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Evidence of Formation of an exo-rn-Allyl Complex Intermediate in the Pd®-
Catalyzed Alkylation of a Bicyclic Allylic Diacetate with Stabilized Carbon
Nucleophiles
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The palladium(0)-catalyzed alkylation of 2,3-bis(acetoxyme-
thyl)bicyclo[2.2.1]hepta-2,5-diene 1 with malonate-type en-
olates as nucleophiles is investigated. A monoalkylated prod-
uct is formed first, and undergoes (depending on the nucle-
ophile used) a second intramolecular reaction leading to

spirocyclopropane-annulated bicyclo[2.2.1]heptene derivat-
ives 5. The formation of endo spirobicyclic cyclopropanes ad-
ducts as major isomer is rationalized by assuming formation
of an intermediate exo-(rn-allyl)palladium complex.

Introduction

Palladium(0)-catalyzed alkylation of allylic acetates has
gained increasing importance over the last 30 years because
of its synthetic and mechanistic implications.['l The exist-
ence of a (m-allyl)palladium complex as a reaction interme-
diate is now well established./”) However, few studies on bi-
cyclic allylic acetate substrates have been reported. Petitl*!
and Godleski® were the first to provide evidence for an
exo-(m-allyl)palladium dimeric complex, derived from nor-
camphene, by X-ray structure analysis that is in direct ac-
cordance with its reactivity towards the hydride nucleophile.
Recently, we have described the synthesis of a new prochiral
bicyclic diacetate, namely 2,3-bis(acetoxymethyl)bicy-
clo[2.2.1]hepta-2,5-diene 1, and its use in palladium(0)-cata-
lyzed elimination to produce compound 2.P) Moreover, its
palladium(0)-catalyzed asymmetric amination has been
achieved using various amines as nucleophiles, affording the
monoaminated products 3 with enantiomeric excesses of up
to 89% (Scheme 1).[

These results have been interpreted through the forma-
tion of an exo-(m-allyl)palladium complex. Nevertheless, all
our attempts to obtain suitable crystals for X-ray structure
analysis have failed. In the context of our studies, we report
in this paper the evidence for the formation of an exo-(n-
allyl)palladium intermediate based on the stereochemical
considerations of the Pd’-catalyzed alkylation reaction.

In order to get decisive information concerning this pos-
tulated structure, as well as new synthetic insights about the
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Scheme 1. Pd’-catalyzed elimination and amination of allylic bicyc-
lic diacetate 1

regioselectivity of the reaction, we decided to investigate the
palladium(0)-catalyzed allylic alkylation of 1 using sodium
bis(methoxycarbonyl)methanide as a nucleophile. In this
case, and on the basis of numerous results already reported
in literature for related linear or monocyclic substrates,!” a
double alkylation of substrate 1 could be expected to occur
due to the “bisallylic diacetate” structure.®]

Results and Discussion
Reaction of 1 with one equiv. of sodium bis(methoxycar-

bonyl)methanide in THF in the presence of 1.5 mol-% of
Pd(PPhs), at room temperature, afforded after 5 min, com-

CO,Me 5a
co,M
PA(PPh,), OAc  Pd®Phy), f Vi
THF, t. t. CO,Me THF
NaCH(CO,Me), M
86% yield 4 CO,Me sb

Me0,C~ CO,Me
Scheme 2. Pd’-catalyzed alkylation of bicyclic diacetate 1 with so-
dium bis(methoxycarbonyl)methanide
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Table 1. Pd(0)-catalyzed alkylation of 1 with various nucleophiles

CO,Et OAc
SO,Ph
6a CO,Et 6b 7
Et0,C SO,Ph
CO,Et
Entry Nucleophile Conditions Product Yield (%)
1 NaCH(CO,Me), 1.5 mol% Pd(PPhs), 4 861l
room temp./5 min
2 NaCH(CO,Me), 0.5 mol% Pd(PPhs), 4 96
room temp./30 min
3 NaCH(CO,Me), 1.5 mol% Pd(PPhs), 5a/5b (ratio 5 : 95) 93
room temp./32 h
4 NaCH(CO,Me), 1.5 mol% Pd(PPhs), 5a/5b (ratio 40 : 60) 75
65 °C/25 min
5 NaCH(CO,Et), 1.5 mol% Pd(PPhs), 6a/6b (ratio 5 : 95) 87
room temp./32 h
6 NaCH(SO,Ph), 1.5 mol% Pd(PPhs), 7 791b]
65 °C/32 h
[al Small amounts of 5a and 5b were also formed. — [°! No spirocyclopropane product detected.
pound 4 (86% isolated yield) together with two other minor
unidentified products. Longer reaction times (room temper-
ature, 32 h) or higher temperature (65 °C, 25 min) led to the
complete conversion of 4 into two products, that were
found to be the tricyclic compounds 5a and 5b (Scheme 2).
In these cases, a mixture of the two isomers 5a and 5b was
isolated in 80% yield, but in a ratio varying from 5/95 to e, |
40/60 for Sa and 5b, respectively™ (Table 1, entries 3 and 4). "
m
. . H34 Ho H7 HIT | H10
Formation of 5a and 5b at first appeared to be the result A ““
of an intramolecular reaction of 4, consisting in the allylic :
substitution of the remaining acetoxy group. On the other .
hand, a kinetic study clearly demonstrated the predominant f:@ . 3 =

formation of 4 at the early stage of the reaction and its
further disappearance to afford the cyclopropane products
5a and 5b. Nevertheless, the outcome of the reaction de-
pends on the temperature (Figure 1).
o %
100 4
80
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[ 20

Reaction performed at 0°C Reaction performed at 65°C

—8- Spirocyclopropanes 5
—+— Monoalkylated compound 4
—A— Diacetate 1

Figure 1. Kinetics of Pd’-catalyzed alkylation of diacetate 1 with
sodium bis(methoxycarbonyl)methanide

Thus, only the monoalkylated product 4 was obtained in
86% yield when the reaction was performed at 0 °C, while
cyclopropanes 5a and 5b were preferentially observed at
65 °C.
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Figure 2. NOESY NMR sequence of a 5/95 mixture of 5a/Sb

The structures of compounds 5a and 5b were confirmed
by COSY and NOESY NMR experiments (Figure 2).

The predominant formation of 5b with respect to 5a can
be explained by the preferential formation of complex I in
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Scheme 3. Mechanistic rationale for the Pd’-catalyzed alkylation of
diacetate 1 with sodium bis(methoxycarbonyl)methanide

5b
Me0,C” CO,Me

which the palladium atom sits in the exo position
(Scheme 3).

Thus, the cyclopropane formation proceeds via an oxidat-
ive addition of compound 4 onto the catalytically active
species, leading to the elimination of HOAc and subsequent
ring closure. Since the incoming nucleophilic attack towards
(m-allyl)palladium complexes is known to proceed in an anti
fashion with respect to the metal,>*1% the structure of the
predominant final product 5b allows us to predict an exo
configuration for the (m-allyl)palladium intermediate.
Nevertheless, the formation of a large amount of 5a at high
temperature may only result from an interconversion be-
tween the two (m-allyl)palladium complexes I and IT (See
below).

As an extension of this work, we have investigated the
influence of the nucleophiles used on the stereochemical
outcome of the reaction.

It appears that similar results in terms of selectivity have
been obtained using sodium bis(ethoxycarbonyl)methanide
instead of sodium bis(methoxycarbonyl)methanide (ratio
6a/6b: 5/95). Nevertheless, it is noteworthy that whatever
the experimental conditions, no trace of the expected cyclo-
propane adducts was detected using the sodium salt of bi-

|

s(phenylsulfonyl)methane. Moreover, isolation of com-
pound 7 in 79% yield and its subsequent treatment with
NaH or BSA/KOACc in presence of a catalytic amount of
Pd(PPh;), did not afford any other product.

The fact that the amount of 5a increases with the temper-
ature may indicate a possible interconversion between the
two (m-allyl)palladium complexes I and IL["' This phenom-
enon can be related to the isomerization of (w-allyl)palla-
dium complexes, which has been put forward to explain the
loss of stereospecificity of some palladium-catalyzed reac-
tions of allylic substrates with nucleophiles.['?l This iso-
merization has been accounted for by three different pro-
cesses: (1) isomerization of the starting material 4, (ii) syn
addition of nucleophile, and (iii) Pd°-catalyzed isomeriz-
ation of the intermediate n-allyl complex (Scheme 4).

Path (ii) appears to be very unlikely due to the steric con-
straints existing in intermediate III. Since GC monitoring
of the substitution reaction never gave any evidence for
compound IV [path (i)], path (iii) ought to be the most fav-
orable one between the two remaining possibilities. Further-
more, this mechanism via a c-allylpalladium intermediate
has been shown to operate in several related examples.['?]
However, none of these paths can be definitively ruled out.

An additional interesting feature in these reactions of 1
is the fact that a phosphonium salt 8 was isolated in varying
amounts during work up of the reaction mixtures. Its struc-
ture was unequivocally assigned by careful examination of
its NMR data and mass spectrum. The formation of allylic
phosphonium salts via attack of (m-allyl)palladium com-
plexes by triphenylphosphane has been reported by several
groups.'3] We further found that 8 can also be obtained
in 68% yield by simple reaction of 1 with 1 equivalent of

+ o
_ PdEPh), PP, 0AC
PPh3 1 equiv.
THF, 20°C 8 OAc
32h 68% yield

Scheme 5. Pd’-catalyzed alkylation of bicyclic diacetate 1 with tri-
phenylphosphane
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Scheme 4. Possible isomerization pathways for the interconversion of complexes I and II
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triphenylphosphane in the presence of 1.5 mol-% of
Pd(PPhjs), at room temperature for 32 h (Scheme 5).

In summary, our results show that the alkylation of 1
with stabilized carbon nucleophiles proceeds in two steps:
the initial regioselective formation of the expected monoal-
kylated compound leads to the tricyclic derivatives via a
second intramolecular alkylation with loss of acetic acid
and subsequent ring closure. Kinetic control allows the re-
action to stop at either one of the products. The almost
exclusive formation of the endo-disubstituted spirocyclopro-
pane compound under the appropriate conditions under-
lines that the reaction proceeds through an exo-(m-allyl)pal-
ladium complex. The formation of these spirotricyclic
cyclopropane derivatives is of interest since numerous vinyl-
cyclopropanes are naturally occurring compounds,!'* or
constitute important synthetic intermediates.'>] Further
work dealing with asymmetric induction is currently under
investigation.

Experimental Section

All solvents were purified according to reported procedures, and
reagents were used as commercially available. Tetrahydrofuran
(THF) was distilled from sodium benzophenone ketyl immediately
prior to use. Ethyl acetate and petroleum ether (35-60 °C) were
purchased from SDS and used without any further purification.
Column chromatography was performed on SDS silica gel (70-230
mesh). 'H NMR and '3C NMR spectra were recorded in CDCls
on a Bruker AC 200 spectrometer working at 200.00 MHz and
50.16 MHz, respectively (the usual abbreviations are used: s: sing-
let, d: doublet, t: triplet, q: quadruplet, m: multiplet). Tetramethyl-
silane was used as internal standard. All chemical shifts are given
in ppm (6 values).

General Procedure for the Palladium-Catalyzed Alkylation of 1 with
Sodium Bis(methoxycarbonyl)methanide: To a solution of Pd(PPhj),
(0.350 g; 0.3 mmol) in THF (5mL) was added a solution of 15!
(2.36 g, 10 mmol) in THF (5 mL) under a nitrogen atmosphere.
After stirring for 5 min. at room temperature, a solution of sodium
bis(methoxycarbonyl)methanide (10 mmol) in 25 mL of THF (pre-
pared by reaction of 1.32 g of dimethyl malonate and 0.24 g of
NaH) was added by syringe. The reaction mixture was stirred at
room temperature for 5min., and quenched with a saturated
NH,CI solution. Most of the THF was removed in vacuo, and the
aqueous layer was extracted with ether (3 X 20 mL). After drying
over Na,SQOy, the solvents were removed in vacuo. The residue was
purified by flash chromatography on a silica gel column (eluent:
diethyl ether) affording 2.86 g of compound 2 (93% yield).

Dimethyl  2-{|2-(3-Acetoxymethyl)norbornadien-2-yljmethyl}malo-
nate (4): '"H NMR: & = 1.85 (s, 3 H), 1.97 (m, 2 H), 2.93 (m, 2 H),
3.36 (m, 2 H), 3.45 (s, 3 H), 3.49 (s, 3 H), 4.76 (m, 3 H), 6.74 (m,
2 H). — 3C NMR (50 MHz, CDCls): § = 20.8, 28.2, 50.2, 52.0,
52.1, 52.7, 53.9, 60.3, 71.8, 142.3, 145.8, 150.0, 168.9, 169.2,
170.1. — IR: 833, 909, 1024, 1169, 1234, 1439, 1742, 2868, 2961. —
C16H200¢ (308.3): caled. C 62.3, H 6.5; found C 62.5, H 6.3.

Dimethyl endo-3'-Methylenspiro(cyclopropane-1,2’-norborn-4-ene)-
2,2-dicarboxylate (5b): major compound; 'H NMR: § = 1.54 (m,
2 H), 1.84 (dd, 2 H, J = 34.7,J = 5.1 Hz), 3.10 (s, 1 H), 3.30 (s, 1
H), 3.58 (s, 3 H), 3.71 (s, 3 H), 4.22 (s, 1 H), 4.78 (s, 1 H), 6.22 (m,
2 H). - BC NMR: § = 26.2, 40.5, 43.6, 47.2, 50.1, 52.5, 52.7, 53.1,

1802

100.8, 135.2, 136.7, 152.4, 167.4, 169.7. — IR: 886, 1108, 1162, 1224,
1266, 1364, 1434, 1606, 1728, 2858, 2930, 2950, 3060. — C,4H ;404
(248.2): caled. C 67.7, H 6.5; found C 67.4, H 6.5.

Dimethyl exo-3'-Methylenspiro(cyclopropane-1,2'-norborn-4-ene)-
2,2-dicarboxylate (5a): minor compound; 'H NMR: § = 1.54 (m, 2
H), 1.76 (dd, 2 H, J = 28.6, J = 5.1 Hz), 3.10 (s, 1 H), 3.30 (s, 1
H), 3.62 (s, 3 H), 3.74 (s, 3 H), 4.22 (s, | H), 4.74 (s, 1 H), 6.27 (m,
2 H). - *C NMR: § = 26.2,41.5,44.2,45.6, 50.2, 51.7, 52.5, 52.8,
101.0, 134.9, 138.7, 152.2, 167.5, 169.8. — IR: 886, 1108, 1162, 1224,
1266, 1364, 1434, 1606, 1728, 2858, 2930, 2950, 3060. — C14H504
(248.2): caled. C 67.7, H 6.5; found C 67.4, H 6.5.

Diethyl  endo-3'-Methylenspiro(cyclopropane-1,2'-norborn-4-ene)-
2,2-dicarboxylate (6b): major compound; 'H NMR: § = 1.15-1.33
(m, 6 H), 1.65-1.90 (m, 4 H), 3.19 (s, 1 H), 3.38 (s, 1 H), 4.09-4.16
(m, 4 H), 4.28-4.42 (m, 2 H), 6.18 (m, 2 H). - 3C NMR: § = 25.3,
40.4, 42.9, 47.1, 50.2, 51.6, 52.7, 52.8, 61.0, 71.6, 100.8, 135.1,
136.7, 152.1, 166.8, 169.3. — IR: 879, 1108, 1162, 1222, 1266, 1362,
1434, 1606, 1730, 2858, 2930, 2950, 3058. — C;sH»004 (276.2):
caled. C 69.5, H 7.2; found C 69.3, H 7.2.

Diethyl exo-3'-Methylenspiro(cyclopropane-1,2’'-norborn-4-ene)-2,2-
dicarboxylate (6b): minor compound; '"H NMR: § = 1.20-1.32 (m,
6 H), 1.63-1.77 (m, 4 H), 3.19 (s, 1 H), 3.41 (s, 1 H), 4.13-4.15(s,
4 H), 4.25-4.42 (s, 2 H), 6.19 (m, 2 H). - '3C NMR: § = 27.8, 41.6,
43.0, 45.6, 51.0, 52.2, 52.7, 53.5, 60.2, 70.9, 108.5, 141.9, 142.4,
153.4, 168.5, 170.8. — IR: 886, 1108, 1162, 1224, 1266, 1364, 1434,
1606, 1728, 2858, 2930, 2950, 3060. — C;cH»,04 (248.2): caled. C
69.5, H 7.2; found C 69.1, H 7.1.

2-(Acetoxymethyl)-3-[(2',2'-bis(phenylsulfonyl)ethyl]bicyclo[2.2.1]-
hepta-2,5-diene (7): '"H NMR: & = 1.85 (s, 3 H), 1.90 (m, 2 H), 2.91
(m, 2 H), 3.36 (m, 2 H), 4.76 (m, 3 H), 6.74 (m, 2 H), 7.1-7.6 (m,
10 H). — 3C NMR: & = 28.2, 50.2, 52.0, 52.1, 52.7, 53.9, 65.3,
71.8,120.3, 128.1, 129.3,131.2, 130.1,142.3, 150.0, 169.2. — IR: 833,
909, 1024, 1169, 1234, 1439, 1742, 2868, 2961. — Cy3H»4S,04
(472.0): caled. C 61.0, H 5.0, S 13.5, found: C 61.6, H 5.2, S 13.0.

[(2-Acetoxymethyl)bicyclo[2.2.1]hepta-2,5-dienyl)methyl]tri-
phenylphosphonium Acetate (8): This compound was obtained from
1 following the general procedure above. The residue was purified
by flash chromatography on a silica gel column (eluent: diethyl
ether). - 'H NMR: § = 1.57 (s, H), 1.93 (d, H, J = 10.1 Hz), 2.27
(m, H), 2.63 (d, H, J = 10.1 Hz), 2.81 (m, H), 3.10 (dd, H, J =
19.0, J = 3.1 Hz), 3.3 (s, 1 H), 3.56 (s, H), 3.72(s, H), 3.88 (dd, H,
J = 5.1Hz, J = 7.0 Hz), 6.37 (m, 1 H), 6.86 (m, 1 H), 7.61 (m, 9
H), 7.71 (m, 6 H). — 3C NMR: § = 19.8, 22.3, 27.8, 32.3, 43.4,
52.7, 53.0, 65.3, 72.2, 110.1 (d, J = 160.3 Hz), 128.1, 130.2, 133.2,
134.2, 135.1. -3'P NMR (40.5 MHz, CDCl;): § = 23.2. — IR: 833,
909, 1024, 1169, 1234, 1439, 1742, 2868, 2961. — HRMS: calcd. for
C;3,H;,04P: 498.5573, found [MH "] 498.5576.
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