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Calcium in Liquid Ammonia for the Reduction of
Benzyl Ethers. Mechanistic Clues Derived from
Chemoselectivity Studies

Summary: Extremely high selectivity was provided by
calcium in liquid ammonia in the cleavage of the benzylic
carbon—oxygen bond in benzyl ethers containing various
other functionalities. Results of controlled experiments
indicate that the selectivities offered by the Ca — Cat +
e~ and the Ca* — Ca®" + e™ processes are 4.6 and 47 times
greater, respectively, than that afforded by the Li — Li*
+ e~ process.

Sir: Dissolving metals in liquid ammonia have been used
extensively to perform reductions for decades.?2b¢ The
most notable systems are the Birch reduction with sodium,
ammonia, and alcohol and the Benkeser reduction with
lithium in alkylamines.? Calcium metal has also been
utilized occasionally.! However, studies on its chemose-
lectivity in reduction have not been carried out.

In general, calcium is considered to be less reactive than
the alkali metals.?d Its lower oxidation potential in am-
monia than that of lithium, sodium, or potassium® makes
it a more likely candidate for selective reduction of sub-
strates with multiple functional groups. Calcium has two
different oxidation potentials in aqueous solution® based
on the processes Ca — Ca* + e” and Ca* — Ca?* + ¢ If
similar differences exist in solutions of calcium in liquid
ammonia, we deemed it possible to obtain a selective re-
duction of organic compounds having multiple reduction
sites.

The benzyl group is commonly used for protecting the
hydroxyl moiety. The resulting benzyl ethers are stable
to most acidic, basic, and oxidative conditions.” It is also
known that the benzyl ether moiety can be readily cleaved

(1) Research Fellow of the Alfred P, Sloan Foundation, 1386-1988.
(2) (a) Johnstone, R. A, W.; Wilby, A. H.; Entwhistle, I. D. Chem. Rev.
1985, 85, 129. (b) Smith, M. In Reduction: Techniques and Applications
in Organic Synthesis; Augustine, R. L., Ed.; Marcel Dekker: New York,
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by dissolving metals.”* Consequently, we chose substrates
containing a benzyloxy group in conjunction with other
functionalities for the study of chemoselective reduction
with calcium metal in liquid ammonia. The results are
listed in Table I.

A typical procedure includes the addition of a substrate
in a small amount of anhydrous ether or tetrahydrofuran
to a blue solution of calcium metal in liquid ammonia. The
concentration of the substrate to ammonia was 0.05-0.10
M. After 2 h of being stirred at refluxing ammonia tem-
perature, the reaction was quenched with saturated
aqueous ammonium chloride solution followed by a normal
workup procedure. The products were analyzed by ca-
pillary GLC and purified by column chromatography. We
have tried various conditions for the reductions and found
that optimal selectivity was obtained when 2.0-2.2 equiv
of calcium metal were employed.? Use of larger quantities
of calcium resulted in lowered selectivity. With shorter
reaction times, debenzylation was not always complete.

The benzyloxy alkyne la contains two functional groups,
a benzyl ether moiety and a nonterminal carbon—carbon
triple bond,%* that can be reduced under dissolving metal
conditions. We found that calcium preferentially reduced
the benzyl ether moeity, providing the hydroxy alkyne 1b
in 90% yield. Under similar conditions, aromatic rings
such as a phenyl group,’ directly attached to an alkyl
chain, or a furan nucleus® are resistant to reduction, as
evidenced in the conversion of 2a to 2b in quantitative
yield and 3a to 3b in 69% yield. The lower yield of 3b was
due primarily to the instability of the furan ring toward
the workup conditions.!® In the cases where the benzyl
ether shares a common oxygen with a 2-furfuryl® or allylic
ether,? as in 3a and 4a, the only reduction products de-
tected came from cleavage of the benzylic carbon—oxygen
bond. In the conversion of 4a to 4b and 5a to 5b, the
carbon—carbon bonds in the cyclobutyl ring and the cy-
clopropyl ring and the carbon-oxygen bond in the 1-
cyclopropylalkoxyl moiety are not cleaved. The reduction
of 6a to 6b in 93% yield indicates that the oxygen-silicon
bond in the tert-butyldimethylsilyl ether moiety is re-
sistant to the reduction and workup conditions.

For substrates containing a benzyloxy function and an-
other readily reducible moiety, we determined the sus-
ceptibilities of the respective functional groups to cleavage
from the ratio of the reduced products. Reduction of the
epoxybenzyl ether 7a resulted in complete cleavage of the
benzylic carbon—oxygen bond and partial scission of the
oxirane ring®" at the less substituted carbon—oxygen bond.
The alcohols 7b and 7¢ were obtained in 1:1 ratio, indi-
cating that the reduction selectivity for the benzyl ether
to the oxirane was on the order of 2:1. Poor selectivity
between phenylsulfonyl® and benzyloxy moieties was also
found in the reduction of 8a. Benzene and toluene were
detected in the ratio 1:1.6. Even though calcium is a mild
reducing agent, we did not find any selectivity between
benzyl ether and thiophenyl® or ketone® moieties. The
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of 1.0 mmol of substrate with two reducible functional groups.
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Table I. Reduction of Benzyl Ethers Containing Various Functional Groups with 2.2 Equivalents of Calcium Metal in Liquid

Ammonia
yield,
entry benzyl ether products %
1 CH,C=CCH,CH,0CH,Ph CH,C=CCH,CH,0H 90
la 1b
2 PhCH,CH,CH,0CH,Ph PhCH,CH,CH,0H 100
2a 2b
3 B @_\ 69
OCHPh o OH
3a 3b
4 ;OCH;Ph EOH 90
4a 4b
5 OCH,Ph OH 96
Y%\CH:, v)\cHa
5a 5b
8 t-BuMe,SiOCH,CH,0CH,Ph t-BuMe,SiOCH,CH,O0H 93
6a 6b
7 /\§ 86
| o o+ OH
‘ ‘
C‘)CH;Ph OH oH
7a b L1 7c
8 PhSO,CH,(CH,),CH,0CH,Ph PhH + PhCH;,
8a 1:1.6
9 PhSCH,(CH,),CH,0CH,Ph (PhSH + PhSSPh) + PhCH,
1:1
10 OH 72

10a

ratio of a mixture of thiophenol and diphenyl disulfide!!
to toluene, from the reduction of 9a, was 1:1, while 10b was
the only major product from the reduction of 10a.

For this complicated calcium—ammonia reduction sys-
tem, in which calcium metal undergoes two successive
monoelectron oxidations, we explored the possibility that
each of these oxidation steps provides a different selectivity
in the reduction of a bifunctional compound. Conse-
quently a series of controlled experiments on the reduction
of 11a were performed and the results are listed in Table
IL.

In experiment 1, although electrons from 1.0 equiv of
calcium are theoretically sufficient to reduce one functional
group, 92% of the starting material was recovered. Sim-
ilarly, when the dibenzyl ether of 1,4-butanediol, a mole-
cule with high symmetry, was subjected to the same re-
duction conditions, we were able to recover 88% of the
starting material. These experiments indicate that elec-
trons are distributed almost equally between the two
functional groups in the substrate and that each functional
group receives only one electron, which is insufficient for
reduction.

From experiments 2 and 3, we obtained different ratios
of 11b to 11¢ when different metals, calcium or lithium,
were used. We assumed that the Ca — Ca* + e™ process
is more easily achieved than the Ca* — Ca®* + e~ process.®
After half an hour, a relatively short time interval, the
electrons involved in the reduction would come primarily

(11) The diphenyl disulfide came from the oxidation of thiophenol
with oxygen in air, see: Barrett, G. C. In Comprehensive Organic
Chemistry; Barton, D., Ed.; Pergamon: New York, 1979; Vol. 3, pp 3, 4.

10b

Table II. Selective Reduction of Benzyloxy Alkyne 11a to
Hydroxy Alkyne 11b and Hydroxy Alkene 1lc with Calcium
or Lithium in Liquid Ammenia.

CH4(CH,),C==CCH,CH ,0H

11b
CH3(CH) 4, CE=CCHaCHyOCHPh —— +
18 CHa(CHy)4C==CCHCH, OH
1¢
product ratio
expt metal equiv time, h 11b/11c yield, %
1 Ca 1.0 4 a b
2 Ca 4.2 0.5 5.5:1 92
3 Li 4.2 0.5 1.2:1 90
4 Ca 2.1 2 13.5:1 93
5 Li 4.2 2 1:3.5 90
8 Ca 8.1 3 1:1.1 81
7 Li 8.6 3 1:15.4 82

2In this reaction, 92% of the starting material, 1la, was re-
covered and trace amounts of 11b were detected by capillary GLC.
®Trace.

from the Ca — Ca™ + e~ process, which offers higher se-
lectivity than the Li — Li* + e~ process by a factor of 4.6.

In experiment 4, 2.1 equiv of calcium were employed.
Since each functional group in the substrate initially re-
ceives an electron from the electron pool, as shown in
experiment 1, and the electrons from the Ca — Ca* + ¢~
process are assumed to be more readily released than those
from the Ca* — Ca?®* + e process,® they are distributed
among the two functional groups first. The second
equivalent of electrons necessary for a functionality to be
reduced would then have to come from the Ca* — Ca?*
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+ e process. We believe that this process is more difficult?,
and thus offers better selectivity. Indeed the high selec-
tivity based on the ratio of 11b/11e (13.5:1) obtained from
this experiment compared to that obtained by using lith-
ium (1:3.5) in experiment 5 agrees with our prediction.
Comparison of these ratios indicates that the selectivity
obtained with calcium is 47 times greater than that ob-
tained with lithium for the reduction of 11a.

In experiments 6 and 7, although excess of both calcium
and lithium were used over a longer reaction time, we
found that reduction of the alkyne functionality was sig-
nificantly less for calcium than for lithium. This indicates
that calcium is indeed a milder reducing agent than lith-
ium. Therefore consideration must also be given to the
origin of the electrons used in dissolving metal reductions.

In summary, we found that calcium metal in liquid am-
monia offers better selectivity than lithium for debenzy-
lation of substrates containing a benzyl ether moiety in
conjunction with other functionalities.’? Qur experiments
clearly indicate that control of the amount of calcium, in
order to utilize the electrons from the Ca* — Ca?* + &~
process, is critical for obtaining very high selectivity.
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Stereoselective Synthesis of
2-[(Trimethylsilyl)methyl]-1,3-butadienes’

Summary: Allylborane 3, readily prepared from 1,2-bis-
(trimethylsilyl)-2,3-butadiene by hydroboration with 9-
borabicyclo[3.3.1]nonane, smoothly condenses with al-
dehydes and ketones to afford, after basic or acidic workup,

*Dedicated to Professor George Zweifel on the occasion of his 60th
birthday.
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a variety of 2-[(trimethylsilyl)methyl]-1,3-butadienes with
the dienes derived from aldehydes having high isomeric
purity.

Sir: The synthetic applications of 2-[(trimethylsilyl)-
methyl]-1,3-butadienes are rapidly expanding.! The
parent diene exhibited extremely high regioselectivity in
the Lewis acid catalyzed Diels-Alder reaction.’* It has also
been utilized to introduce an isoprenyl group to an elec-
trophilic carbon atom.!¢ However, only a few synthetic
methods for these dienes have been reported.'®? We
describe here a simple and stereoselective route to these
compounds.

It was reported that condensations of trimethylsilyl-
substituted allylic boranes with aldehydes showed very
high diastereoselectivity.® In several cases, the resulting
B-trimethylsilyl alcohols contained essentially only the
RS/SR pair (>99%). Treatment of these alcohols with
potassium hydride provided the (Z)-dienes (98% Z) after
syn elimination of trimethylsilyl oxide. The (E)-dienes
(99% E) were also obtained by using a catalytic amount
of concentrated sufuric acid to induce anti elimination.
The ability to obtain both isomers from the same inter-
mediate is especially interesting. We envisioned that by
properly attaching an additional (trimethylsilyl)methyl
group to the allylic borane, 2-[(trimethylsilyl)methyl]-
1,3-butadienes could thus be synthesized. A summary of
our reaction sequence is outlined in Scheme 1.

Hydroboration of 1,2-bis(trimethylsilyl)-2,3-butadiene
(2), readily prepared from 1 (40% yield) according to the
reported procedure,* with 9-borabicyclo[3.3.1]nonane®
afforded the desired allylborane 3. The geometry of the
double bond in 3 has not been determined.® Condensa-
tions of 3 with aldehydes and cyclohexanone proceeded
smoothly and provided 2-[(trimethylsilyl)methyl]-1,3-bu-
tadienes after either basic or acidic workup (Table I). The
dienes derived from aldehydes had high isomeric purity
(297%). Apparently, high diastereoselectivity was also
achieved during the condensation step to form 4. In each
case, by simply changing the workup condition, either the
E or the Z isomer of the diene was obtained.

The geometry of the double bond in 5a and 6a was
determined by comparing the 'H NMR spectra of these
two isomers with the reported data.® The chemical shift
of the vinylic hydrogen at C(2) of 5a (5 6.73) is 0.44 ppm
downfield from that of the corresponding hydrogen of 6a
(6 6.29) and thus allowed easy identification. Such a
difference of chemical shifts was also observed for dienes
derived from other aldehydes and was utilized to tenta-
tively assign their geometry.’

Although cyclohexanone was found to react with 3 at
refluxing temperature of THF, 2-pentanone failed to show
any significant reactivity even after prolonged heating.
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