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Bis(trimethylsilyl) malonate, in the presence of
triethylamine and lithium or magnesium halides, is converted
to its enolate anion. Under these conditions, the enolate
anion is C-acylated in good yields with a variety of acid
chlorides or ethyl octanoyl carbonate. Important exceptions
are the hindered acid chloride pivaloyl chloride, which
gives a fifty percent yield of C-acylated product, and
crotonyl chloride, which gives no C-acylated product. Under
these conditions, acyl imidazoles give modest yields of C-
acylated product. Subsequent hydrolysis and decarboxylation
of the acylation product gives p-keto acids or methyl
ketones.

In the presence of triethylamine and 1lithium or
magnesium halides, triethylphosphonoacetate reacts with a
variety of aldehydes to give a, p-unsaturated esters in
excellent yields. Under the same conditions,
triethylphosphonoacetate is unreactive towards simple methyl
ketones.

Compared to other procedures which employ strong bases,
these procedures are inexpensive, safe and convenient,
especially for large-scale preparations. They are also
particularly attractive for use with base-sensitive

substrates.
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THE ACYLATION OF BIS(TRIMETHYLSILYL) MALONATE
USING TRIETHYLAMINE AND MAGNESIUM OR LITHIUM HALIDES




Carbon-carbon bond forming reactions are the backbone
of synthetic organic chemistry. Base-promoted removal of a
proton alpha to a carbonyl group gives a resonance-
stabilized enolate anion (eq. 1). Subsequent reaction with
an electrophile (eq. 2) constitutes one of the most
frequently used methods of effecting such bond-forming

reactions.

[ 0 0-
Il base - |
RCCH2R!R2 —————n R-C-CR! R2 «—= RC=CR!R2 (1)
9= o]
| E* Il
R-C=CR!R2 ———s R-C-CR!RZE (2)

For the past decade, synthetic applications of enolate
reactions have emphasized the use of very powerful bases,
primarily the lithium dialkylamides (pKa > 35).1

It is well known that complexation of a metal cation to
a ligand can enhance the acidity of the 1ligand.? If metal
complexation with carbonyl compounds would enhance their
acidity sufficiently so that enolate formation could be
promoted by weak bases such as the tertiary amines (pKa~10),

then a new route to enolate chemistry would be available




(eq. 3). The synthetic advantages of such a route to

enolate species are most apparent for acylation reactions.

M
;' M

[ 0 R! o~

Il M* 1| EtsN |

RCCHR!R2 ————» R-C-C-R2 ———= R-C=CR!R2 (3)

The standard procedure for acylation reactions involves
a two-step sequence (eq. 4). In the first step, an enolate
anion is generated using a strong base such as a metal
alkoxide, lithium alkyl or lithium dialkylamide. The second
step involves addition of an acylating agent. This
procedure is plagued by the fact that the product 3 is a
stronger acid than starting compound 1 and thus may
neutralize the starting enolate 2, often limiting yields to
fifty percent.® One solution to this problem is to effect

the reaction in a single step using two equivalents of base

0
0 o- I ol %0
[} strong | R2C-X ]
RCCHzR} ——— RC=CHR! — R!CCHR2CR?
base
2 3 (4)




to produce enolate 4 stoichiometrically. However, because
of side reactions with the acylating agent, such procedures
are not usually feasible with the strong bases used in
enolate chemistry. If the metal complexation route of
equation 3 were successful, the weak but tolerant tertiary
amine bases would accommodate the high acidity of the
acylation product but avoid reaction with the acylating
agent.

Initial investigation of this proposed enolate
chemistry began with the relatively acidic (pKa~15)% p-
dicarbonyl compounds. Formation of enolate complexes from
this class of compounds seems relatively straightforward,
not only because of their high intrinsic acidity, but also
because the chelating nature of the enolate should provide a
strong driving force for bonding with an appropriate metal
ion (eq. 5). Unfortunately, the same factors which make 5
easy to prepare also make 5 relatively inert towards
electrophiles. For example, many acetyl acetonate
complexes, including chromium acetyl acetonate 6, are weak

nucleophiles® which undergo typical enolate reactions only

" e & \ﬁ . :
M,M'*"M—— P (5)

with powerful electrophiles, such as Friedel-Crafts

reagents, or at elevated temperatures.



The objective of this investigation was to identify
carbonyl substrates and metal ions for which complex 5 has
sufficient stability to be formed in useful concentrations
by weak bases but also is able to react with a variety of
electrophiles. The last step in equation 5 is a proton-
exchange reaction, and the overall driving force of the
reaction depends on the stability of the metal oxygen bond
in 5. The greatest chance for success would appear to be
with magnesium or zinc where the metal ions have appreciable
complexing ability for oxygen ligands and where their
enolates and known to possess sufficient reactivity towards
a number of electrophiles.22 Also, magnesium enolates are
known to have a low tendency to acylate at oxygen rather
than carbon®, and oxygen acylation is often a significant

problem in acylugion reactions of ambident enolate anions

(eq. 6).
o]
0 Il
o- 0 1l 0-C-R! OO
| Il RICX | e [
R-C=CHz <=—— R-C-CH2~ —— RC=CH2 + RCCH2C-R! (6)

A member of our research group’ examined the acylation
of diethyl malonate in the presence of a number of metal
salts (Table 1). The malonate esters are one of the least
acidic members of the p-dicarbonyl class of compounds

(pEa~14). Nevertheless, diethyl malonate was acylated in



TABLE 1. Acylation of Diethyl Malonate.®

1) MX, EtaN
Et02CCH2C02Et —— ™ (Et02C)2CHC-Ph
2) PhC-C1 I
I 0
o
Recovered Starting
Entry MX Yield Product, % Material, X
1 P 0 87
2 ZnClz2 0 93
3 CuClz 0 99
4 FeCls 0 63
5 MgClz 85 8
6 MgCl2 0 98b
7 Licl 0 ==
8 LiBr 88 S

a)

b)

All entries except entry 8 are taken from:

Cowan, Patrick, Ph.D. dissertation, Michigan State
University, 1983.

Reaction carried out in the absence of triethylamine.




good yields in the presence of magnesium chloride and
triethylamine (pKa~10).!® Control experiments demonstrated
the necessity of both the metal salt and EtaN for the
success of the reaction. The resulting acylation products
may be of interest to synthetic organic chemists, but more
importantly, the methodology should be applicable to similar
systems.

There are three general routes to p-keto acids:
acid!5:18 or base-promoted hydrolysis!? of the corresponding
keto ester (eqs. 7,8), carboxylationl®-21 of ketone enolate
anions (eq. 9) and acylation®:22 of carboxylic acid dianions

(eq. 10). A serious problem associated with the acid-

H*, H20 I
RCCH2C02R! —————————s RCCH2CO02H (r)
[ (o] o
“OH il H* Il
RCCH2C02R! —————+ RCCH2C02~ ~——— RCCH2CO02H (8)
o [o] o
1l €0z I H* Il
RCCH2~ —= RCCH2C02-~ —= RCCH2C0:2H (9)
o]
1} [ [
RCX | H* 1
~CH2002~ = RCCH2C02- — RCCH2CO02H (10)

catalyzed hydrolysis of keto esters is that subsequent

decarboxylation of the keto acid (eq. 11) may occur.



0 0

Il H* Il

RCCH2C02H ———= RCCH3 + CO2 (11)
a

Alkaline hydrolysis of p-keto esters avoids this
decarboxylation but is complicated by possible retro-Claisen
cleavage of the p-keto ester (eq. 12). An alternative

approach, the acylation of silyl acetates (eq. 13), gives

(o] o]
I ~OH Il
RCCR!2C02R?2 ——————= RC-OH + -CR!2CO02R2 (12)
O O =0
1) Base H30*
CHaC-08iR3 ————————0p RI!C-CH2C-0SiR3 ——————ep
2) RCX
Il
o]
(Y]
Il
R1CCH2CO02H (13)

keto esters that are readily hydrolyzed under neutral

conditions.23 The carboxylation of ketones (eq. 14) using

0 ,Ms\o
RCCHzR! e & \0 (14)
¥ R
8

magnesium methyl carbonate (MMC)!7 in dimethylformamide
(DMF) solution gives keto acids, and formation of complex 8
appears to provide the thermodynamic driving force for this

reaction. Consequently, a necessary requirement for using




MMC is that starting ketone 7 contain at least two alpha hy-
drogens. A second drawback to using MMC is the large
excesses (5-20 fold) of the reagent required to obtain good
yields.

The synthesis of p-keto acids via acylation of
bis(trimethylsilyl) malonate 9 (a synthon of trimethylsilyl
acetate) using two equivalents of the strong base n-
butyllithium (eq. 15) has been described.2¢ Two equivalents
of 9 in an ethereal solvent were cooled to -60°C and treated
with two equivalents of n-butyllithium. After warming to
0°C, the solution was treated with acylating agent and
stirred for 10 minutes. The acylating agents described are
a variety of aryl acid chlorides, pivaloyl chloride, and one
example each of n-alkyl acid chloride, a mixed anhydride and
acyl benzotriazole. Aqueous workup gave p-keto acids in 63—
93x yield.

o] 0o 0

o I
2 (CH3)3SiOCCH2C0Si(CH3)3 ~———————————s RCCH2CO0zH +

2) RCX
9 Il
0
3) Hao*
CHz (COz2H)2 (15)

Substrate 9, which is structurally similar to diethyl
malonate, is ideally suited for metal cation complexation,
and routes to enolate chemistry via weak tertiary amine
bases should be applicable here. In addition, after

acylation, the readily hydrolyzable silicon esters should



10

provide an easy route to p-keto acids and to methyl ketones

by decarboxylation of the corresponding p-keto acid.

BESULTS AND DISCUSSION
Because of the similarity of the substrates,

investigation of the acylation of 9 began with the
conditions found suitable for the acylation of diethyl
malonate.” An initial set of experiments provided a survey
of solvent systems using magnesium chloride and
triethylamine as promotors of the reaction. Addition of 9
to a ltirreé slurry of magnesium chloride in the solvent
resulted in complete dissolution of the magnesium chloride.
The resulting homogeneous solution was then treated with
triethylamine and a precipitate formed immediately. After
stirring ten minutes, the heterogeneous mixture was mixed
with an acid chloride at room temperature. After an aqueous
work-up, the reaction mixture was analyzed by gas
chromatography (GC) for the methyl ketone obtained by
decarboxylation of the corresponding p-keto acid (eq. 16).

1) MgClz, EtaN
Me3Si02CCH2C02SiMes B —————— ) (16)

2) RcoCl

3) Ha0*
In this manner bis(trimethylsilyl) malonate was acylated
with benzoyl chloride in good yield in either diethyl ether
or acetonitrile solution. Since diethyl ether can be
purchased as anhydrous material, it was selected as the
solvent of choice. Attempts to acylate 9 with other acid

chlorides under the conditions described gave only poor to
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moderate yields of acylation product. The results of these
initial experiments are summarized in Table 2.

The ability of other metal salts to promote the
reaction was then examined. Lithium bromide proved to be an
effective alternative to magnesium chloride. Use of lithium
bromide offered two advantages: 1) Lithium bromide is easier
to obtain and handle in the anhydrous state. 2) The lithium
enolate should be more reactive than the corresponding
magnesium enolate.

We wished to verify that these acylation reactions were
proceeding via an enolate intermediate by isolating 10.
Addition of triethylamine to a solution of 1lithium bromide
and bis(trimethylsilyl) malonate in diethyl ether
immediately gave a precipitate. No precipitate formed in
the absence of lithium bromide. After stirring ten minutes,
the precipitate was isolated and dried under high vacuum;
the filtrate was concentrated under high vacuum. The
precipitate accounted for 99% of the theoretical weight of

triethylamine hydrobromide (eq. 17) and exhibited a !H NMR

+
EtaNHBr- (17)

+
> OSiMe,

1

spectrum identical to that of triethylamine hydrobromide.
Mass spectral analysis of the precipitate also gave a
spectrum corresponding to the relatively volatile
triethylamine hydrobromide (EtaNH*Br-). The filtrate
residue gave a !H NMR spectrum exhibiting silicon methyls

and a singlet 0.55 ppm upfield from the alpha proton signal




TABLE 2. Beaction of Bis(trimethylsilyl) Malonate
with Acid Chlorides Using MgCla

1) MgClz, EtaN

Me3Si02CCH2C02SiMes RCOCHa
2) RcocCl
3) HaO0*

Entry Reaction Time Solvent R Yield, %
1 1 hour CHaCN Ph 90
2 1 hour Et20 Ph S0
3 1 hour CH2Cl2 Ph 32
4 -1 hour THF Ph 50
5 1 hour Etz20 CHaCH=CHz2 0
6 1 hour Et20 n-C7His 15
7 1 hour Et20 icPr 6
8 18 hours Et20 i-Pp 15
9 18 hours CH2Cl2 i=Pr 52

Standard Reaction Conditions: 5 mmol scale: 1.0 equiv.
BSM, 1.05 equiv. MgClz, 2.1 equiv. EtaN, 5.0 mL solvent.
After 10 min., 1.0 equiv. RCOCl. All yields are GC
yields.
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of bis(trimethylsilyl) malonate. Comparison with the !H NMR
spectrum of 10 prepared by reaction with n-butyllithium con-
firmed that enolate formation had taken place.

Acylation reactions of bis(trimetylsilyl) malonate,
using the lithium bromide procedure, were examined under a
number of different reaction conditions (Table 3). Efforts
to improve the yields focused on reaction conditions which
were likely to promote enolate formation and minimize
possible side reactions. Diethyl ether remained the solvent
of choice. Coloration of the reaction mixture occurred when
either isobutyryl chloride or crotonyl chloride was added to
the reaction flask. This suggested that side reactions were
occurring; possibly ketene formation. Weaker bases than
triethylamine proved ineffective in promoting the reaction.
The reaction temperature was an important factor. Best
yields were obtained when the malonate ester, lithium
bromide and triethylamine were stirred for several minutes
at room temperature and then cooled to 0°C before addition
of the acid chloride.

One problem frequently encountered in acylation
reactions of enolate species is competition of O-acylation
with C-acylation (eq. 6). The failure to detect any C-
acylated material derived from pivaloyl chloride suggested
that O-acylation might be the predominant reaction with
hindered acylating agents. Likewise, the modest C-acylation
yields obtained with isobutyryl chloride might be attributed
to competing O-acylation. Consequently, it was important to

determine if in fact O-acylation was responsible for our



TABIE 3. Reaction of lh(tdmtbl-ilyl) Malonate with Acid
Chlorides Using LiBr.

1) LiBr, EtaN
Me3Si02CCH2C02SiMea

RCOCH2C02H or RCOCHa
2) RCoOCl
3) H20

Entry Reaction Time Temperature Solvent R Yield, %

1 18 hours 25 Et20 Ph 57
2 18 hours 25 CHz2Cl2 Ph 45
3 18 -hours 25 CHaCN Ph 55
4 18 hours 25 Et20 Ph 02
5 18 hours 25 CH2Cl2 Ph 02
6 18 hours 0 Et20 Ph 60°
7 1 hour 0 Et20 Ph 88¢
8 1 hour 0 Et20 i=Pel L6

Same reaction conditions as Table I, with LiBr in place of
MgClza.

a. Pyridine used as base.
b. Base added after RCOCI.
c. Isolated yield.

d. Base added at 25° and stirred for 10 minutes, then
cooled to 0°.




limited success with this procedure by isolating and
identifying possible O-acylation products. To this end,
isobutyryl chloride was added to a stirred reaction mixture
containing 9, 1lithium bromide and triethylamine in diethyl
ether at 0°C. The crude reaction mixture was analyzed by
gas chromatographic mass spectroscopy (GC/MS). No O-
acylation product could be detected. !H NMR analysis of the
crude reaction mixture did not reveal the presence of 0O-
acylated product because: 1) The !H NMR spectrum of the O-
acylated product is expected to be nearly identical to that
of a mixture of 10 and isobutyryl chloride. 2) If the two
spectra were distinguishable, the CH2z signal of the ammonium
salt would be superimposed on the enolate (vinyl) hydrogen.
Attempts to isolate O-acylated material from the crude
reaction mixture were unsuccessful. Thus, there is no
direct evidence of O-acylation.

In difficult cases, successful C-acylations can often
be accomplished by using excess starting enolate25, which
then reacts with the O-acylation product to give the desired
C-acylation product together with the starting enolate (eq.

18). The acylation reactions were, therefore, re-examined

0
Il
0-C-R? 2 o- [ 0
| Il Il
R-C=CHz + CH2=C-R ——— R-C=CH2 + R!-C-CHz2-CR (18)

under a variety of conditions using a slight excess (5%) of
bis(trimethylsilyl) malonate, lithium bromide, and

triethylamine (Table 4). For those acid chlorides which had



TABIE 4. Acylation of Bis(trimethylsilyl) Malonate
Using Lithium Bromide

1) LiBr, EtaN, Etz20 ﬁ ﬁ
CH2 (C028i(CHa)a)2 RCCH2C02H or RCCHa
2) RcoCl
3) HaO
Entry R Reaction Time Yield (%)
L Pl; 1 hour 85
2 n-C7His 1 hour 91
3 n-C7His 1 hour 80f
4 n-C7His & hour 84a. ¢
5 n-C7His 1 hour 65°, f
6 n-C7His 1 hour 42¢., f
7 n-C7His 1 hour 454, 1
8 (CHa )2CH 1 hour 50
9 (CHa )2CH 1 hour 30¢
10 (CHa )2CH 1 hour 12¢
11 (CHa)aC 31 hour 0
12 (CHa)aC 12 hours 35#
13 (CHa)aC 18 hours 50%

14 (CHa)aC 40 hours 10#




TABIE 4, continued

Entry R Reaction Time Yield (%)
15 CHaCH=CHz2 a1 hour 0
16 (CHa)2CH 0.25 hour o

a) Two full equivalents of lithium bromide used.

b) Malonate ester, base and lithium bromide were stilled
at 0°, not room temperature.

c) Ratio of reagents used is 1.1 BSM: 1.05 LiBr: 2.1
EtaN: 1.0 RCOCI.

d) Reaction mixture allowed to stir three hours before
addition of RCOCIL.

e) (i-Pr)z2NEt used in place of EtaN.

f) Isolated yield of keto acid.

g) Isolated yield of methyl ketone.

h) Using method of van der Baan2¢, obtained complex
mixture of products.
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given acceptable yields of C-acylated product, a small
increase in yield was observed over standard reaction times.
Larger excesses of these reagents had little effect (<5%) on
the yields. Allowing the malonate ester, 1lithium bromide
and base to stir for longer periods of time before addition
of the acid chloride did not improve the yields. Extended
reaction times also gave no increase in yields with most
acylating agents, except for pivaloyl chloride. 1In the
latter case, pinacolone could be isolated in yields up to
50% but excessively long reaction times (40 hours) resulted
in lower yields.

It is interesting to note that our attempt to acylate
bis(trimethylsilyl) malonate with isobutyryl chloride using
a literature procedure that generates the enolate with n-
butyllithium was unsuccessful. Efforts to isolate the keto
acid using the literature procedure failed. Gas
chromatographic analysis for the corresponding methyl ketone
revealed a complex mixture of products. Gas
chromatographic-mass spectral analysis identified 3-methyl-
2-butanone as an insignificant component of the reaction
mixture.

The acylation of bis(trimethylsilyl) malonate using
lithium bromide with other acylating agents was next
examined (Table 5). Acyl imidazoles 11 and mixed
carboxylic acid anhydrides (acyl carbonates) 12, may be

prepared directly from the corresponding carboxylic acid




TABIE 5. Reaction of Bis(tr hylsilyl) Malonate with Acyl
Carbonates snd Imidasol

1) MX, EtaN
Me3Si02CCH2C02SiMes ———————— RCOCH2C02H or RCOCHs
2) RCOX
3) H20
Entry RCOX? Reaction Time Temp. Yield2, x
1 PhCOIm 18 hours 25¢° 0
2 i-PrCOIm 18 hours 25 <5
3 C7H15€0Im 18 hours 25 13+
4 PhCOIm 1  hour 0 0
5 C7H15COIm 24 hours 0--RT 58%
6 i-PrCOIm 24 hours 0--RT 0
7 i-PrCOIm 18 hours 0--RT 03
8 i-PrCoIm 1 hour 67 0
9 PhCOCO3Et 1 hour ] 0
10 ' C7H15COCO3Et 1 hour 0 35+
11 C7H15CO0CO3Et 1 hour 0--RT 65*

1)

2) Yields are GC yields except where noted by "*".
Entries so marked are isolated yields.

3) MgClz used in place of LiBr.




20

[ % 0: 0
Iy il
n-c-N\ﬁ, R-C-0-C-0Et
11 12

under relatively mild conditions. The acyl imidazoles,
which are much weaker acylating agents than acid chlorides,
gave acceptable yields of acylation product only after
extended reaction periods. No acylation product was
obtained using ethyl benzoyl carbonate but ethyl octanoyl
carbonate provided 3-oxodecanoic acid in relatively good
yield.

In summary, a new procedure has been developed for the
acylation of readily hydrolyzable malonic esters providing a
new route to p-keto acids and methyl ketones. The procedure
is safe, convenient and economical, particularly on a large
scale. Using these procedures, the reaction can be carried
out in a single step without complications due to reaction

of the base with the acylating agent.




MATERIALS
Acetonitrile, diisopropyl amine and triethylamine were
distilled from calcium hydride prior to use.

Tetrahydrofuran was distilled from sodium/benzophenone prior
to use. Diethyl ether was taken from a freshly opened can
of anhydrous ether. Methylene chloride was taken from a
freshly opened bottle of anhydrous methylene chloride.
Lithium bronidg (Aldrich Chemical Company, 99%) was dried in
an abderhalden flask over refluxing xylene at 0.3 torr. It
was stored and weighed under argon in a glove bog and dried
in situ by treatment with <chlorotrimethylsilane for ten

minutes followed by removal of all volatile materials under
high vacuum. All acid chlorides were obtained from Aldrich
Chemical Company and were purified by distillation. Acyl
imidazoles were prepared by the method of Staab.28
Carbonates were prepared just prior to use from ethyl
chloroformate and the corresponding carboxylic acid in
diethyl ether according to the procedure of Tarbell and
Rice.27 The ethyl chloroformate was obtained from Aldrich
Chemical Company and was used without further purification.
The carboxylic acids were obtained from Aldrich Chemical
Company and purified by distillation except benzoic acid
which was purified by sublimation. n-Butyllithium was
obtained from Aldrich Chemical Company as a 1.6M solution in

hexane and was used directly.

21
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Bis(trimethylsilyl) malonate (28) was prepared from

malonic acid and two equivalents of chlororimethylsilane.

b.p. 50-52 (0.3 torr). 1 H NMR: & 3.26 (s, 1H), 0.1 (s, 9H).

METHODS OF ANALYSIS

Gas chromatographic analyses were performed on a Varian
920 chromatograph equipped with a 6 ft. X 0.25 in. stainless
steel column packed with 15% SE-30 on Chromasorb-W or on a
Hewlett Packard 5880A chromatograph equipped with a 12.5
meter X 0.25 mm capillary column using crossed linked
dilethylsilico;e as the 1liquid phase. GC yields were
obtained using n-alkanes as internal standards. !H NMR data
were obtained using a Finnigan 4000 EI GC/MS mass
spectrometer. Melting points were determined using a Thomas
Hoover melting point apparatus and are wuncorrected.
Infrared spectra were taken on a Perkin-Elmer 599 grating

infrared spectrometer using a polystyrene reference.

General Procedure for the lation of Bis(trime

malonate.

A 50 mL round bottom flask fitted with an efficient
stirrer, a septum inlet and a gas inlet tube with mercury
bubbler was flame dried under argon and charged with 5.5
mmol of anhydrous metal salt. To this was added 10 mL of
anhydrous solvent and 5.25 mmol of bis(trimethylsilyl)
malonate. 5.5 mmol of triethylamine was added dropwise and a

precipitate formed immediately. After stirring ten minutes,
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the flask was cooled to 0°C and 5.0 mmol of an acylating
agent was added. (Acid chlorides were added dropwise,
slowly; carbonates were added in one portion as the crude

freshly-prepared reaction mixture.)

General Procedure for the Preparation of Methyl EKetones.

After the reaction mixture described above was stirred
for one hour, it was quenched with 4 mL 5M HCl1 and then
refluxed for one hour. To this mixture was added an
appropriate n-alkane as an internal standard. The mixture
was then extracted with ether (3 X 10 mL), the organic
layers were combined and dried (MgSOasa), and this product was

analyzed by gas chromatography.

General Procedure for the Preparation of g-Keto Acids.

After the reaction mixture described above was stirred
for one hour, it was quenched with 10 mL cold saturated
aqueous NaHCOs and stirred for ten minutes in an ice bath.
The aqueous layer was separated and acidified to pH 2-3 by
the dropwise addition of cold 4M H2S04. The resulting
precipitate was extracted with ether (3 X 10 mL), the
organic layers were combined, dried (MgSO4a), and filtered.
The solvent was removed in vacuo (avoid excessive heat) and
the re-sulting white solid proved of sufficient purity to be

used directly.
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Benzoyl Acetic Acid: m.p. 101-102 (lit. m.p. 101-102)2°9; 1H
NMR (CDCla): & 4.1 (s, 2H), 5.7 (enol H), 7.25-7.6 (m, 3H),

7.7-8.05 (m, 2H).

2-Oxodecanoic Acid: m.p. 76-77; 'H NMR (CDClsz): 0.9-1.1 (m,
3H),, 1.2-2.0 (br.s, 12H), 3.6 (s, 1H), 10.6 (s, 1lH) enol
proton not observed; m/s (m/e): 186 (M*), 142 (-Co0z2), 127,
85, 71, 58 (base), 43; IR (KBr): 3500-3300 (br), 2915, 2850,
1730, 1710, 1435.

Isolation of 10 Using Lithium Bromide and Triethylamine.

A 50 mL flask was fitted with a septum inlet, magnetic
stirrer, a filter stick and a gas inlet tube. The flask was
flame dried under a stream of argon. The flask was charged
with lithium bromide (5 mmol, 0.44g) and diethyl ether (5
mL). Bis(trimethylsilyl) malonate (5 mmol, 1.3 mL) was
added and the solution stirred 5 minutes. Triethylamine (5
mmol, 0.7 mL) was added dropwise and a white precipitate
formed immediately. After stirring ten minutes, the mixture
was filtered. The precipitate was collected and dried in a
dessicator under vacuum (1 torr). The filtrate was
concentrated under high vacuum (0.3 torr) giving a white
residue. The dry precipitate exhibited the following: !H
NMR (CDsCN): & 3.2 (q, 3H), 1.5 (t, 3H); m/s (m/e) 101
(EtaN), 80 (HBr7°), 82 (HBr8!). The filtrate exhibited the

following: 'H NMR (CCls): & 2.7 (s), 0.1 (s).
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Characterization of 10 Us n—Butyllithium.

A 50 mL flask was fitted with a septum inlet, magnetic
stirrer and gas inlet tube. The flask was flame dried under
argon. Diethyl ether (10 mL) and bis(trimethylsilyl)
malonate (1.3 mL, 5 mmol) was introduced via syringe and the
solution was cooled to -78°C. n-Butyllithium (5 mmol, 3.125
mL 1.6M solution in hexane) was added dropwise. The
solution was stirred ten minutes and slowly brought to room
temperature. All volatile components were removed under
high vacuum to give a white solid. !H NMR (CDCla): & 208

t@ds 01 (8).

Attempted Acylation of 9 with Iscbutyryl Chloride Using n—
Butyllithium.

This procedure for the acylation of 9 with acid
chlorides (but not isobutyryl chloride) is described in the
literature.24 A 50 mL flask was fitted with a magnetic
stirrer, septum inlet and gas inlet tube and was flame dried
under argon. The flask was charged with bis(trimethylsilyl)
malonate (10 mmol, 2.6 mL) and diethyl ether (20 mL) and the
solution cooled to -78°C. n-Butyl-lithium (10 mmol, 6.25 mL
1.6M solution in hexane) was added dropwise and the solution
warmed to 0°C. Isobutyryl chloride (5 mmol, 0.52 mL) was
added dropwise and the reaction mixture stirred for ten
minutes. Standard aqueous work-up fails to provide any g-
keto acid. Repeating the acylation procedure followed by
work-up previously described as the general procedure for

the preparation of methyl ketones gave a gas chromatograph
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exhibiting fifteen unassignable signals and a 4X yield of 3-
methyl-2-butanone. GC/MS did not prove useful in

determining the identity of the numerous by-products.



CHAPTER II

The Horner—VWadsworth-¥Wittig Reaction Using Triethylamine
and Magnesium or Lithium Halides

27
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INTRODUCTION
One of the most important tools available to the
synthetic organic chemist for the construction of carbon-

carbon bonds is the Wittig olefination reaction (eq. 19).

0
+ base + Rl CR2
R P-CH; X~ -—————esp R3P=CHz~ -————ees R1R2C=CH2 (19)

It provides an easy method for linking two synthons of any
size which bear various functional groups. The Wittig
reaction and its modifications provide a major advantage
over other olefin-forming reactions by introducing the
double bond regiospecifically.

The Horner-Wadsworth-Emmons modification of the Wittig
reaction (eqs. 20-23) employs phosphonate esters 12 bearing
an additional-electron withdrawing group, E. One of the
most important Horner-Wadsworth-Emmons reagents,
triethylphosphonoacetate, 19, employs an ester function as
the electron-withdrawing group. Triethylphosphonoacetate
and compounds similar to it have been used to prepare a
variety of natural products 1including prostaglandins3©,

juvenile hormones3!, and a number of isoprenoid compounds32
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0 0
I Base, M* -
(RO)2PCH-E - (RO)zP?-B M+ (20)
R R
13
o (o]
“ “ \\‘\\\\\ l l _ ! [ 3
13 + RIC-R2 —— (RO)2P-C . (rO),P-C (21)
|\ R \ﬂ
w \\\\“‘Rz
-o—C» R -0—C
R’ \R'
14 15

including p-carotene.?®3 The Hornmer-Wadsworth-Emmons reaction
has been applied intramolecularly in the synthesis of ring
compounds containing cycloalkenones3¢ and butenolide
moieties.3% The Horner-Wadsworth-Emmons reaction with
epoxides yields substituted cyclopropanes.2® The phosphonate

olefination has been employed in a number of industrial

)
E R l_o-
1 — =g (RO)}—O (22)
17
E : |
15 —— R)(:, . 17 (23)

processes and bis-phosphonates have been examined as

polymerizing reagents.37
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The Wittig reaction, using 19, results, overall, in the
same product obtained by an aldol condensation using an
ester enolate followed by dehydration (eq. 24).1:38 |In
contrast to aldol routes, the Horner-Wadsworth-Wittig
reaction using 19 furnishes the olefinic product
regiospecifically and in one step with a high degree of
stereochemical control about the newly-formed double bond.
Acid catalyzed dehydration of p-hydroxy esters is sometimes
complicated by formation of the §,y-unsaturated ester.3°

Base-promoted elimination of the acetate derived from the g-

(o}
Il
(Et0)2PCH2CO02Et

19

hydroxy ester overcomes this problem¢? but introduces an
extra step.
n#

CH2C02Et + R!CR2 ———=——es R1R2C-CH2CO02Et >
-H20

0 o-
]

R!R2C=CH2C02Et (24)

The position of the carbon-carbon double bond formed by
the phosphonate Wittig reaction can be predicted with a high
degree of certainty, with double-bond migrations to give
§, y-unsaturated esters having been reported only in rather

unique, isolated cases.¢!
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The stereochemistry of the newly formed double bond is
less predictable. Unstabilized Wittig reagents generally
give Z olefins and stabilized Wittig reagents generally give
E olefins. From early studies, it was believed that
phosphonate olefinations gave exclusively E olefins.
However, the mechanism of phosphonate olefinations has since
been established (egs. 20-23) and the olefin product
stereochemistry depends on a number of factors. The aldol
product of a p-phosphono ester (E=CO2R3) with a carbonyl
substrate has never been isolated. [ B
Hydroxyphonph;nonitrilel corresponding to 14 and 15 (eq.
21, E=CN) have been isolated and separated. Subsequent
treatment with base indicates the aldol condensation is
reversible (eq. 21) and control experiments show that
collapse of 14 and 18 (eqs. 22 and 23) is highly stereo-
specific.42 Although postulated, there is no evidence that
14 and 15 interconvert directly. Thus, the stereochemistry
of the pro-duct olefin depends on the relative rates of
formation and decomposition of 14 and 15.¢42 1In  general,
thermodynamically-controlled olefination reactions give E
olefins while kinetically-controlled olefinations give Z
olefins. Thus, the E/Z ratio of the product olefin is
dependent on temperature (eqs. 25-27) and the ability of the

counter cation¢2® to stabilize the intermediate oxyanion
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0
Il t-BuoK Ph
(Et0)2PCH-CN + PhCHO - = + —
-780 CN Ph™ CN
H,
10:90 (25)
o [ ]
il t-BuOK Ph
(Et0)2PCH-CN + PhCHO - ~= + —_
200 CN Pw’,‘\\
CH, CN
40:60 (26)
I Ph
il . t-BuOK
(Et0)2PCH-CN + PhCHO —_ = . —
I 650 CN Ph™ cN
CH,
50:50 (27)

(eqs. 28-30). Steric effects depend on the bulk of both the
phosphonate reagent¢3.4¢ and the carbonyl substrate (eqs. 31
and 32).43% The bulk of the phosphonate reagent is dependent
on both the size of the side chain (eqs. 33 and 34)¢3b® and
the size of the additional electron-withdrawing group.4¢

Equations 35-38 illustrate that the size of the nitrile

o
“ t'BUOLi Ph
-— /
(Et0)2PCHCN + PhCHO - = +
l 780 TNeN P Ney
CH
) 70:30 (28)
0
t-BuONa Ph
NS —
Et0)2PCHCN + PhCHO — = +
( I -780 CN P~ CN

CHa
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(o]
Il t-BuOK P
(EtO0)2PCHCN + PhCHO — h\/ + "
CN CN
CHa
10:90 (30)

group is comparable to methyl, but the carbomethoxy group
has a greater effective size than methyl. The solvent¢¢,4S
has also been shown to influence the stereochemical outcome
of the reaction.

The Horner-Wadsworth-Emmons-Wittig reaction has some
strict steric-require-entl. This means that the phosphonate
anions are more reactive towards aldehydes than ketones, and
certain ketones are completely unreactive towards the
phosphonate anion. In steroidal systems, for example, the
phosphonate anion 20 reacts with 3-keto steroids but does
not react with 6-keto, T-keto, 17-keto or 20-keto
steroids.*® Similarly, 20 is unreactive towards 20-oxo-21-
methyl steroids but does react with 20-ox0-21-hydroxy
pregnanes. Presumably, the aldol step is reversible; but
the formation of a cyclic product drives the reaction to
completion.4? Simple cyclohexanones are normally reactive
towards 20, but cyclohexanones bearing substituents at the 2
position are unreactive if the substituent is constrained to
an equatorial position.4%.48 Reaction of the bridged ketone
2]l with 20 gives poor yields of unsaturated ester. This is

one example example where the Reformatsky reaction, followed
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by base-promoted elimination of the acetate, was the

preferred route to the unsaturated ester.¢® Phosphonate

0
-
(Et0)2P-C-C02Et + CH3CH2CHO ————n -\E*<
| COzEt CO,Et
CHa
84:16 (31)
0
-
(Et0)2P-C-CO2Et + CH:CB:CHCB: —
I 0,Et
. CHa cno 0.kt
33:67 (32)

olefinations -with readily enolizable aldehydes or ketones,
such as acetophenone, often give poor yields of olefins.

In comparison with the normal (phosphine) Wittig
reaction, the Horner-Wadsworth-Emmons modification offers
some significant advantages. The phosphonate reagents are
easier to prepare®?, usually by the Arbuzov reaction or the
Michaelis—Becker reaction. The former, involving reaction
of a trialkyl phosphite with an alkyl halide, is the most
commonly used route. Reagent 19, for example, is prepared
readily and in high yields from triethylphosphite and ethyl
bromoacetate. The phosphonate is easily modified by
alkylation or acylation of the phosphonate anion.S!
Isolation of the olefinic product is simplified because
unlike phosphine oxides, the phosphate ester by-prodﬁct 17
is easily removed by aqueous extraction. The utility of the
phosphonate olefination is attested to by the extensive

reviews recently afforded it.52
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Standard procedures for gdenerating the phosphonate

anion 20 use strong bases such as sodium hydride, 1lithiums

o}

N -
(Et0)2P-CHCO2Et

20 21

diisopro-pylamide, or metal alkoxides which are expensive
and/or may react with sensitive functional groups in reagent
or substrate. Since compound 19 is structurally similar to
malonate esters, it appeared to be a likely candidate for
acidity enhancement through metal cation coordination,
allowing ani;n formation with weak bases. Clearly, a

procedure for carrying out the phosphonaté olefination under

' -
(Et0)2P-CHCO2Et + i-PrCH0 ———p (33)

CO,Et
(0]
T CO,Et
(EtO)zP-TCOzEt + i-PrCHO0 i + (34)
CHa ’ CO,Et
35:65

mild conditions would be of significant value. The
stability of the metal complex 22, formed via that route
(eq. 39), should overcome the problems associated with
readily enolizable substrates in the Wittig reactiohs. A
weak base promoted olefination procedure would offer

significant advantages in terms of cost and convenience.
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The diethoxyphosphinyl group is inferior to the
carboethoxy group in increasing the acidity of alpha
hydrogens. The pK of triethylphosphonoacetate 1is 2.5 pk
units greater than diethylmalonate (19.2 vs. 16.7 1in
dimethylsulfoxide solution).%3 Although the exact nature of
charge delocalization in 22 is not well defined, the phos-
phinyl group undoubtedly makes a contribution. The
structure and reactivity of 22 appears to be dependent on a
number of factors including solvent system, the metal cation
M, and the base used to generate 22.%¢ The stability of 22,
and thus the acidity of 19, is greatly influenced by the
nature of the metal ion M in 22. The pK of
triethylphosphonoacetate in the presence of potassium cation
(dimethylsulfoxide solution) has been estimated at 19.2 and
in the presence of lithium cation (diglyme solution) at
12.2.53a  Presumably, the difference in acidity is
attributable to tighter chelation of 1lithium cation

resulting in a stronger metal-oxygen bond in the resulting

enolate. Phosphonate 23, for example, which has no
o
i NaH/THF P
20° CN P ‘cN
85:15 (35)
o
I NaH/THF P Ph
(RtO)zP(l:HCN + PhCHO —————— + \i
200
CHa CN N

60:40 (38)
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carboethoxy group, is expected to be a poorer chalating
agent for metal cations and its acidity shows a less-
pronounced dependency on the metal cation present (4 pK
units difference for the lithium and potassium complexes).
The selection of the metal ion M in 22 is important. While
22 must be stable enough to form in useful concentrations
with weak bases, it must possess sufficient reactivity
towards carbonyl compounds. While more electropositive
metals (sodium, potassium) make 22 more nﬁcleophilic, less
electropositive metals (lithium, magnesium) appear to result
in a more facile cycloelimination step (eqs. 20 and 21) in
Wittig olefinations.5%®

The addition of metal salts has been reported to retard
the phosphine Wittig reaction by complexing with an
"intermediate in the reaction®7 but there are reports that
some nucleophilic substitutions at the phosphoryl group,
similar to the one 1in the <cycloelimination step of the
phosphonate olefination reaction, are accelerated by added
cations.58

Nearing completion of this study, an.independent report
appeared in the 1literature5? describing a procedure for
carrying out the Horner-Wadsworth-Emmons-Wittig reaction
using the relatively expensive tertiary amine bases
diisopropylethylamine (pkK~10) or diaza[5.2.0]bicycloundec-7—

ene (DBU, pK~11.6) and 1lithium chloride. The method was
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(o}

I
(Et0)2PCHa

23
demonstrated with three aldehydes that were readily

enolizable or base sensitive. The method proved successful

where the standard strong base conditions failed.

0
Il NaH/THF Ph P'\JCO,M.
(Et0)2PCH2C02Me + PhCHO - \E;\ +
20° CO,Me
97:3 (37)
0
Il NaH/THF P Ph
(Et0)2PCHCO2Me + PhCHO - + \E<:
o
clzna 20 CO,Me CO,Me
97:3 (38)

RESULTS AND DISCUSSION

The ability of triethylphosphonoacetate to undergo the
Horner-Wadsworth-Emmons-Wittig reaction using triethylamine
and a number of metal salts was examined. Cyclohexanone was
stirred with triethylphosphonoacetate and triethylamine in
the presence of a number of metal halides (eq. 39) in
tetrahydrofuran solution (Table 6). After aqueous workup,
the presence of the expected product, ethyl cyclohexylidene
acetate, 24 was determined by gas chromatography. Magnesium

and lithium halides are effective in promoting the reaction.
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TARLE 6. Beactiom of Cyclochexamome with 19 in the
Preseace of Metal Halides.®

EtaN CHCO,Et
+ 19 + MX *»[:::T’
THF, 25¢C
Entry MX (mmol) Yield, %P
1 none 0
2 Licl (10) 19 (50)
3 LiBr (10) 39 (85)
4 MgCla (10) 52 (86)
5 MgBrz (5) 50 (48)
6 MgBr2 (10) 62 (85)
7 MgBrz (20) 70
8 MgBr2 (10) 90¢
9 MgBrz (10) 0d
10 NaI (10) 0
11 ZnClz (10) 0.5
12 AlCla (10) 0
13 FeCla (10) 0
14 CuCla (10) 0

a)

b)

c)

d)

Reaction at 25°C with 10 mmol cyclohexanone, 10 mmol EtaN,
10 mmol 19, 10 mL THF for a period of 3 h, except where

noted.

Yield of ethyl cyclohexylidene acetate determined by 'H
NMR analysis. Yields in parentheses are for 24 h reaction

periods.

20 mmol EtaN was used.

No EtaN was used.
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Control experiments demonstrate the need for both the metal
salt and the base. The magnesium halides appear to be more
effective promoters of the reaction than lithium halides

(Table 6, entries 2,3,6,7). Since 1lithium enolates are

M
4] y o)
Il M*, RaN EtO__ \/k
(Et0)2PCH2CO2Et - y/ 39
E OEt (39)
19 22
generally more reactive than magnesium enolates, this

difference nay-be due to the magnesium enolate (22, M=Mg)
forming faster than the lithium enolate (22, M=Li). The
reaction appears to require stoichiometric amounts of metal
salt. Excellent yields of ethyl cyclohexylidene acetate 24
are obtained over relatively short reaction times with an
excess of triethylamine. However, excellent yields may also
be obtained using stoichiometric amounts of base over longer
reaction times (24 hours).

The reaction of triethylphosphonoacetate with
cyclohexanone of benzaldehyde (eq. 40) was examined (Table
7) using a variety of solvents (acetonitrile, diethyl ether,

0
EtaN

19 + RCR! + MX = RR!C=CHCOz2Et (40)
solvent, 25°C
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TABIE 7. BReactiom of Carbonyl Compounds with 19 in a
Variety of Solvents.®

ﬁ EtasN
RICR2 + MX + 19 = R!R2C=CHCO:2Et
solvent, 25°C
3 hours
o
Solvent ]
Yield, xb R1CR2 MX Yieldb: ¢
Acetonitrile Benzaldehyde LiCl 77
LiBr 93
MgCl2 15
MgBr2 71
Diethyl ether LiCl 77
LiBr 71
MgBra2 80
Tetrahydrofuran LiCl 86
LiBr 96
MgBr 81
Methylene chloride LiCl 56
LiBr 70
MgBra | 47
Dimethylformamide LiBr 25
MgBr2 10

Benzene LiBr 93
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Table 7, continued

0
Solvent Il
Yield, %P R! CR2 MX Yieldb:c
Benzene Cyclohexanone MgBr2 - 82
Ethanol MgBr2 30
Water MgBr2 0
a) Reaction at 25° with 10 mmol carbonyl substrate, 10 mmol

b)

c)

19, 10 mmol EtsN, 10 mL solvent for a period of 3 hours.

GLC yields of ethyl cinnamate or ethyl cyclohexylidene
acetate.

Only trans ethyl cinnamate detected.
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tetrahydrofuran, methylene chloride, dimethylformamide,
benzene, glyme, ethanol). Only 1lithium chloride was
completely soluble in any of the solvents. However,
addition of triethylphosphonoacetate invariably resulted in
complete dissolution of the salts and homogeneous solutions.
Addition of triethylamine to solutions containing magnesium
halides resulted in instantaneous formation of a
precipitate. Addition of triethylamine to solutions
containing lithium halides resulted in no observable change
in the reaction mixture. Addition of the carbonyl substrate
to a solution of 19, 1lithium halide and triethylamine re-
sulted in the rapid formation of the same precipitate.

Most common solvents give satisfactory results. It is
interesting that while yields are low, the reaction occurs
in some protic solvents (ethanol). It is noteworthy that
the reaction can be carried out in methylene chloride, a
solvent incompatible with the strong bases usually employed
in the Horner-Wadsworth-Wittig reaction. The low
conversions realized in dimethylformamide solution probably
reflect the high coordination power of the'solvent for metal
ions, disfavoring formation of the internally coordinated
enolate 22.

The reaction of a variety of aldehydes and ketones with
triethylphosphono-acetate in the presence of éither
magnesium bromide or 1lithium bromide was conducted on a
preparative scale with the results shown in Table 8.

Excellent yields are obtained with aldehydes or the reactive
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TABIE 8. BReaction of a Variety of Carbomyl Compounds with 19 in
the Presence of Triethylamine and Metal Halides.®

ﬁ EtaN
RICRZ + MX + 19 »> R1R2C=CHCO:2Et
solvent, 25°C
3 hours
Carbonyl Metal
Compound Halides (solvent) Product Yield, xP®
CeHsCHO LiBr (CH3CN) Ce Hs CH=CHCO2Et 84
MgBr2 (THF) 85
(CHa )2CHCHO .LiBr (CHaCN) (CH3 )2CHCH=CHCO2Et 80
MgBr2 (THF) 40
n-Ce H1 3 CHO LiBr (CHaCN) n—-Ce H1aCH=CHCO2Bt - 75
MgBra (THF) 100
cyclohexanone LiBr (CHaCN) (CH2 )sC=CHCOz2Et 85
cyclopentanone LiBr (CH3CN) (CHz2 )« C=CHCOz2Et 15
Ce Hs CH=CHCHO LiBr (CH3CN) Ce Hs CH=CHCH=CHCO2E 65
CH3 COCHa LiBr (CHaCN) 0
MgBr2 (THF) 0
Cs Hs COCH3 LiBr (CHaCN) 0
MgBra2 (THF) 0

a) Reaction at 25°C for 12 h, 25 mmol scale (carbonyl
compound: 19:EtsN:metal halide-1:1:1.1:1.2).

b) 1Isolated yield, based on weight of distilled product}
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ketone cyclohexanone. However, simple methyl ketones such
as acetophenone or acetone fail to react.

In all cases, the unsaturated ester product was the
conjugated E isomer. No §,y-unsaturated ester was detected
and none of the corresponding Z isomer was detected by GC or
1H NMR analysis under conditions judged sufficient to detect
0.5% of the other isomers. Similar high E/Z r;tio- have
been reported for the Horner-Wadsworth-Emmons Wittig
reaction.5® The procedure appears to be somewhat tolerant of
less than rigorous exclusion of moisture from the reaction
flask. In a number of experiments, anhydrous metal salts
were weighed in the atmosphere and solvents and
triethylamine could be used directly from a freshly opened
bottle without significant losses (<5%) in yields  of
olefination product.

We attempted to verify that the reaction was proceeding
via production of the phosphonate anion. When magnesium or
lithium bromide is added to triethylphosphonoacetate, its 'H
NMR spectrum exhibits a small downfield shift (0.16 ppm) of
the alpha hydrogens. When triethylamine is added to a
solution of triethylphosphonoacetate, thé alpha hydrogen
doublet (JP-H=24Hz) coalesces into a broad singlet. A
mixture of triethylphosphonoacetate, 1lithium bromide and
triethylamine exhibits a pair of quartets around 3.2ppm and
2.4ppn. The alpha hydrogens are no longer observable. This
is indicative of an equilibrium with a rapid proton exchange
between the enoclate and triethylamine. !H NMR analysis of a

heterogeneous mixture of triethylphosphonoacetate, magnesium
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bromide and triethylamine exhibits one quartet at & 3.2

indicative of quantitative ammonium salt formation. No

signal is observed for the alpha protons of
triethylphosphono-acetate. Filtration of a mixture of
triethylphosphonoacetate, triethylamine and magnesium

bromide gave, after evaporation of all volatile components,
a precipitate identified as triethylamine hydrobromide and a
white solid exhibiting the following !H NMR: &6 4.4 (m), 3.3
(d, J=20 Hz), 1.4 (m). Comparison of these spectra with the
1H NMR spectrum reported for the calcium enolate3¢* of 19
and exaninatiog of solvent effects on the chemical shifts in
the 1lithium enolate34c¢ of 19 led to the conclusion that the
white solid was the magnesium enolate of 19 (22, M=Mg).

Opposed to this is a reports® that 19, in the presence
of lithium chloride (LiCl) and diazabycyclo([5.4.0)undec-7-
ene (DBU) in acetonitrile-83 solution, gives a 31P NMR
spectrum that exhibits two 3!P signals. The authors’
interpretation is that two LiCl/19/DBU complexes exist and
that one of them is in-terconverting to 22 (M=Li) at a rate
comparable to the NMR time scale.

Procedures for the norner—Wadsworfh—B--on- Wittig
reaction with aldehydes using lithium bromide or magnesium
bromide and triethylamine give yields of unsaturated esters
comparable to those procedures using other, stronger
bases.522,59 The negative results obtained with ketones
using this procedure, while disappointing, are not entirely
unsatisfactory. With a few exceptions, especially

cyclohexanones, the phosphonate Wittig reactions using 19
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with ketones are difficult. There are reports in the
literature that metal salts inhibit the normal Wittig
reaction, presumably by forming unreactive complexes with an
intermediate in the reaction. However, our results with
lithium and magnesium salts have been entirely satisfactory.
This new procedure for the phosphonate Wittig reaction seems
especially useful for large scale preparations where
triethylamine possesses significant handling and cost

advantages over other bases.



MATERTALS

Tetrahydrofuran was distilled from sodium/benzophenone
just prior to use. Acetonitrile and triethylamine were was
distilled from calcium hydride. Dimethyl formamide was
distilled from phosphorous pentoxide. Diethyl ether was
taken directly from a freshly opened can of anhydrous ether.
Methylene chloride was taken from a freshly opened bottle of
anhydrous methylene chloride. Lithium bromide (Aldrich
Chemical Conp;ny, 99+X%) was dried in an abderhalden flask
over refluxing xylene at 0.3 torr. Magnesium bromide was
prepared from dibromoethane and magnesium metal and dried
under vacuum at 150°C.°° Zinc chloride (Aldrich Chemical
Company, 98X%) was dried with thionyl chloride followed by
removal of excess thionyl chloride wunder high vacuum.®?
Lithium chloride (Aldrich éhe-ical Company, 99%) was dried
in an abderhalden flask over refluxing xylene at 0.3 torr.
The remaining metal salts were obtained as anhydrous
materials from commercial sources. All metal salts were
stored in a dessicator and transferred under argon in a
glove bag. Triethylphosphonoacetate was prepared from

ethylbromoacetate and triethylphosphite.S0

METHODS OF ANALYSIS
1H NMR data were obtained on a Varian T-60 spectrometer

at 60MHz. Chemical shifts are reported on the delta scale

48
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relative to an internal tetramethylsilane standard. Gas
chromatographic analyses were performed on a varian 920
chromatograph equipped with a 6 ft. X 0.25 in. stainless
steel column packed with 15X SE-30 on Chromasorb W. GC
yields were obtained using n-alkanes as internal standards.

NMR yields were obtained using acetophenone as internal

standard.

The following procedure, with lodificétion of scale, is
representative of the procedure used to obtain the results
in Tables 5-%. A 50 mL flask with a septum inlet and
magnetic stirrer was flame dried under argon. Anhydrous
metal salt (30 mmol) was weighed in a glove bag and
transferred under a stream of argon to the flask. Solvent
(25 mL) and triethylphosphonoacetate (25 mmol, 5.54g) were
added and the mixture stirred 5 minutes. Triethylamine (28
mmol, 3.9 mL) was added and the mixture stirred an
additional 10 minutes. the carbonyl compound was then added
and the reaction mixture stirred overnight. After quenching
with dilute aqueous HCl, the reaction mixture was extracted
with ether (3 X 25 mL). The organic extracts were combined

and dried over magnesium sulfate.

Gemeral Procedure Used to Survey Metal Salts.
To the combined extracts described above was added 8

known quantity of acetophenone as internal !H NMR s tanderd-
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The solvent is removed im vacuo. Yields are based on the

relative integration of product olefin to acetophenone.

General Procedure Used to Survey Solvent Systems.

To the combined extracts described above was added a
known quantity of n-alkane as internal GC standard. The

solution was then analyzed by GC for product olefin.

General Procedure for the Isolation of Unsaturated Esters.

The combined extracts described above were filtered and
the solvent re;oved in vacuo. The crude product was puri-
fied by short-path distillation.

Ethyl cinnamate®? was prepared from 19 and

benzaldehyde: b.p. 75°C (0.2 torr); !H NMR (CDClsz): &6 1.3
(¢t, 3 H), 4.18 (q, 2 H), 6.33 (d, 1 H), 6.7-7.7 (m, 6 H).

Ethyl-4-methyl-2-pentenocate®2 was prepared from 19 and

isobutyraldehyde: b.p. 60°C (30 torr); !H NMR (CDCl3): &
0.96-2.48 (m, 9 H), 2.4 (septet, 1 H), 4.16 (q, 2 H).

Ethyl-2-noneoate®3 was prepared from 19 and

heptaldehyde: b.p. 72°C (2 torr); !H NMR (CDCli): & 0.8-1.1
(m, 3 H), 1.1-1.7 (m, 1 H), 1.9-2.5 (m, 2 H), 4.2 (q, 2 H),
5.7 (d, 1 H), 6.95 (m, 1 H).

Ethyl cyclohexylidene acetate®? was prepared from 19
and cyclohexanone: b.p. 50°C (0.2 torr); 'H NMR (CDCla): &
1.23 (t, 3 H), 1.4-1.8 (m, 6 H), 1.9-2.5 (m, 2 H), 5.5 (s, 1

H).
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Ethyl cyclopentylidene acetate®® was prepared from 19
and cyclopentanone: b.p. 85°C (10 torr); 'H NMR (CDCla): @&

1.25 (t, 3 H), 1.8 (m, 6 H), 2.5 (m, 2 H), 4.2 (q, 2 H), 5.8
(m, 1 H).

Ethyl-5-phenyl-2,4-pentadiencate®¢ was prepared from 19

and cinnamaldehyde: b.p. 90°C (0.2 torr); 'H NMR (CDCla): &
1.33 (¢t, 3 H), 4.2 (q, 2 H), 5.95 (d, 1 H), 6.7-7.6 (m, 8

H).

1H NR Study of Triethylphosphonoacetate/Lithium
Bromide/Triethylamine Mixture.

Triethyl phosphonoacetate (1.0 M, CD3sCN solution)
exhibits the following 'H NMR spectrum: &6 4.1 (m), 3.10 (d,
J=22 Hz), 1.3 (t), 1.2 (t).

Triethylphosphonoacetate (0.5 mmol, 0.09 mlL) was added
to CD3CN (0.5 mL) and lithium bromide (0.5 mmol, 0.044g)
stirring under argon. The homogeneous solution was
transferred to an NMR tube that had been flushed with argon.
The solution exhibits the following !H NMR spectrum: & 4.33-
3.83 (m), 3.10 (d, J=22Hz), 1.30 (t), 1.20 (f).

Triethylphosphonoacetate (0.5 mmol, 0.09 mlL) was added
to an NMR tube containing triethylamine (0.5 mmol, 0.07 mL)
in CDaCN solution (0.5 mL). The solution exhibited the
following 'H NMR spectrum: &6 4.1 (m), 2.93 (br s), 2.4 (q),
1.4-0.9 (m).

Triethylamine (0.5 mmol) was added to an NMR tube

containing a solution of a solution of lithium bromide (0.5
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mmol) and triethylphosphonoacetate (0.5 mmol) in CDsCN (0.5
mL). The sample exhibited the following !H NMR spectrum: §

4.45-3.97 (m), 3.2 (q), 2.4 (q), 1.4-0.83 (m).

1H NMR Study of Triethylphosphonoacetate/Triethylamine/
Magnesium Bromide Mixture.

Triethylamine (0.07 mL, 0.5 mmol) was added to an NMR
tube containing a solution of triethylphosphonoacetate (0.5
mmol, 0.09 mlL) and magnesium bromide (0.5 mmol, 0.052g) in
CD3CN (0.5 mL). A white precipitate formed instantly. The
sample exhibited the following !H NMR spectrum: & 4.45-3.9

(m), 3.2 (q), 1.4-0.83 (m).

Isolation of the Magnesium Enolate of Triethyl-
phosphonoacetate.

A 50 mL flask fitted with a septum inlet, gas inlet
tube with bubbler, magnetic stirrer and filter stick was
flame dried under argon. The flask was charged with 5 mmol
(0.92g) of anhydrous magnesium bromide which had been
weighed and transferred under argon. Anhydrous diethyl
ether (5 mL) and triethylphosphonoacetate (5 mmol, 0.97 mL)
was added via syringe and the mixture stirred 5 minutes.
Triethylamine (5 mmol, 0.70 mL) was added dropwise and a
white precipitate formed instantaneously. After stirring
ten minutes, the mixture was filtered. The filtraté was
concentrated under high vacuum overnight and gave a white
solid. The precipitate was dried in a vacuum dessicator

overnight.
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Filtrate residue: !H NMR (CDCls): & 4.5-4.2 (m), 3.3

(d, J=20Hz), 1.5-1.1 (m).
Precipitate: !H NMR (CDCla): & 3.2 (q), 1.45 (t); m/s

(m/e): 101 (-HBr), 86 (base), 82 (HBr8!), 80 (HBr79).
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