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The carbonylation mechanisms of allylic alcohol catalyzed
by [PdHCl(bppm)] complex were studied using a density
functional theory (DFT) method. The results indicate that the
catalytic cycle consists of three main steps: alkene insertion,
CO insertion, and hydrogen transfer and product elimination.
Pathways with a Pd(II) character are more favorable than that
with Pd(IV) character. Methanol serves as the proton shuttle in
carbonylation and reduces the energy barrier by 15.4 kcalmol¹1

below that without methanol assistance.

The carbonylated allylic substrates catalyzed by transition-
metal complexes are important precursors for the preparation
of ¢,£-unsaturated carboxylic acid derivatives.1 Chiusoli et al.
first reported the carbonylation of allylic halides under mild
conditions using nickel tetracarbonyl as a catalyst.2 Negishi and
Alper made a breakthrough in Pd-catalyzed cyclocarbonylation
with carbon monoxide, which is a useful method for the
synthesis of cyclic ketones, lactones, and lactams.3 Alper et al.
have investigated the Pd-catalyzed cyclocarbonylation of allylic
alcohols and first synthesized chiral £-butyrolactones using this
reaction (Scheme 1).4 Recently, a theoretical investigation on
¢,£-unsaturated acyl derivatives has been carried out by Bottoni
et al. and they reported the mechanism of allyl halides with CO
catalyzed by [PdCl2(PH3)2].5 This paper reports the mechanism
of the carbonylation reaction catalyzed by [PdHCl(bppm)]
(bppm: tert-butyl (2S,4S)-4-diphenylphosphino-2-[(diphenyl-
phosphino)methyl]-1-pyrrolidinecarboxylate) complex using
DFT method. As shown in Figure 1, the whole catalytic cycle
consists of three main elementary steps: alkene insertion from 1
to 2, CO insertion from 3 to 4, and hydrogen transfer together
with product elimination from 4 to 7. The hydrogen-transfer step
was found to proceed in two possible different paths according
to involvement of Pd(II) or Pd(IV) intermediates (Path Pd(IV)
and Path Pd(II)), and methanol-assisted effect has also been
taken into consideration in Path Pd(II) (Path Pd(II) with meth-
anol assistance). In Figure 1, Path Pd(IV), Path Pd(II), and
Path Pd(II) with methanol assistance correspond to Path A,
Path B, and Path B­OH, respectively. This paper shows details
of the mechanism of Pd-catalyzed cyclocarbonylation of allylic
alcohol and the important role of methanol solvent.

In the whole catalytic system, catalyst [PdHCl(bppm)]
reported by experiment is simplified as [PdHCl{H2P(CH2)2-
PH2}] in this study. The simplification for transition-metal
complexes is reliable in our previous theoretical studies.6 All the
geometry optimizations, frequency analyses, and other proper-
ties of the model system were performed using B3LYP method7

implemented in the Gaussian03 program package.8 LANL2DZ
basis set9 is used for Pd and 6-31+G** basis set for the other
atoms (denoted as BSI). Transition states are confirmed by
existence of only one characteristic imaginary frequency mode
in vibration analysis. Intrinsic reaction coordinates (IRC)
calculations are performed in order to confirm the transition
state connecting the intermediates. Solvent effects (methanol)
were evaluated using polarizable continuum model (PCM)
performing single-point calculations on gas-phase optimized
geometries.

A general mechanism description is shown in Figure 1. In
the alkene-insertion step (from 1 to 2), H1 of Pd transfers to C1

of allylic alcohol to form 2 via TS1-2. The C1­C2 double bond is
changed to a single one. In the CO-insertion step (from 2 to 4),
one CO molecule coordinates with Pd and inserts into the C3­Pd
bond via TS3-4 with a three-membered ring of Pd­C2­C3. And
then the Pd­C2 bond is broken and 4 is formed. Rotation in 4
leads the hydroxy group to become closer to the Pd­C3 bond and
several conformations of 5 are formed with six-coordinated or
four-coordinated structures with Pd center. In hydrogen transfer
and product-elimination steps (from 4 to 7), three possible
pathways are proposed like Path A, Path B, and Path B­OH. In
Path A, O1­H2 is broken first and H2 is transferred to Pd center.
The coordination number of 6 is six, this means Pd(IV) character
in Path A. Then O1 attacks C3 of carbonyl group via TS6-7 to
complete the product elimination. In Path B, transfer of H2 to Pd
center, breaking of O1­H2 bond and attacking of O1 to C3

(nucleophilic attacking of O1 of the OH group to C3 of the acyl
group) occur at the same time through a ring-closing transition
state (TS5-7). In Path B­OH, the involvement of methanol
solvent in Path B was considered. The coordination number of
Path B and Path B­OH is always four from 5 to 7, which
corresponds to a Pd(II) character. Finally, the Pd catalytic
species is regenerated and the substrate could coordinate with 7
to start another catalytic cycle.

The potential energy profiles of the catalytic reaction are
shown in Figure 2. The barriers of alkene-insertion step and CO-
insertion step are 3.9 kcalmol¹1 from 1 to 2 and 11.1 kcalmol¹1

from 3 to 4 respectively. In Path A and Path B, the rate-
determining step is hydrogen transfer. In path A, the hydrogen-
transfer step is endothermic with 51.5 kcalmol¹1 in barrier from
5 to 6. The product elimination process is only 7.2 kcalmol¹1

via TS6-7. In path B, the hydrogen-transfer and product-
elimination steps happen concomitantly and the barrier isScheme 1.
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33.7 kcalmol¹1. TS5-7 has a four-member ring of Pd­C3­
O1­H2. The distances of O1­H2, Pd­C3, O1­C3, and H2­Pd
bonds are 1.041, 2.931, 1.708, and 2.080¡, respectively. It
means the cleavage of Pd­C3 bond and formation of O1­C3 and
H2­Pd bonds. It is obvious that Path B is more favorable than
Path A, which implies that the pathway with a Pd(IV) character
will lead to a higher reaction barrier of O1­C3 formation
compared with that with a Pd(II) character. Solvent effect
calculations indicate the solvent (methanol) does not change the
trends presented in the potential energy surfaces (See Table S2
in Supporting Information10).

A lot of studies on the hydrogen transfer in the transition-
metal catalysis suggest that the charge in H2 is closely related to
energy barrier of hydrogen transfer. The more positive charge of
transferred hydrogen has, the lower energy barrier is. In complex
5 of Paths B and B­OH in which the hydrogen-transfer steps
both possess the Pd(II) character, the APT (atomic polar tensor)

charges of transferred hydrogen (Path B: H2, Path B­OH: H3)
are 0.250 and 0.379, respectively. Path B­OH with more
positive H3 has lower barrier of hydrogen-transfer step than
Path B. These calculated results agree with other studies on the
hydrogen transfer in transition-metal catalysis.

The energy barrier is still too high even for Path B with a
Pd(II) character. Interestingly, methanol solvent is found to be
of importance in the whole reaction. In Path B­OH, hydroxy
transfers H to the methanol, the latter donates one proton to the
Pd center and O1 attacks C3 at the same time. The bond lengths
of O1­H2 and O3­H3 become longer and the distances of O1­H3

and H3­Pd become closer via TS5-7 (Table 1). Methanol acts
like a bridge to accept hydrogen from O1 and donate hydrogen to
Pd center. A figure of three-dimensional structures with bond

Figure 2. Potential energy profiles of catalytic cycle of Pd-
catalyzed cyclocarbonylation of allylic alcohol.

Figure 1. Mechanism of cyclocarbonylation of allylic alcohol catalyzed by Pd catalyst.

Table 1. Bond lengths (unit: ¡) of key structures in the
catalytic cycle

State O1­H2 Pd­H2 O1­C3 O3­H3 H2­O3

5a 0.976 2.890 3.206 ® ®

TS5-6 1.607 1.561 3.068 ® ®

6 2.600 1.543 2.944 ® ®

TS6-7 2.726 1.539 2.150 ® ®

7 2.776 1.547 1.375 ® ®

5b 0.971 2.700 3.003 ® ®

TS5-7b 1.041 2.080 1.708 ® ®

7 2.776 1.547 1.375 ® ®

5b-OH 0.981 ® 2.573 0.979 1.830
TS5-7b-OH 1.570 ® 1.434 1.090 1.026
7b-OH 1.993 ® 1.359 4.718 0.972
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lengths from 5 to 7 in three pathways is shown in Figure S1.10

Finally, altogether with hydrogen transfer, the butyrolactone
product is formed via the nucleophilic attacking of O1 of the OH
group to C3 of the acyl group. It is obvious that the methanol
assistance decreases the barrier of hydrogen transfer, which is
18.3 kcalmol¹1 in Path B­OH. It is much lower than that of
Path A (51.5 kcalmol¹1) and B (33.7 kcalmol¹1). Thus, the
involvement of alcohol solvent is very important in the Pd-
catalyzed cyclocarbonylation of allylic alcohol.

In summary, this paper investigated the carbonylation of
allylic alcohol catalyzed by Pd catalyst using DFT method. The
calculated results indicate that there are three possible pathways
in hydrogen transfer. The pathways with Pd(II) character are
more favorable than those with Pd(IV) character. Methanol
assistance plays a very important role and effectively decreases
the energy barrier of hydrogen transfer in Path B­OH.
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