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ABSTRACT

The reaction of pivaloylethoxyacetylene with silicon
halides, which has been found to occur as a 1,4-ad-
dition, leads to allenic ethers, which readily elimi-
nate ethyl halides and are converted to previously un-
known types of ketenes—stable element-substituted
acylketenes. Germanium-substituted acylketenes are
also formed; however, clear evidence of 1,4-addition
of germanium halides was not obtained. In the re-
action between Ph,PCl and pivaloylethoxyacetylene,
phosphorus (I11) substituted acylketenes initially
formed underwent rapid [3 + 3] cyclodimerization.

INTRODUCTION

Acylketenes have been attracting attention for a long
time due to problems of their synthesis, stability
[1-3], and utilization as the 47-component in [4 +
2] cycloaddition reactions for building oxygen-
containing heterocycles [1,4,5]. There are two main
synthetic routes for the synthesis of acylketenes:
Wollff’s rearrangement of 2-diazo-1,3-diketones [4,5]
and methods based on thermal and photochemical
fragmentation [6,7]. However, an overwhelming
majority of acylketenes are unstable. Several ex-
amples have been detected by low-temperature IR
spectroscopy at 77 K or in an Ar matrix at ca. 12—
18 K [3,8—10]. Steric hindrance reduces the reac-
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tivity of acylketenes; thus, isopropyl(isopropyl-
carbonyl)ketene was reported to be stable in so-
lutions for 2—3 days at 20°C [5], and tert-butyl(zerz-
butylcarbonyl)ketene is stable under similar con-
ditions for several months [11]. Recently, the syn-
thesis of bis-pivaloylketene was reported. A solu-
tion of this ketene is stable below 0°C [12]. Electron
acceptor substituents bound to the carbonyl group
of acylketenes (for example, perfluoralkyl groups)
also increase their stability [13].

Recently, one of us has elaborated a new syn-
thetic route to element-substituted ketenes through
the reaction of alkyl- or element-substituted alkox-
yacetylenes with organohalides of IVb group ele-
ments [14]. In the preceding articles, we have re-
ported the synthesis of phosphorus (III) [15] and
phosphorus (IV) [16] substituted ketenes. The first
phosphorus (IV) substituted acylketene ¢
Bu,P(S)AcC=C=0 was also reported [17]. Further
investigations have been extended to the synthesis
of stable acylketenes through the reaction of acyl-
alkoxyacetylenes with organohalides of silicon,
germanium, and phosphorus. Pivaloylethoxyace-
tylene, which is the most stable among known acyl-
alkoxyacetylenes [18], was chosen as the starting
compound.

RESULTS AND DISCUSSION

We have obtained stable silyl and germyl substi-
tuted acylketenes in high yields by the reaction of
the acetylene 1 in dichloromethane with trialkyl-
silyl and trialkylgermyl halides.
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2,3,5: Hig = Ka—d), Br(e,f); 2—6:E = Si(a,c,e ), Ge(b,d,f);
R = Me(a,b,e,f), i—Pr(c), Et(d).

The structures of ketenes 6a—d (see Table 1) were
established on the basis of IR ({C=C=0) 2100,
W C=0) 1710-1720, and 1650 cm™") and 'H and "°C
NMR data. The '*C NMR spectrum displayed a low
field shift of the B-carbon atom (6 45 for 6b,d and
24--28 for 6a,c) in comparison with bis-element
substituted ketenes [19] due to deshielding of the
B-C atom by the electron withdrawing pivaloyl
group.

The acetylene 1 reacts with silicon halides by
1,4-addition, with the formation of allenic ethers 3
followed by the elimination of the ethyl halide and
the migration of the R;Si group from oxygen to
carbon (route a). The reaction of pivaloylethoxy-
acetylene with trimethyl- and triisopropyliodo si-
lanes in dichloromethane affords allenes 3a-c,
Hig=I after 10-15 minutes at 20°C (IR spectrum
displays a band of stretching vibration {C=C=C)
1960 cm™! in about 10-20 minutes). The iodoal-

lenic ethers 3a,c are rapidly converted to acylke-
tenes 6a,c. The reaction is complete within 1 hour
for 6a and 2 hours for 6c (see Table 1). The reaction
of acetylene 1 with trimethylbromosilane is com-
plete within 10—12 hours at 20°C; intermediate al-
lene 3e is detected in the reaction mixture within
4-6 hours. The presence of the latter compound was
shown by IR ({C=C=C) 1960 cm™~!) and 'H NMR
spectra (SH(CD,Cl,): 3.75 (2H, q, CH,0), 1.5 (3H, t,
Me in EtO), 1.11 (9H, s, Me in #-Bu), 0.05 (9H, s,
Me;Si). It should be noted that the considerable
steric hindrance of the i-Pr;Si group in the case of
ketene 6¢ does not lead to appreciable reduction of
itsthermodynamicstability,and isomerization with
the formation of an O-Si bond to give siloxy-
methylenketene and pivaloyltriisopropylsiloxyace-
tylene does not occur.

The reaction of the acetylene 1 with trialkyl-
germyliodide leads to 6b,d (Table 1). However, we
failed to detect intermediate iodoallenic ethers 3b,d
or vinyl ethers 5b,d in these cases (IR monitoring).
Obviously, the intermediates in the reactions with
germanium halides are converted to product at a
rate considerably greater than the rate of their for-
mation.

Route b was investigated as a possible route to
the ketenes 6. It was found that Reaction 2 pro-
ceeds very slowly, even in acetonitrile, and affords
vinyl ether 5e within 3 weeks in 50% yield (IR and
NMR tests; IR data {C=C) 1620, AC=0) 1680
cm™'). Vinyl ether Se was not converted into 6a by
means of ethyl bromide elimination, either by
storage for a month at 20°C or under refluxing in
acetonitrile. Also, the rearrangement of 5e into 3e
was not observed, and only decomposition of Se took
place. It is evident that the vinyl ether 5e cannot
be the intermediate of ketene formation by route
1b.

TABLE 1 The Synthesis of Pivaloyl(trialkyisilyl)- and pivaloyl(trialkylgermyl)ketenes -BuC(O)}(R;E)C=C=0 (6a—d) and

Their Spectral Data

Reaction 'H NMR (CDCl,), °H *C NMR (CDCly), °C
Time Yielcd?  bp, °C
Compound  Reagents (in CH,Cl,) (%) (torr) t-BuC(O) R;E C=0 C=C=0 t-BuC=0 R;E t-Bu
47.06,
6a® 1+Me;Sil 1 hour 30 62(9) 1.2¢ 0.23 178.1°¢ 28.32 201.94 -0.95 27.25
6a 1+Me,SiBr 12 hours 35
46.51,
6b* 1+Me,Gel 3 days 55 70-73(12) 1.25 0.52 173.95 4511 202.61 -0.47 27.28
47.08,
6c° 1+i-Pr,Sil 2 hours 40 70(0.1) 1.0 0.8 (m) 177.86 24.44 203.27 18.67, 18.35 27.22
46.29,
6d° 1+Et,Gel 2 weeks 50 58-60 (1.26) 1.0 (m) 173.47 44 .95 203.13 5.36, 8.40 27.30

(0.1)

*Yields before distillation are 80~90%. "Anal. found: C, 59.60; H 9.33. C,,H,s0,Si requires C, 60.56; H, 9.15. ° 'H- and *C-NMR spectra
were recorded in C¢Ds. “Anal. found: C, 48.27; H, 7.91. C,.H,:Ge0, requires C, 49.08; H, 8.07. °Ketenes 6¢ and 6d were obtained after
distillation together with 20% i-Pr;Sil or 10% Et;Gel correspondingly. The correct data of analysis are not available.
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An additional confirmation of the route (la) was
obtained by the investigation of the reaction be-
tween trimethylgermaniumethoxyacetylene and
pivaloyl bromide (Equation 3). The adduct 5f was
formed in 80-90% yield within 4-5 days in ace-
tonitrile. The vinyl ether 5f is partially rearranged
into the bromoallenic ether 3f (IR data: {C=C=C)
1950 cm™'). The latter compound slowly elimi-
nates EtBr with ketene 6b formation. Obviously,
traces of Me;GeBr or other electrophiles might be
a catalyst for the 5f to 3f rearrangement [20]. Dur-
ing distillation under vacuum (120°C, 10 torr), the
vinyl ether Sf is also partially transformed (20-30%
conversion) to bromoallenic ether 3f. The latter
undergoes debromethylation very slowly (3—4 weeks
at 20°C), followed by rapid 1,3-migration of the
Me;Ge group with the formation of the pivaloylk-
etene 6b. Distilled vinyl ether 5f was stable at room
temperature for half a year.

MeCN
—_—
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The vinyl ether 5f is very slowly transformed into
3f and it is improbable that it is an intermediate
of the formation of the ketene (route 1b). It is rea-
sonable to suggest that the absence of isomeriza-
tion of 5e to bromoallenic ether 3e is due to the
higher energy barrier for migration of the Me;Si
group than that of Me;Ge from carbon to oxygen
[20].

The reaction of pivaloylethoxyacetylene with
pivaloyl bromide gave the allenic ester 7 via 1,4-
addition.

6

t-By OFt
N1 2 35
1 + t-BuCOBFr —* C=C=C (4)
/ N
t-BuC(0)O Br

7

The allenic ester 7 is thermally stable. It does
not eliminate ethvl bromide nor does it isomerize
to the 1,2-addition product under heating or vac-
uum distillation. The structure of 7 was proved by
IR and 'H and "*C NMR data. Several spectral fea-
tures should be mentioned. The protons of the
methylene group are diastereotopic with ¥y 10
Hz, and the C? atom resonance (§ 171.7) was up-
field in contrast with the carbon atom of the anal-

ogous allene (8C 212.6). The latter fact could be ex-
plained by enhanced shielding of the carbon atom
due to the +M electron donating effect of oxygen
atoms. The signals with 8C 135.8 and 115.3 can be
attributed to atoms C' and C? respectively, on the
basis of the proton coupled '*C NMR spectrum; the
downfield signal is a complex multiplet, and the
upfield signal is a triplet.

The reaction of the acetylene 1 with diphen-
ylchlorophosphine gave the diphosphacyclohex-
adiendione 8 in 60% yield. Compound 8 could arise
by [3 + 3] cyclodimerization of the phosphorus (III)
substituted ketene.

0
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Previously, we have observed the formation of
analogous heterocycles in the reaction of phospho-
rus substituted alkoxyacetylenes with chlorophos-
phines [21].

In conclusion, it should be mentioned that pi-
valoylketenes are an unique type of a stable acylk-
etene. We have failed to obtain sterically less hin-
dered stable acylketenes by reaction of
acetylethoxyacetylene with halides of IVb group
elements. The formation of allenic ethers 3 and 7
is not surprising, taking into account conjugation
of the triple bond with the carbonyl group in 1, the
high affinity of silicon and germanium to form
bonds to oxygen, and the ability of Me;Sil to add
to a carbonyl group. The absence of ethyl bromide
elimination from vinyl and allenic ethers 3 and 7,
respectively, is unexpected, because it is well known
that such an elimination takes place in the case of
bis-element substituted a-halogenvinylalkylethers
and readily occurs in the presence of electron
withdrawing substituents at the B-carbon atom [22].

Since R;Ge groups readily undergo reversible
O—C migrations in a-germyl substituted carbonyl
compounds [20], we cannot rule out a possibility
of reversible germanotropic rearrangement in the
examples which we have investigated (for exam-
ple, in Reaction 3). However, we failed to find clear
evidence for such reversible processes.

EXPERIMENTAL

Proton NMR spectra were recorded with Tesla BS-
465 and Varian VXR-300 spectrometers and "*C and
*'P NMR spectra with Varian FT-80 and VXR-300
spectrometers. Chemical shifts in parts per million
are quoted relative to tetramethilsilane (6H, 6C) or
85% H;PO, (8P). The IR spectra were obtained on
an IKS-22 instrument. All the experimental pro-
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cedures were carried out under argon using dry
solvents.

Pivaloylethoxyacetylene (1)

A suspension of lithium ethoxyacetylide prepared
from ethoxyacetylene (0.03 mol) in THF (70 ml) and
2N #n-buthyllithium (0.03 mol) pentane solution was
cooled to —50°C and added dropwise to a solution
of pivaloyl chloride (0.036 mol) in THF (70 ml) at
—78°C. An orange solution containing an insoluble
white solid was formed. The reaction mixture was
allowed to warm to room temperature and was
stirred for 2 hours. The solvent and the excess of
pivaloyl chloride were evaporated in vacuum, hex-
ane (150 ml) was added to the residue, and the in-
soluble lithium chloride was centrifuged off. The
remaining lithium chloride was frozen out by cool-
ing for 12 hours at —20°C and centrifuged off again.
The solvent was removed in vacuum to afford 1 in
80% yield with 90% spectral purity according to
'H NMR data; bp 37-39°C at 0.1 torr, with de-
comp. IR: v, 2230 (C=C), 1660 cm™' (C=0); §H
(CD,Cl,): 4.3 (2H, q, CH,0), 148 (3H, t, Me), 1.17
(9H, s, -Bu); 6C (CD,Cl,): 193.48 (1C, C=0), 103.37
(1C, C,,0), 42.3 (1C, C,,), 77.66 (1C, CH,0), 14.74
(1C, Me), 26.69 (3C, t-Bu), 44.73 (1C, C in t-Bu).

1-Ethoxy-1-bromo-2-trimethylgermanium-4,4-
dimethylpenta-1-en-3-one (5f)

Pivaloyl bromide was added dropwise to a solu-
tion of trimethylgermaniumethoxyacetylene in
acetonitrile (5 ml). The reaction mixture was stored
for 3 days at room temperature until 1 was no
longer evident in the IR spectrum. The solvent was
evaporated in vacuum to afford 5f in 90% yield
(PMR spectra monitoring). After distillation in
vacuum, 5f was obtained in mixture with ca. 20%
isomeric 3f, overall yield 70%, bp 86-90°C at 0.1
torr. For 5f IR: v,,,., 1620 (C=C), 1680 cm™! (C=0);
S8H(C(Dy) 3.6 (2H, q, CH,0), 1.0 (3H, t, Me), 1.2 (9H,
s, t-Bu), 0.3 (9H, s, Me;Ge); 6C (CDCl5), 211.46 (1C,
C=0), 132.86 (1C, C=), 127.51 (1C, =COEt), 68.85
(1C, CH,0), 14.06 (1C, Me), 44.32 (1C, t-Bu), 27.93
(3C, +-Bu), 0.2 (3C, Me;Ge). Anal. found: C, 41.45;
H, 6.63. C;,H,3;BrGe0, requires C, 40.97; H, 6.59%.

Pivaloyltrialkylsilyl(germyl)ketenes (6a—d)

Trialkylsilyl(germanium)halide (0.01 mol) was
added dropwise to a solution of the pivaloylethox-
yacetylene in dichloromethane (5 ml). The IR 2230
cm™! band due to the initial acetylene 1 was re-
placed by the 2100 cm™' band of ketene. The sol-
vent and ethyl halide were removed in vacuum, and
the residue was distilled (see Table 1).

1-Ethoxy-1-bromo-3-pivaloyl-4,4-
dimethylpentane-1,2-diene (7)

Pivaloyl bromide (0.01 mol) was added dropwise
to a solution of pivaloylethoxyacetylene 1 in di-
chloromethane (5 ml). After 20-24 hours, the sol-
vent was removed in vacuum and the residue was
distilled. The yield after distillation 60%, bp 69—
71 at 0.1 torr. IR: v, 1960 (C=C=C), 1760 cm™*
(C=0); 6H (CD,Cl,), 3.6 (2H, q, CH,0), 1.1 (3H, t,
Me), 0.8 (9H, s, +-Bu), 0.9 (9H, s, -Bu0); 6C (CDCl,),
174.47 (1C, C=0), 171.66 (1C, =C=), 135.84 (1C,-
C=), 115.28 (1C, =C-), 68.19 (1C, CH,0), 39.18, 36.29
(2C, t-Bu, t-Bu0), 27.36, 26.81 (6C, t-Bu and z-Bu0),
14.14 (1C, Me). Anal. found: C, 52.90; H, 7.56.
C;4H,3BrO; requires C, 52.67; H, 7.26%.

1,1,4,4-Tetraphenyl-2,5-dipivaloyl-11°,4)°-
diphosphacyclohexa-1,4-diene-3,6-dione (8)

Diphenylchlorophosphine (0.01 mol) was added
dropwise to a stirred solution of 0.01 mol acety-
lene (1) in 5 ml dichloromethane at —10°C. The re-
action mixture was kept for 24 hours at 20°C. The
*'P NMR spectrum displayed formation of 8 in 60%
yield, 6P 8.82. After 2 days at —20°C, crystalline 8
was isolated in 39% yield, mp 168-170°C. IR: v,
1740, 1700 cm™' (C=0); 6C (CDCl;), 204.75 (2C, m,
CO), 174.81 (2C, m, PC=0), 132.65, 132.05, 128.58
(20C, Ph), 124.32 (4C, d, Jpec 95.6 Hz, C ipso in
Ph), 94.96 (2C, m, C=P), 43.49 (2C, s, t-Bu), 25.27
(6C, s, -Bu). Anal. found: C, 72.67; H, 6.21; P,
10.37. C3;3H330,P, requires C, 73.54; H, 6.17; P,
9.98%.
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