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Abstract

The reaction of methylenecyclobutane (1) with bis (acetonitrile )chloronitropalladium (IT)
in methylene chloride yields cyclopentanone. Two intermediates - z-olefin complex of palladium
and product of B-nitritopalladation of 1 in a Markovnikov fashion - are observed by *H and *C
NMR. Palladium-catalyzed ring expansion of 1 is suggested to involve heterolysis of the palla-
dium-carbon bond and rearrangement of the resulting cyclobutyl to cyclopentyl cations. The se-
lective formation of ring-expanded and ring-contracted carbonyl products from methylenecyclo-
butane and 1-methylcyclobutene, respectively, is discussed in terms of proposed mechanism.
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Introduction

Olefins are known to be stoichiometrically and, in the presence of oxygen,
catalytically oxidized by nitro complexes of palladium (II) [1-5]. Depending
on the olefin structure, solvent nature, and composition of the palladium com-
plex, these interactions may give carbonyl compounds, epoxides, alcohols, vi-
nyl derivatives, or glycol esters. Experiments with palladium nitrite com-
plexes, labelled with heavy isotopes of oxygen, revealed the O atom transfer
from the nitro group to the olefin as a distinctive feature of such reactions [1-
3]. The key intermediates are g-organopalladium compounds, which are formed
as a result of the insertion of coordinated olefin into Pd-O or Pd-N bonds and
were observed by IR or/and NMR for ethylene [6,7], propylene [1], 1-meth-
ylcyclobutene [8], and norbornene [9]. Eventually, the decomposition step of
these intermediates does determine the nature of the oxidation products.

The oxidation of small ring olefinic compounds by transition metal com-
plexes is usually accompanied by skeletal rearrangements resulting in the for-
mation of ring-expanded, ring-contracted, ring-intact, or ring-opened products
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[10~-12]. The detailed mechanism of such transformations has not yet been
clarified. It has been found that the structure of the products depends, in par-
ticular, upon the position of the double bond in the parent olefin. The oxidative
palladium-induced ring contraction of 1-methylcyclobutene was the subject of
our previous report [8]. The aim of the present study was to investigate in situ
by 'H and *C NMR spectroscopy the mechanism of the interactions of an
isomeric olefin, methylenecyclobutane, with PdCl,L, and PdC1(NO,)L,

(L=CDsCN) in methylene chloride.

Experimental

The synthesis of PdCl,(CD;CN), and PdCI(NO,) (CD3;CN), (residual
protium 0.3% ) as well as the results of their elemental analysis were described

TABLE 1
The characteristics of lines in *H and *C NMR spectra of the compounds 1-5 observed in reaction
solutions®
Com- Hydrogens®
pound
onC!'and C! on C?and C? on C®and C?® on C*and C* on C® and C®
1 - 2.62 (tt, 4H) 1.86 (p, 2H) 2.62 (tt, 4H) 4,61 (p, 2H)
Jy5=2.4 J3 =81 Jy5=2.4 Js.9=24
Jy 3=8.1 Js4=8.1 Jy3=8.1 Js4=24
150.5 (s, 1C) 31.9 (t,2C) 16.7 (t,1C) 31.9 (t,20) 104.7 (t, 1C)
2 - 2.81 (br, 4H) 2.06 (br, 2H) 2.81 (br, 4H) 4.84 (br, 2H)
1409 (s,1C) 40.4 (t,2C) 18.3 (t,1C) 404 (t,2C) 89.3 (t,1C)
JC-H= 135 JC_H =145 JC-H= 135
3 - 2.86 (br, 4H) 2.07 (br, 2H) 2.86 (br, 4H) 491 (br, 2H)
- 40.0 (br, 2C) 18.2 (br, 1C) 40.0 (br, 2C) -
4 - 88248 (q,2H) 65190 (m, 1H) &g 248 (g,2H) 4, (3.40 (s, 2H)
Jb-c=12 Jd—i=14 Jb-c= 12
Jb—d= 10 Jd—b= 10 Jb—d= 10
Jpi=8 Ja =4 Jp-i=8
Jpor=2
6237 (m,2H) 67f1.74 (m,1H) 6¢2.37 (m, 2H)
Jop=12 Jiq=14 J,p=12
Jc-i =8 Ji—c =8 Jc-i =8
Joa=4 Jip=8 Jea=4
Jc-b’ =2
71.7 (1C) 41.2 (t,2C) 32.8 (t,1C) 41.2 (t,2C) 100.0 (1C)
5 - 1.86 (m, 4H) 2.04 (m, 4H) 2.04 (m, 4H) 1.86 (m, 4H)
2174 (s,1C) 36.6 (t,2C) 219 (t,2C) 21.9 (t, 2C) 36.6 (t,2C)

“Spectra recorded in CD,Cl, solution at 303 K at 300 MHz; chemical shifts are in ppm vs. HMDSO
(*H) and TMS (*3C). s=singlet, d=doublet, t=triplet, q=quartet, p=pentuplet, m=multiplet,
br=broad signal; coupling constants Jy_y and J¢_y are in Hz.

bFigures refer to the center of gravity of the multiplet lines.

°The corrected chemical shifts of the second-order spectrum have been deduced by the procedure de-
scribed in ref. 14.



LE. Beck et al. /J. Mol. Catal. 83 (1993) 301-310 303

previously [5]. NMR spectra were recorded using Bruker CXP-300 spectrom-
eter with a magnetic field induction of 7 T. The temperature of the samples
was continuously monitored with a precision of 1°C by a VT-1000 thermocou-
ple. The reactions were carried out in methylene-d, chloride (residual protium
0.5% ) at 303 K. The concentrations of palladium and 1 in solution were 4 X 102
M. 'H and *C NMR chemical shifts, J, were determined using hexamethyldi-
siloxane and tetramethylsilane as internal standards, respectively.

Methylenecyclobutane and cyclopentanone were kindly donated by Dr.
O.E. Batalin (Sankt-Peterburg). The compounds were purified by fractional
distillation up to 99.0 and 99.5% of the main component, respectively, and
characterized by GLC, 'H and *C NMR (10— M, CD,Cl,, 298 K ). The spectra
obtained (Table 1) of the complexes depicted below were compared to stan-
dard spectra [13].

H,_ 0
5 -1 k- l‘ 3 a ' gl
4 1 _CH . 1 _CH . 1 _CH H CH,—Pd—
CHz-C/C * cn,—c%f = cn,—c/? 2 A o ialk] s/ \s
| l | ' PdCt L ' | Pdci (NO2)L 3 b 1 tI:H, tl:u2
H
CH;—CH,  CHy—CH, CH—GH, : \;:/ NO  cH,—cH,
E 2 3 2 Ed 2 ? 4 3
H
b
1 2 3 4 5

Results and discussion

Methylenecyclobutane was found to undergo oxidation by PdC1(NO, )L,
in methylene chloride to yield almost exclusively cyclopentanone. The NMR
experiments in situ permitted us to detect a number of intermediates formed
in the course of this reaction and suggest the routes of their decomposition.

After the addition of 1, the solution of PACL,L, goes rapidly from a dark
yellow colour to pale yellow. The 'H NMR spectrum of the solution of 1 and
PdCL,L, consists of three lines: at § 2.81 (4H), 2.06 (2H), and 4.84 (2H),
which are much more broadened compared to the starting olefin (Table 1).
The *C NMR spectrum shows a singlet at § 140.9 and triplets at J 40.4, 18.3
and 89.3 ppm. The intensities of these lines, which we attributed to product 2,
do not change over prolonged periods (at least 7 days). Like the molecule of
the starting olefin, product 2 seems to contain four methylene groups, two of
which are magnetically equivalent, and a carbon not bound to hydrogens. Anal-
ysis of the spectral data, listed in Table 1, prompted us to suggest that during
the interaction of 1 with PdCL,L, no substantial changes in olefin structure
occur. So, the equilibrated formation of z-olefin complex of palladium is likely
to take place in the solution. The group of broadened lines, 2, seem to be an
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averaged spectrum that arises as a result of the rapid (on the NMR time scale)
exchange between olefin molecules bound and not bound to palladium.

The addition of PdC1(NO, )L, to a solution of 1 leads to the appearance
of a number of lines in the NMR spectra. The group of lines whose intensities
varied in the same manner with reaction time were attributed to the same
compounds. For this purpose the coupling constants for the resolved multiplets
were also used. As a result, we isolated four groups of lines (1, 3, 4, 5). The
dependence of their intensities on time is shown in Fig. 1, and the spectral
characteristics in Table 1.

On the basis of the chemical shifts, the group of lines 5 belongs to cyclo-
pentanone, the end product of the reaction. Cyclopentanone accumulates in
the solution with an appreciable induction period (Fig. 1), during which the
maximum concentrations of 3 and 4 are observed. Hence, compounds 3 and
4 could be the kinetic precursors of cyclopentanone. The intensities of the
groups of lines 3 and 4, which appear in the spectra after the addition of pal-
ladium complex, tend to decrease with time, and disappear by the end of the
reaction. Therefore, these lines can be attributed to the reaction intermediates.

The 'H NMR spectrum of 3 is similar to that of 2 (the differences in
chemical shifts are about 0.05 ppm) as well as the 3C NMR spectrum (the
carbon signals of 8 are more broadened than those of 2). We suggest that
intermediate 3 is the 7 olefin complex formed as a result of the displacement
of the neutral ligand from PACI(NO,)L.,. So, 3 is different from 2 only in the
nature of the ligands on the palladium ion.

The *C NMR spectrum of compound 4 consists five lines at § 71.7, 41.2,
32.8, and 100.0 ppm. The 'H NMR spectrum of 4 shows a broadened quartet
at d 2.48, multiplets at 6 2.37 and 1.96, a broadened multiplet at § 1.90, and a
singlet at 4 3.40 ppm. As can be seen, intermediate 4 contains five non-equiv-
alent groups of hydrogens, designated as H,—H; (Table 1). The differences in
the chemical shifts of H, and H., as well as Hy and H,, are comparable to the
coupling between them, therefore the second-order spectra are observed. The
coupling constants were determined on the basis of homonuclear decoupling.
Analysis of spectra led to the corrected chemical shifts of multiplet lines given
in Table 1 being deduced by the procedure described in ref. 14.

Presuming that intermediate 4 involves five carbons, like the starting ole-
fin and the end product, it can be supposed that 4 contains one carbon not
bound to hydrogens and four ~CH,— groups, two of which are equivalent. Un-
like the starting olefin, in 4 no coupling of the hydrogens on C® with the other
hydrogens of the molecule is observed (Table 1). Hence, the ~C°H,~ group
seems to be isolated from the other proton-containing groups and bound to C!
by a C-C single bond rather than by a double bond as in 1. Note that in allylic
systems

1 4
H\._ /CH-
TP



LE. Becketal. /J. Mol. Catal. 83 (1993) 301-310 305

the coupling might be observed between the allylic hydrogens and the vinylic
hydrogens across four bonds (Jy1_g« Or Jy2_y+ is generally 0-3 Hz) [15].
So, the intermediate 4 contains the following fragment
H
oy N
CH,—CH,

and appears to be a product of the S-nitritopalladation of 1.

The 'H-NMR spectra show that the protons on the carbon bearing the.
nitrite group resonate between 4.0 and 5.1 ppm similar to that of free alkyl
nitrites [16], with the a-protons cis to the nitroso group being shifted up-field
with respect to those that are trans (e.g., for ethyl nitrite: J_;,=4.0 ppm,
O.runs=5.1 ppm). The protons on the carbon, bound to palladium resonate be-
tween 1.5 and 4.5 ppm [6,17,18] depending on the number of alkyl substituents
present on both the carbon atoms, which initially was bound by a double bond.
The carbon atom bonded to the nitrite group in intermediate 5 seems to have
a 13C chemical shift of about 68 ppm (comparable to 68.2 ppm for the corre-
sponding carbon in n-butyl nitrite [13], to 66.8 ppm is isoamyl nitrite [13], to
69.5 ppm in S-nitritonorbornyl palladacycle [17] and to 67.5 ppm in the anal-
ogous 1-methylcyclobutene derivative [8]) and the carbon atom bound to pal-
ladium should be expected to resonate at about 94.9 ppm as in [8] or in [17].

Therefore, it should be supposed taking into account the spectrum char-
acteristics of intermediate 4 (Table 1) that the Markovnikov addition to the
C=C bond in 1 takes place to result in the palladium attaching to the primary
carbon atom (a '3C signal at 100.0 ppm and 'H multiplet at 3.40 ppm) and
nitrite bound to the tertiary carbon atom (a '*C signal at 71.7 ppm). The in-
teraction with the palladium atom could be the reason for some broadening of
the H, and H; signals. These hydrogens seem to be on the same side of the ring
with the -CH,Pd group.

Thus, the spectrum observed can be assigned to a heteropalladacyclopen-
tane (chelated alkyl nitrite) complex 4a, such as the one characterized by a
single-crystal X-ray structure determination [17], or to its open ring isomer
4b:

(1)

In spite of the lack of direct evidence for the proposed equilibrium (eqn. (1)),
the significant downfield shift of the protons of the CH,Pd group of compound
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4 compared to that for palladaorganic compounds without nitrogen able to
bind with the Pd atom [6,7,18], may be due to the ring closure. The metalla-
cyclic ring opening must be occurring because of the kinetic lability of Pd(II),
the poor donor character of alkyl nitrites towards Pd(II) [17] and the broad-
ening and changing the chemical shifts of the S-nitritoalkyl palladium inter-
mediates which are formed from other olefins during the reaction [6,17].

Mechanism of the methylenecyclobutane oxidation

The reactions between olefins and palladium complexes PdCl,L,
(L=CH3CN, PhCN) in chloroform or methylene chloride lead to the products
of differing structure depending on the nature of the olefin. Acyclic a-olefins,
e.g., ethylene and propylene, give 7 complexes, whose oxidation proceeds only
in the presence of oxygen-containing agents such as acetic acid or water. Three-
membered rings usually undergo ring cleavage, e.g., vinylcyclopropanes form
ring-opened 1-3-7°-%-allyl palladium complexes [19-21]. Five- or more-mem-
bered ring cycloalkenes and methylenecycloalkanes react with palladium (II)
chlorides giving exocyclic and/or endocyclic ring-intact palladium z-allyls
[22,23]. In our previous publication [8], stable ring-opened 1-3-1°-z-allyl
complex formed in virtually quantitative yield as a result of a non-reversible
reaction of 1-methylcyclobutene with PdCl, (CD;CN), in methylene chloride,
has been characterized for the first time (reaction 2).

fHa
CH
eH,e” 2L H:,C—-HC/%\I:HCI
2| “ + 2PdC! 4L, —_— i (2)
CH,~CH A\

ci
74
We have found that, unlike 1-methylcyclobutene, another isomeric olefin,
methylenecyclobutane, reacts with PdCL, L, to give only a n-olefin complex:

FH2 JH2
CH,—¢7 - CH,—¢7 PdCi 4L
+  PdCIgl, — | 3
CHa—CH, CHz—CH (3)
1 2

The addition of agents which serve as oxygen sources further transforms 2
into an oxygen-containing product (like with acyclic c-olefins):

0
H :
2
c:u,—cfs':',,umI L PaC! (NO3)Las L
I 2 e CHy CH, +  PdCl,L, (4)
-PdC1 (NO)L,
CHa—CHa CH;—CH,

2 5
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The oxidation of methylenecyclobutane to cyclopentanone was first of all
described by Boontanonda and Grigg [11] for the “PdCl,~CuCl,-O,-H,0-
CsHg” system. The substituted methylenecyclobutanes undergo analogous ring
expansions. In other solvents, such as ethyl acetate or isopropyl alcohol, ring-
opened and ring-intact products (acetopropy! chloride and 1-methylcyclobu-
tanol) are formed from 1 [11]. The mechanism of these reactions has not yet
been studied. 1-Methylcyclobutene can be oxidized by palladium (II) com-
plexes into a ring-contracted product, cyclopropyl methyl ketone [8,10]. The
oxidation of a number of cycloalkenes and methylenecycloalkanes by thal-
lium (III) has been studied by Abley et al. [12]. The carbonyl products of the
oxidation of cycloalkenes are typically ring-contracted aldehydes; of the 1-
methylcycloalkenes, ring-contracted ketones; and of the methylenecycloal-
kanes, ring expanded cyclo ketones. These reactions have been interpreted in
terms of carbonium-ion mechanisms. Most probably, 1 reacts with palla-
dium (IT) complexes by a similar mechanism. There are several alternative
rearrangements possible for the intermediate carbonium ions produced in the
most of these reactions. Therefore, it is remarkable that in each case only one
carbonyl product is formed. The reasons for this selectivity remain unclear.

In this work we attempted to explain these observations on the basis of
knowledge about the structure of the intermediates formed during the reac-
tions of 1 and 1-methylcyclobutene with PAC1(NO,)L,.

The proposed mechanism of ring expansion of 1 is presented by Scheme
1. In the first step of the reaction, the displacement of a neutral ligand from
palladium complex takes place and z-olefin complex 3 is formed. The insertion
of coordinated olefin into the Pd-O bond gives an equilibrium concentration
of the Markovnikov addition product 4. It is somewhat surprising that the

S 5
4 1/CH2 4 ’/CHz s
CHp—¢7 PdCl (NOz)L,  CH—C7- ¢ 1 fCHaPdCIL,
| ‘ | Pdct (NO )L L CH,
CH;—CH, L CHy—CH, D l |
a2 3 2z -L ';‘»Hz—tz:Hz
1 3 4
° -
ONO [—Pd L2sC)
il \1, s
C c - 1 *
s/ \! ° _ s/ \2 oH 2
CHp CH, Pd L,,Cl CH, CH, 2
o] — Lo — ||
CH,—CH, -Pd” "1 (NO)L, CH,—CH, CH,—CH,
4 3 4 3 3 2
5 T 6

Scheme 1.
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Fig. 1. The dependence of line intensities in the 'H NMR spectrum on time during methylene-
cyclobutane oxidation by the PACI(NQ,) (CD;CN), complex in CD,Cl, at 303 K.

formation of a f-oxypalladation product is readily reversible, as can be seen
from the reaction kinetics (Fig. 1), since the cycloreversion reaction involves
the breaking of a carbon-oxygen bond. However another example of such a
cycloreversion reaction has been reported by Andrews et al. [17].

Further rearrangement of 4 with the formation of ring-expanded cyclo
ketone 5 most probably proceeds through carbonium ion intermediates. The
heterolysis of the palladium—carbon bond in 4, which is an atypical decompo-
sition for organopalladium compounds, presumably is favoured by the absence
of hydrogen atoms on f-carbon(1) that prevents the alternative decomposi-
tion of intermediate 4 by the f-hydride shift. Then the rearrangement of the
incipient primary carbonium ion into a more stable ring-expanded secondary
oxo-carbonium ion 7 occurs. This reaction is additionally favoured by the relief
of the strain on going from a four- to a five-membered ring. The intermediate
4 decomposes finally to cyclopentanone and nitrosyl palladium complex.

The mechanism of the palladium (II)-catalyzed ring contraction of 1-
methylcyclobutene discussed in our previous publication [8] is presented in
Scheme 2.

The organopalladium intermediate, 8, as well as 4 were detected and iden-
tified by detailed analysis of the 'H and *C NMR spectra. The palladation of
the C=C bonds in both olefins in Markovnikov fashion gives compounds 4 and
8, in which the nitrite group is attached to the tertiary carbon atom. This
reinforces the possibility of the decomposition of 4 and 8 through an atypical
mechanism, namely through heterolysis of the palladium—-carbon bonds and
the formation of cyclobutyl cations 6 and 9. The rearrangement step of the
latter on going to the most stable (in the reactions described) secondary car-
bonium ions 7 and 10, additionally stabilized by the nitrite substituent, ulti-
mately determines the structure of the oxidation products. Although the cleav-
age of the C'-C* bonds takes place in both carbonium ions (6 and 9), in 6 the
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E"'z‘?“a PdC! C m, )L: ;"‘z_?ﬂa L %Hz‘é\ﬁ
l

" — | " --------- PdCICNO L ——»
CH,—CH L CHo—CH CHa=CH—PACI L,
a 2 - ] 2 9 2
8
l~rd° La,Cl
S
e ;
4 4 1 Ha
CH _ 1
2 18 +Pd’L2,Cl 2 *C-ONO CHy
||_CH° ~Pdct (NO)L rI:H IH II:H | >
|
2 2 (2] 2 b 2 2 a 2—5\1
11 10 9
Scheme 2.

transfer of the positive charge to C' causes the release of one of the bonds on
C®% whereas in 9, it is one bond on C2. Therefore, the C*~C® and C*-C? bonds
arise with the formation of cyclopentyl cation and cyclopropyl carbonium ion
(7 and 10), respectively.

As was mentioned above, in intermediates 4 (eqn. (1)) and 8 [8] the
intramolecular coordination of the nitrite group on the palladium ion through
the nitrogen atom should be expected. So, the schematic presentation of the
rearrangement of 4 into 5, depicted in Scheme 1, or 8 into 11 (Scheme 2),
does not exclude the opportunity for the skeletal rearrangements to proceed
within the coordination sphere of palladium due to the coordination of palla-
dium atom (independent of its oxidation step) with nitrogen atom of the ni-
trite through all the steps of the reaction. Especially in low polarity aprotic
media, ionic pairs are more likely to participate in these reactions rather than
isolated ions.

The carbonyl compounds, cyclopentanone and cyclopropyl methyl ke-
tone, and nitrosyl palladium (II) complexes are finally formed in these reac-
tions, i.e., the nitro group virtually acts as an oxidant. Thus, the factor that
determines the structure of the final carbonyl products is the position of the
nucleophilic group in the organopalladium intermediates (in the ring or in the
substituent), which in turn depends upon the position of the double bond in
the parent olefin.
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