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rinses were saturated with sodium chloride and extracted with cy-
clohexane (2 X 25 ml). The combined cyclohexane rinses and ex-
tracts were dried over anhydrous magnesium sulfate and the sol-
vent was evaporated at reduced pressure. GLC analysis (10 ft X
0.25 in. FFAP column, 100°) of the residue indicated a single hy-
drocarbon product, which was purified by GLC (above conditions)
to give 15 as a clear oil: éryg(CDClg) 1.16 (s, 3 H, CH3) and 0.8-2.3
(br m, 13 H); » (CCly) 3020, 2990, 2875, 2850, 1455, 1340, 1160,
1140, 1105, 1055, 990, 965, and 945 cm™~!; MS m/e (rel intensity)
148 (100), 133 (60), 107 (36), 106 (71), 105 (50), 93 (52), 92 (52), 91
(73), and 79 (80).

Anal. Caled for C11Hye: C, 89.12; H, 10.88. Found: C, 88.96; H,
10.99.
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A Palladium-Catalyzed Conjugated Diene Synthesis from Vinylic Halides

and Olefinic Compounds

Harold A. Dieck and Richard F. Heck*

Department of Chemistry, University of Delaware, Newark, Delaware 19711

Recetved October 22, 1974

Conjugated dienes are obtained when vinylic bromides or iodides are treated with olefinic compounds in the
presence of a trialkylamine and a catalytic amount of PA[P(CeHp)3)2(0Ac)s at 100-150°. In some instances, with
the less substituted reactants, the initially formed dienes undergo subsequent Diels-Alder reactions. The new
conjugated diene synthesis shows appreciable stereospecificity when (Z)- or (E)-vinylic halides are treated.

The palladium-catalyzed reaction of vinylic halides with
olefinic compounds in the presence of a trialkylamine to
form conjugated dienes has been noted previously,l:2 but
the scope of the reaction has not been investigated. We re-
port herein an investigation of the reaction with a variety
of vinylic halides and olefinic compounds.

Results and Discussion

Eight vinylic halides with different structural features
were treated with various olefinic compounds to demon-
strate several applications of the reaction. The results are
summarized in Table I.

The reaction is believed to occur in three steps.2 The
“catalyst” is first reduced by the olefinic compound to a

palladium(0) phosphine complex, which then reacts with
the vinylic halide by oxidative addition. The vinylic palla-
dium complex formed next adds to the olefin and the ad-
duct eliminates an hydridopalladium group, forming the
conjugated diene. The hydrido complex then loses hydro-
gen halide to the tertiary amine present, re-forming the
palladium(0) phosphine complex, and the cycle is com- .
plete.

The reaction may be complicated by the conjugated
diene product undergoing subsequent reactions such as
double-bond isomerization or Diels-Alder reactions with
starting material. The reaction of the 1-halo-1-hexenes
with ethylene, for example, produces mainly the rearranged
diene, 24-octadiene, rather than the expected 1,3-octa-
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NMR spectrum, T

Bp or mip
o,
(reported), C

(registry no.)

Products (% yield)
168.115. { Caled mol wt: 168.115. Found: 168.115. ™ Reaction temperature 70°.  Calcd mol wt:

158.110. Found: 158.107. ¢ G. Pattendon and B. C. L. Weedon, J. Chem. Soc. C, 1997 (1968).

PW. P. Weber, R. A. Felix, A. K. Willard, and K. E. Koenig, Tetrahedron Lett., 4701 (1971).
7 Caled mol wt (E): 121.089. Found: 121.088. Calcd mol wt (Z): 121.089. Found: 121.088. " Caled

1,3-Octadiene (36.1)°

2,4-Octadiene (56.9)°

1,3-Octadiene (5.9)°

2,4-Octadiene (67.8)°
mol wt: 198.089. Found: 198.087. sJ. A. Elvidge, R. P. Linstead, and J. F. Smith, J. Chem. Soc.,
1026 (1953). ! Caled mol wt: 198.089. Found: 198.089. “ Reaction temperature 130°. ¢ Reaction
temperature 155°.

1,3-Octadiene (13.5)°
2,4-Octadiene (62.2)°

Table I
(Continued)

Reaction
139
38"

time, br

88"

a

Catalyst

EtaN,

mmol

6.25
12.5
12,5

Olefinic
reactant (mmol})

{registry no.)

Ethylene (74-85-1)

Ethylene
Ethylene

Vinylic
halide {mmol})

{registry no.}
2 A, 1 mol % Pd(OAc)s, 2 mol % PhsP based on vinylic halide; B, 1 mol % (Ph3P)>Pd(0OAc)s;

C, 1 mol % (Ph3P)2Pd(OAc); then 0.5 mol % after 170 hr. ® Reaction temperature 100°. ¢ Yield

(10)
H, 7.78. / Caled: C, 70.81; H, 6.99. Found: C, 70.90; H, 7.10. £ Calcd: C, 70.81; H, 6.99. Found:

C, 70.68; H, 7.01. » Reaction carried out in an open system under reflux. A similar reaction in a
capped tube at 100° required 2 hr to reach completion and yield was approximately the same.
i Caled mol wt: 184.073. Found: 184.074. /M. Ohno, Y. Inoue, and T. Sugita, Bull. Inst. Chem.
Res., Kyoto Univ., 38, 8 (1960); Chem.Abstr., 56, 333 (1962). * Caled mol wt: 168.115. Found:

determined by VPC. ¢ Pure samples isolated by VPC. € Calcd: C, 62.25; H, 7.60. Found: C, 62.75;

(E)-1-Todo-1-hexene (10)

(Z)-1-Iodo-1-hexene (5)
(7)-1-Bromo-1-hexene

Dieck and Heck

H
[Pd[P(CsHs)a]z(OAC)Z + >C=C< -
OAc
AN
!Pd[P(CeHQS]Z% + /C=C< + HOAC]
X
IPA[PCH) T + \C=C/ -_
/s AN
(CeHs):sP\ /s X H>C= 4
N AP o
/C=C\ P(CH;),
N
~
\C__C /C7C\ PCH:); | —>
77N
N4
/C=C\ + HPAX)[P(C:H);1

HPAXNP(CH,)sl, + RN —> {PA[P(CeHy):]:} + R,NHTX™

CH,(CH,).CH=CHX + CH,==CH, + Et;N "oPrh:OAc,

X = Br, I
CH,(CH,). H
\c=c< _H
H /C=C\ + Et,NH*X~
H CH,

diene. Both vinyl iodide and 2-bromopropene react with
excess methyl acrylate to form only Diels-Alder adducts
with none of the expected dienes being isolable even when
only equivalent amounts of the ester were used. The vinyl
iodide reaction was complicated further by the problem
that the initially formed Diels-Alder product partially un-
derwent a rearrangement of the double bond catalyzed by
the triethylamine present. The related methyl derivative

i Pd(OAc), + 2PPh,
CH,—CHI + CH;—CHCOOCH, + Et:N —oomk® 2P,

~Et,NH"I-
H\ c /COOCHB
C= —
CH,— C< \H CH,==CHCOOCH,
H
COOCH; COOCH,
COOCH, COOCH;,
Et;N
—

formed from 2-bromopropene and methyl acrylate does not
rearrange under the same conditions. The stereochemistry
of the initial adduct formed in the vinyl iodide reaction was
established by hydrogenating it to the known dimethy! cis-
1,2-cyclohexanedicarboxylate. A similar result was ob-
served in the reaction of 2-bromopropene with styrene, and
a high molecular weight, apparently Diels-Alder, product
was formed. This product was not identified; however, the
intermediate conjugated diene could be captured with di-
methyl maleate if it was added to the reaction mixture,
since it is a better dienophile than either of the reactants,

&
)
CH=C—Br + CH,==CHGCH, + Et;N %
/CHg CHCOOCH;
CH,=C H CHCOOCH;
~c{_ —l
5 CeH
CGHg, CGH5
COOCH, COOCH,
+

CH, COOCH, CH; OOCH,
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and it is relatively unreactive in the vinylation reaction.
Two isomeric products were obtained in this example.
These are likely formed by endo and exo Diels-Alder addi-
tions, since the other possible isomers involve isomerization
at the carbons « to the ester groups. This isomerization
would not be expected to occur because it did not in the
closely related dimethyl cyclohexenedicarboxylates de-
scribed above under the same conditions.

The vields of dienes obtained and the rates at which the
dienes are formed depend on the structures of both the
vinylic halides and the olefinic compounds. The reactivities
of vinylic bromides and iodides are rather similar. In the
reactions of the 1-halo-1-hexenes, the bromide is apparent-
ly somewhat more reactive with ethylene, while the iodide
is a little more reactive with methyl acrylate. Substituents
B to the halo group exert a significant effect; electron-
supplying groups (alkyl) decrease reactivity, while elec-
tron-withdrawing groups (carbomethoxyl, aryl) increase it.
The methyl substituent on the « carbon in 2-bromopro-
pene has much less effect than the two 3-methyls in 1-
bromo-2-methyl-1-propene. Replacement of one of the two
B-methyls in the last compound by a carbomethoxyl group
led to about a tenfold increase in the reaction rate with
methyl acrylate.

The reactivity of disubstituted olefinic compounds in the
vinylic halide reaction is considerably lower than that of
the related monosubstituted olefinic compounds, as has
been noted previously.® Thus, methyl (X)-3-bromo-2-
methylpropenoate reacts with methyl acrylate about eight
times faster than it does with methyl methacrylate. Croto-
nonitrile reacts very slowly with 1-bromo-2-methyl-1-pro-
pene, giving only a 26.5% yield of the expected two isomeric
dienes after 340 hr at 100°, when all of the bromide had
disappeared.

The relatively low reactivity of ethylene compared with
methyl acrylate or styrene is unexpected in view of the re-
verse order of reactivity found at room temperature in the
addition of “phenylpalladium chloride” to the same ole-
fins.? The explanation may be that in the present reactions
all or part of the rearrangement proceeds by way of a =-al-
lylic palladium intermediate (formed by metal hydride
elimination-readdition steps). The =-allylic complex then
must be decomposed thermally to regenerate the catalyst
while the decomposition would be much easier in the aryl-
palladium halide-olefin reactions. The less substituted
w-allylic complex from the ethylene reaction would be ex-
pected to be more stable thermally than the more substi-
tuted products expected from methyl acrylate or styrene.
Of course, the 2,4-diene is thermodynamically favored in
the ethylene reaction, while the unrearranged 2,4-dienoic
ester is favored in the acrylate reaction. In any case, the ar-
ylpalladium-olefin reactions were carried out competitively
and stoichiometrically and are not strictly comparable to
the approximate individual reaction rates estimated in the
present examples,

(Z)-1-Todo-1-hexene reacts about twice as fast as the
(E)-iodo compound with methyl acrylate. We have looked
at the stereochemistry of this reaction in some detail, since
we expected that the results would be typical of those that
would be obtained in many other related reactions. The
two expected products were readily obtained in good yields
by the reactions of the (Z)- and (£)-1-hexenylbioronic acids
with stoichiometric amounts of palladium acetate in the
presence of methyl acrylate at 0°. The Z compound pro-
duced methyl (E,Z)-2,4-nonadienoate in 70% yield and the
E boronic acid gave the E,E ester in 82% yield. The more
practical synthesis from the vinylic halides, which is cata-
lytic in palladium, is not so stereospecific.
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Under our usual reaction conditions, i.e., 100° with 1 mol
% of Pd(OAc)s[P(CegHs)sle or its equivalent, 1 mol % of
Pd(OAc); with 2 mol % of P(CgHs)3 as catalyst, (E)-1-iodo-
1-hexene and methy! acrylate produced methyl (E,E)-2,4-
nonadienoate in 45% yield and the E,Z isomer in 8% yield
in 38 hr, by which time the vinylic iodide had all reacted.
The Z iodide under the same conditions reacted in about
15 hr, forming 51% of the E,E ester and 30% of the E,Z iso-
mer. Lowering the reaction temperature to 70° in the last
reaction improved the selectivity some; 39% E,E and 44%
E,Z esters were now produced, but 150 hr was required for
complete reaction. Very similar results were obtained from
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the cis iodide without triphenylphosphine being present.
The reaction proceeded only about half as fast, however,
but the products were essentially identical.

The stereochemistry of the addition also depended upon
the halide used and some other reaction conditions. The
reaction of (Z)-1-bromo-1-hexene with methyl acrylate
gave 40% E,Z and 18% E,E ester compared with 30 and
519%, respectively, with the Z iodo compound after all of the
halide had reacted (31 hr for the bromide and 15 hr for the
iodide). A very substantial improvement in the selectivity
occurred when more than 2 mol % of triphenylphosphine
per mole of vinylic halide was present per mole percent of
palladium in the bromide reaction. With 8 mol % of the
phosphine, after 15 hr at 100°, there was obtained 72% E,Z
and only 10% E,E ester. Initially, almost pure E,Z isomer
was formed. Longer reaction times lead to a slow formation
of the E,E ester at the expense of the E,Z isomer. After 51
hr the yields were 27% E,Z and 56% E,E, for example. In-
creasing the methyl acrylate concentration relative to the
bromide (from 1:1 to 2:1) had little effect upon the reac-
tion, but increasing the triethylamine concentration from
1:1 to 2:1 relative to the bromide improved the reaction
with the 8 mol % triphenylphosphine still further to give
83% E,Z and 11% E,E ester in 19 hr. Again, the relative
amount of the E,E ester increased slowly with longer reac-
tion times, but the initial more rapid diene isomerization
was significantly decreased. Thus, it appears that there are
at least three different mechanisms by which isomerization
is occurring in this reaction. There are (1) the isomerization
which is inhibited by excess triphenylphosphine, (2) an ini:
tial diene product isomerization which becomes less rapid
with time and which is inhibited by diluting the reaction
mixture with excess amine, and (3) a residual slow product
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isomerization which continues after the first two isomeriza-
tion reactions have stopped or are inhibited.

The excess triphenylphosphine may be stopping one
kind of isomerization by displacing diene from palladium
in complex I. This would prevent internal readdition of the
hydridopalladium group in the opposite direction and the
formation of a =-allylic intermediate which ultimately
would eliminate again, possibly forming a different isomer-
ic diene than was originally produced.

The initial diene product isomerization appears to be a
second-order palladium hydride or a phosphinepalladium
hydride catalyzed isomerization; since it stops when the
reaction is over and is inhibited by dilution with the amine,
a reagent which presumably (slowly) reconverts the hy-
drides into the palladium(0) catalysts.

The slow residual isomerization also appears to be palla-
dium catalyzed, since the pure esters are stable at the reac-
tion temperature. The esters also are stable at 100° in the
presence of 5% Pd on carbon, Pd[P(CgHs)sls, and
Pd(OAc)s. We have no idea what reaction is responsible for
this slow isomerization, unless it is due to addition—elimi-
nation reactions of a small equilibrium amount of metal
hydride formed from Pd(0) compounds and the amine salt
formed.

Whatever the reasons are for the isomerization, quite
high stereospecificity can be obtained under the proper
conditions.

The experiments carried out indicate fairly broad utility
for the vinylic halide-olefin reaction, although some limita-
tions are also apparent. Aside from the problem that Diels—
Alder reactions may occur with the less substituted dienes
when the olefinic reactant is a good dienophile, there are
limitations when too many substituents are present in the
olefinic reactant. Apparently, the vinylic halides undergo
some unknown decomposition reaction by themselves, and,
if the olefinic compounds are not very reactive, the halides
decompose without adding to the olefins. Poor yields also
are to be expected with vinylic halides deactivated with

electron-supplying substituents when they are treated with
olefinic compounds of only moderate reactivity. Still, many
useful combinations remain which should allow this reac-
tion to be of considerable utility in the synthesis of various
types of substituted conjugated dienes.

Experimental Section

(E)-1-Iodo-1-hexene. This compound was prepared by the
method of Zweifel and Steele:* NMR (CDCl3) 7 2't, 3.47, 3.72 (1 H)
(f = 7 Hz); d, 4.16 (J = 15 Hz) (1 H); m 7.80-8.31 (2 H); m 8.49~
8.98 (4 H), m 8.98-9.35 (3 H).

1-Todo-1-hexyne. 1-Hexyne (36 g, 0.44 mol) in 200 m! of ether
was placed in a dry 1-1. three-necked flask equipped with a pres-
sure-equalizing dropping funnel, a reflux condenser, and a me-
chanical stirrer. The system was flushed with argon and main-
tained under argon throughout the course of the reaction. Then
300 ml (0.5 mol) of 1.67 M methyllithium in ether (commercial)
was added through the dropping funnel at such a rate as to cause
gentle refluxing. After the addition, the mixture was stirred for 1
hr at room temperature. After cooling in an acetone-Dry Ice bath,
127 g (0.5 mol) of iodine was added. The bath was allowed to come
gradually to room temperature (ca. 2 hr) and the reaction was con-
tinued overnight at room temperature. Water (200 ml) was added
and the entire mixture was combined with 300 ml more water in a
separatory funnel. The phases were separated and the aqueous
phase was extracted with two 100-ml portions of ether. The ether
phases were combined, washed with 300 ml of a saturated aqueous
sodium thiosulfate solution, dried over magnesium sulfate, and fil-
tered. The ether was removed under reduced pressure and the resi-
due was distilled, yielding 77 g (84%) of 1-iodo-1-hexyne, bp 75°
(20 mm).5

(Z)-1-Iodo-1-hexene. Our attempts to prepare this compound
via dicyclohexylborane reduction of 1-iodo-2-hexyne® resulted in a
product containing about 15% of the E isomer. Diimide reduction,
on the other hand, was much more specific.

Dipotassium azodicarboxylate was prepared by adding 90 g (0.77
mol) of azodicarbonamide to a mechanically stirred 40% aqueous
potassium hydroxide solution (270 ml), cooled by an external ace-
tone—ice bath at a rate such that the temperature of the reaction
mixture did not exceed 10° (~30 min). After the addition the mix-
ture was stirred for an additional 45 min (below 10°) and then fil-
tered and washed with 300 ml of cold methanol.
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The solid potassium salt was placed in a 1-L flask with 400 ml of
methanol and 20 g (0.096 mol) of 1-iodo-1-hexyne was added. The
mixture was stirred magnetically while a solution of 75 ml of acetic
acid in 200 ml of methanol was added at such a rate as to cause
gentle boiling. After the addition, the mixture was colorless. The
reaction mixture was transferred to a separatory funnel containing
2 1, of water and extracted with three 250-ml portions of pentane.
The pentane fractions were combined, washed with two 1-1. por-
tions of water, dried over magnesium sulfate, and filtered. The
pentane was removed under reduced pressure. VPC examination
of the residue showed that all of the 1-iodo-1-hexyne had reacted,
but that in addition to the desired (Z)-1-iodo-1-hexene, a signifi-
cant amount of 1-iodohexane had also been formed. The residue
was dissolved in 75 ml of n-butylamine and the solution was al-
lowed to stand at room temperature. After 45 min, VPC analysis
showed that all of the 1-iodohexane had reacted. The solution was
diluted with 200 ml of pentane and washed with two 300-ml por-
tions of water, 300 ml of cold 10% HCI (aqueous), and then with
300 ml more of water. The organic phase was dried over magne-
sium sulfate and filtered and the pentane was removed under re-
duced pressure, leaving 11.2 g (55.5%) of (Z)-1-iodo-1-hexene as a
colorless liquid which was shown to be pure by VPC and NMR:
NMR (neat) r m, 3.72-4.17, s 3.89 (2 H), m 7.68-8.15 (2 H), m
8.33-8.78 (4 H), m 8.78-9.32 (3 H).

(Z)-1-Hexene-1-boronic Acid. A solution of 20 ml (44 mmol)
of 2.2 M n-butyllithium (commercial) in hexane and 10 ml of an-
hydrous ether was placed in a dry, argon-filled, 250-ml, three-neck
flask equipped with a pressure equalizer, a dropping funnel, and a
magnetic stirring bar. The mixture was cooled in an acetone-Dry
Ice bath and 6.3 g (30 mmol) of (Z)-1-iodo-1-hexene in 15 ml of
ether was added over a 15-min period. The mixture was stirred for
3 hr at —78° and then 15 g (76 mmol) of tri-n-butyl borate was
added over a 10-min period. The acetone-Dry Ice bath was allowed
to come gradually to room temperature (ca. 3 hr) and the mixture
was stirred at room temperature overnight (ca. 16 hr). The reac-
tion mixture was diluted with 200 m] of water and extracted with
three 50-ml portions of ether which were then combined and ex-
tracted with two 100-ml portions of 10% aqueous sodium hydrox-
ide. The aqueous fractions were combined, washed with 50 ml of
ether, made acidic with cold 5% HCI, and extracted with four
50-ml portions of ether. The ether phases were combined, dried
over anhydrous magnesium sulfate, and filtered. The ether was re-
moved under reduced pressure, leaving a clear, colorless oil which
was presumed to be the boronic anhydride. The addition of 20 ml
of water caused almost instantaneous formation of a white solid.
The mixture was stirred for 30 min at room temperature and then
at 5° for 30 min. The solid was filtered and allowed to air dry, giv-
ing 1.01 g (26%): mp 62-63°; NMR (acetone-de) 7 s (broad), 3.16 (2
H); 2t, 3.57,3.79 (J = 7 Hz) (1 H), d, 4.63 (J = 13 Hz) (1 H); m,
7.30-7.75 (2 H); m, 8.38-8.80 (4 H); m, 8.80-9.26 (3 H).

(E)-1-Hexene-1-boronic Acid. This compound was prepared
by the method of Brown and Gupta:® NMR (acetone-dg) 7 s
(broad), 3.08 (2 H); 2t,3.29,3.59 (J = 7THz) (1 H); 2t,4.48,4.78 (J
= 1 Hz) (1 H); m, 7.70-8.12 (2 H); m, 8.41-8.90 (4 H); m, 8.90-9.35
(3 H).

(Z)-1-Bromo-1-hexene. This material was prepared essentially
by the method of Brown et al.” A solution of 25.6 g (0.2 mol) of
trans-1-hexene-1-boronic acid in 200 ml of methylene chloride and
100 ml of ether was cooled to —20°, while 32 g (0.2 mol) of bromine
was added keeping the reaction temperature below —20°. The
reaction mixture was stirred for 1 hr at ~20° and then 10.8 g (0.2
mol) of sodium methoxide in 200 ml of methanol was added while
still maintaining the reaction temperature below —20°. After the
addition, the mixture was stirred at —20° for 45 min and then
warmed to room temperature, and shaken with 400 ml of water.
The organic phase was separated and washed with saturated aque-
ous sodium thiosulfate and then dried over magnesium sulfate.
Distillation yielded 16.5 g (50.7%) of (Z)-1-bromo-1-hexene: bp
47-48° (25 mm); NMR® (neat) 7 m, 3.80-4.17, s 3.89 (2 H); m,
3.68-2.15 (2 H); m, 8.33-8.78 (4 H); m, 8.78-9.32 (3 H).

Methyl (E)-3-Bromao-2-methylpropenoate. This material was
prepared by the method of Caubere:? NMR (neat) r.q, 2.64 (J =
1.6 Hz) (1 H); s, 6.32 (3 H); d, 8.11 (J = 1.6 Hz) (3 H).

General Method for the Reaction of Vinylic Halides with
Olefins. The indicated quantities (see Table I) of vinylic halide,
olefin, amine, and catalyst were placed in a heavy-walled Pyrex
reaction tube which was flushed with argon and capped with a self-
sealing rubber-lined cap. The mixture was shaken well and heated
at the indicated temperature.

In reactions where yields were determined by VPC analysis, an
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internal standard was added initially and the reactions were run
until the yields of products no longer increased.

In cases where products were isolated, the reactions were run
until VPC analysis showed that all of the starting halide had react-
ed. The tubes were then opened and the reaction mixtures were
extracted several times with ether. The extracts were filtered, the
ether was removed under reduced pressure, and the residue was ei-
ther distilled (see Table I) or purified as described below.

1,4-Diphenyl-1,3-butadiene. The residue from the ether solu-
tion was first sublimed and then recrystallized from methanol.

(E,E)- and (E,Z)-Dimethyl 2,5-Dimethyl-2,4-hexadienoate.
The residue from the ether solution was placed in the bottom of a
sublimator. An aluminum foil dish was placed above the residue
and under the cold finger. Cold water was run through the cold fin-
ger and the sublimator was heated on a steam bath overnight at 0.2
mm. A light yellow solid identified as the E,E isomer was deposit-
ed on the cold finger. This was recrystallized from hexane. The
aluminum foil dish contained the E,Z isomer as a pale yellow oil.

Dimethyl 1-Methyl-3-phenylcyclohexene-4,5-dicarboxy-
late. 2-Bromopropene (2.42 g, 20 mmol), styrene (2.60 g, 25 mmol),
dimethyl maleate (3.60 g, 256 mmol), triethylamine (2.52 g, 25
mmol), and diacetatobis(triphenylphosphine)palladium (0.149 g,
0.2 mmol) were placed in a heavy-walled Pyrex reaction tube. The
tube was flushed with argon, capped, and then heated on a steam
bath. After 96 hr, all of the 2-bromopropene had reacted (VPC).
The mixture was cooled to room temperature and extracted sever-
al times with ether. The ether extracts were combined, treated
with decolorizing carbon, and filtered. Ether was removed under
reduced pressure, leaving a pale yellow oil. The residue was dis-
tilled at 0.15 mm; most of the material was distilled at 138-150°
(0.15 mm). Addition of a small amount of ether to the distillate
caused precipitation of a colorless solid which was filtered and air
dried, mp 107-109.5°C, 1.39 g (24.2%). A NMR spectrum was con-
sistent with that expected for the desired product. Recrystalliza-
tion from ether gave material of mp 111-112°.

The ether-soluble portion was purified further by chromatogra-
phy on silica gel. Elution with benzene and removal of the solvent
yielded 1.61 g (28.0%) of a colorless liquid which was shown by
NMR to be a second isomer of the above expected diester. An ana-
lytical sample of this material was obtained by preparative VPC
(15 ft X 0.25 in., 20% SE-30, 325°, retention time 470 sec). v

(E,E)-Dimethyl 2-Methyl-2,4-hexadienoate. Methyl (E)-3-
bromo-2-methylpropenoate (35.8 g, 200 mmol), 21.4 g (250 mmol)
of methyl acrylate, 25.2 g (250 mmol) of triethylamine, 0.448 g (2.0
mmol) of palladium acetate, and 1.04 g (4.0 mmol) of triphenyl-
phosphine were placed in a 250-ml three-necked flask equipped
with a mechanical stirrer and a reflux condenser. The flask was
flushed with argon and maintained under an argon atmosphere
throughout the course of the reaction. The reaction mixture was
heated with stirring on a steam bath for 8 hr, after which time all
of the starting bromide had reacted (VPC). The mixture was dilut-
ed with 300 ml of ether and filtered through a sintered glass fun-
nel. The residue on the filter was washed well with about 500 ml
more of ether. The ether, excess methyl acrylate, and triethyl-
amine were removed under reduced pressure and the residue was
distilled at 0.65 mm. A forerun boiling at less than 89° of 2.5 g was
obtained, then the bulk of material distilled at 89°, This was then
recrystallized from hexane, yielding 22 g (59.8%) of pure product.

Hydrogenation of Dimethyl Cyclohexenedicarboxylates. A
mixture of 0.1 g of the distilled product from the reaction of vinyl
iodide and methy! acrylate, 1 m! of tetrahydrofuran, and 0.075 g of
PtO; was placed in a small bomb equipped with a magnetic stir-
ring bar. The system was flushed several times with hydrogen,
pressured to 700 psi with hydrogen, and heated with magnetic stir-
ring in a steam bath for 16 hr. The bomb was cooled to room tem-
perature and opened and the reaction mixture was filtered through
cotton. A VPC examination showed that the two peaks for the
starting cyclohexenes had disappeared and that a single new prod-
uct had been formed. This was shown to be dimethyl cis-cyclohex-
ane-1,2-dicarboxylate by VPC comparison with an authentic sam-
ple on three different columns (5 ft X 0.25 in., 20% SE-30, 175°, re-
tention time ~230 sec; 10 ft X 0.25 in., 20% Carbowax 20M, 215°,
retention time ~710 sec; 5 ft X 0.25 in., 20% DEGS, 185°, retention
time ~160 sec). The authentic ester was obtained by reaction of di-
azomethane with the cis acid, mp 189-190° (reported mp 192° 10),

Reaction of 1-Halo-1-hexenes with Ethylene. The olefinic
halide (10 mmol), triethylamine (12.5 mmol), diacetatobis(tri-
phenylphosphine)palladium (0.1 mmol), and r-nonane (2.5 mmol)
were placed in a 60-ml Teflon-lined bomb with a magnetic stirring
bar. The system was flushed several times with ethylene and then
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pressured to 700 psi with ethylene and heated with magnetic stir-
ring at the indicated temperatures. The extent of reaction was
measured by VPC until no more of the starting olefinic halide re-
mained. Yields were determined by using the n-nonane as the in-
ternal standard (10 ft X 0.25 in., 20% DC-550, 140°). Products were
identified by comparison of their VPC retention times with those
of authentic samples and by mass spectral and NMR analyses of
samples isolated by VPC.

Reaction of (E)-1-Hexene-1-boronic Acid with Methyl Ac-
rylate. (E)-1-Hexene-1-boronic acid (0.64 g, 5 mmol), 10 ml of
methyl acrylate, and 2 ml of triethylamine were stirred magneti-
cally at 0° in an ice bath and 1.12 g (5 mmol) of Pd(OAc)s was
added. The bath was allowed to gradually come to room tempera-
ture and the reaction mixture was stirred overnight at room tem-
perature.

The mixture was then centrifuged and the residue was washed
several times with ether. The supernatant liquids were combined
and put through an alumina column, eluting with 1 1. of ether. Re-
moval of the ether, methyl acrylate, and triethylamine under re-

“duced pressure left 0.697 g of a pale yellow oil which was identified
by its NMR spectrum as essentially pure methyl (E,E)-2,4-nonadi-
eneoate (82%).

Reaction of (Z)-1-Hexene-1-boronic Acid with Methyl Ac-
rylate. (Z)-1-Hexene-1-boronic acid (0.256 g, 2 mmol), 5 m! of
methyl acrylate, 1 ml of triethylamine, and 0.448 g (2 mmol) of
Pd{OAc)s were allowed to react and the product was isola.ed as in

Pratt, Massey, Pinkerton, and Thames

the preceding experiment. There was obtained 0.282 g of product
which, by NMR and VPC analysis, was found to be mainly (&,7)-
2,4-hexadienoate (no E,E ester was present). The residue was dis-
solved in ether with 0.154 g (1 mmol) of biphenyl and the yield of
the E,Z ester was determined by VPC (5 ft X 0.25 in., 20% DEGS,
140°) to be 70%. A pure sample of the ester was isolated by VPC.
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A synthetic approach using a trimethylsilyl protecting group was employed to produce silicon- and diketo-con-
taining diamines. Thus, the halogen-metal interchange of N,N-bis(trimethylsilyl)bromoanilines with n-butyllith-
jum in ether produced the corresponding lithium derivatives, which were treated with dichloro-substituted silanes
or dinitriles to afford the N,N-bis(trimethylsilyl}silicon-containing dianilines or the corresponding lithicimines,
respectively. Hydrolysis removed the trimethylsilyl-protecting groups and converted the lithioimines to the corre-

sponding carbonyl compounds to afford the free diamines.

Two investigators?? have reported the synthesis of sub-
stituted anilines by treating, e.g., p-bromo-N,N-bis(tri-
methylsilyl)aniline with n-butyllithium, followed by treat-
ing the resulting lithium derivative with chlorotrimethylsil-
ane to afford p-trimethylsilyl-N,N-bis(trimethylsi-
lylaniline. The trimethylsilyl moieties blocked the amine
nitrogen atom to the effects of n-butyllithium, since this
silicon-nitrogen bond was inert to n-butyllithium under
the reaction conditions, yet allowed the more selective
halogen—metal interchange to produce a highly reactive or-
ganolithium reagent. After the reaction with chlorotri-
methylsilane, hydrolysis of the trimethylsilyl protecting
groups afforded p-trimethylsilylaniline. This same tech-
nique was employed by Greber? to prepare several bis(p-
aminophenyl)methylsiloxane oligomers. The need for aro-
matic diamines containing flexiblizing groups for the syn-
thesis of thermally stable polyamides and polyimides led to
the expansion of this protecting technique to prepare sili-
con- and diketo-containing diamine precursors.

Scheme I describes the preparation of both meta and
para isomers of several silicon-containing diamines. p- or
m-Bromo-N,N-bis(trimethylsilyl)aniline (1 or 5) was pre-
pared by treating the corresponding bromoaniline (1 mol)
with n-butyllithium (2.3 mol) in THF at room tempera-
ture, followed by chlorotrimethylsilane (2.3 mol). A maxi-
mum yield of reproducibly pure product was obtained

when this excess of n-butyllithium-chlorotrimethylsilane
was utilized. Without this excess an azeotrope, e.g., of 1 and
p-bromo-N-trimethylsilylaniline, was invariably formed.

A halogen-metal interchange of the bromine atoms of 1
or 5 with n-butyllithium in ether at 0° was found to pro-
duce the lithium derivatives 2 or 6 most readily. These lith-
1o species were treated in situ with the appropriately sub-
stituted dichlorosilanes to form the fully silylated diamines
3 or 7. The attempted preparation of 2 (and subsequent
conversion to 3b) in THF-ether (1:1) at room temperature
afforded 4-(n-butyl)-N,N-bis(trimethylsilyl)aniline (2a) in
42% yield.

N(SiMey); LnBuli,

~—#> 3b

THF-ether (1:1)
room temp N{(SiMe,),
2. CL,SiPhMe
Br
n-Bu
2a

The fully trimethylsilylated diamines (3 and 7) were
readily hydrolyzed to their silicon-containing free diamines
(4 and 8) in wet acetone or with a saturated solution of an-



