 94.4

4 [RCH(OH)CH=CH,] = [PhI] = 102 [PdCl;] = 1™ in dimethylfor-
mamide at 74°C.

Reasonable reaction rates were obtained only with sodium
acetate or tertiary amines as bases and palladium chloride in
dimethylformamide; these systems were investigated further,
and the results are summarised in Table 2.

For the two allylic alcohols employed in this study, the
initial rate constants (k;) were considerably higher with R';N
(R" = Et or Bu) than with AcONa (compare entries 1 and 2
with 3, 4, and 5, Table 2). This observation strongly suggests
that R’;N not only neutralises the HX formed in the reaction
but also acts as a ligand of the palladium atom to form a very
reactive species in the oxidative addition step (equation 2) that
could be rate-determining.

In order to clarify this aspect of the reaction, we carried out
a kinetic study of the phenylation of but-3-en-2-ol with
increasing amounts of Et;N in the presence of an excess of
AcONa (Figure 1). Our results clearly demonstrate the role of
the amine as a ligand of the palladium catalyst. A ratio
(Et;N)/(PdCl;) = 20 is necessary to ensure the complete
formation of the active catalytic species, resulting in maximum
rate constants. The same phenomenon was observed with
pent-3-en-2-ol (entries 6 and 7 of Tabie 2).

Although it has been claimed that tertiary amines are not
good ligands for palladium® our observations are in agreement
with the ortho-palladation effect provided by benzylic tertiary
amines allowing a remarkable regiochemical control of the
Heck reaction® and isolation of stable ortho-palladated
aromatic compounds.®-?

Variation of the temperature allowed us to determine the
thermodynamic activation values for the phenylation of
but-3-en-2-ol in the range 40—74°C under these conditions:
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Figure 1. Plot of k; against (Et3N) for the phenylation of but-3-en-2-0l
in the presence of sodium acetate.

AG* = 46 kJ mol-!, AH* = 43 kI mol~!, and AS* = =-75]
mol~!K-!. These activation values are in the range of the
usually measured values for oxidative addition reactions with
various transition metals® and the largely negative AS# value is
generally interpreted in terms of an increased solvation due to
the increased dipole in going from the ground state to the
transition state.?

Although not fully understood as yet, a strong synergistic
effect has been observed. The initial rate constant of the
reaction is greater when a small amount of R’3N (0.2 mol
equiv.) is used in the presence of AcONa than when a tertiary
amine is employed alone (compare entry 6 with 3, 7 with §,
and 8 with 4 in Table 2).

We believe that this new aspect of the role of R'3N should
be studied in other palladium catalysed reactions.

In conclusion, we emphasise that the effect of added Et;N
on the initial rate allows this synthetically important reaction
to be run at a lower temperature than those previously
employed,3+ and under these conditions but-3-en-2-ol (1) was
transformed to the arylated ketones (2) and (3) in 97% yield.}
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