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of the products at reduced pressure afforded a volatile fraction
which contained 0.40 mmole (109, yield) of dioxane. On addi-
tion of ether and 2 ml. of concentrated hydrochloric acid to the
residue, a white precipitate of 2-(2-boronophenyl)-benzimidazole
hydrochloride, 1.10 g. (87%, caled. as a monchydrate), m.p.
250-260°, was obtained. Analysis of the ether solution, after
concentration, by v.p.c. indicated 1.75 mmoles (459 yield based
on chloride ion) of 2-(2-chloroethoxy )-ethanol.

(C).—A mixture containing 1.35 g. of I, 12.6 g. of collidine,
10 ml. of 2-chloroethanol and 20 ml. of 1-butanol was heated at

PeETER T. LANSBURY AND JAMES O. PETERSON

Vol. 85

89° for 181 hr. During this time collidine hydrochloride sepa-
rated as a crystalline precipitate. The mixture was added to
ether and filtered, yielding 14 g. (849;) of collidine hydrochloride,
which was identified by its infrared spectrum. The filtrate was
concentrated and extracted with dilute hydrochloric acid, and
the acid extracts were washed several times with ether. Distil-
lation of the organic and combined ether layers afforded 2.80 g.
(219%) of 2-butoxyethanol, b.p. 53-54° (2.7 mm.), n¥Dp 1.4180
(lit. n¥p 1.4177), identified by its infrared spectrum, and 1.12
of higher boiling residue.
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Lithium Tetrakis-(N-dihydropyridyl)-aluminate :

Structure and Reducing Properties!

By PETER T. LANSBURY AND JaMES O. PETERSON
RECEIVED MARCH 7, 1963

The reaction of lithium aluminum hydride with excess pyridine, in the absence of more readily attacked
substrates, including aldehydes, ketones, carboxylic acids and their derivatives, results in the formation of
lithium tetrakis-(N-dihydropyridyl)-aluminate (I). ~Solutions of I, as well as the crystalline salt, have been
examined by n.m.r. and infrared spectroscopy and found to lack Al-H bonds and to contain both 1,2- and 1,4-
dihydropyridine groups bound to aluminum. Compound I reacts with highly electrophilic carbony! groups by

hydrogen transfer from the dihydropyridine moieties.

Diaryl ketones react quite rapidly, other ketones sluggishly,

and carboxylic acids and esters are essentially unaffected. Several novel selective reductions of bifunctional com-

pounds by I are described.

Introduction

Several years ago we undertook a study of lith-
ium aluminum hydride (LAH) reactions in pyri-
dine solution.? It was anticipated that carbonyl
compounds would undergo reduction faster than pyri-
dine solvent,? if the former were initially present when
the hydride was added. As expected, aldehydes,
ketones and carboxylic acids and esters are cleanly
and rapidly reduced when LAH 1s added to their pyri-
dine solutions. It was of interest to study the reactions
of lithium aluminum salts of dihydropyridines and
related compounds, which result from attack of LAH
on the heteroaromatic ring, with reducible substrates,
since free dihydro-N-heteroaromatic compounds are
known to undergo hydrogen transfer to certain organic
compounds.* Accordingly, solutions of LAH in pyri-
dine were allowed to interact until no free LAH remained
(see below) and carbonyl compounds were then added
to the resulting solution which supposedly contained
species such as LiAl(NR,), (where NR; is 1,2- and/or
1,4-dihydropyridyl), by analogy with the reaction of
secondary amines with LAH.5 It was anticipated
that the anionic® dihydropyridine groups in such salts
would be more potent hydride donors than the more
covalent 1,4-dihydropyridines studied by West-
heimers.b and Braude.** We have observed that the
anionic complex prepared as described above does

~ b H ~ LN e
;Al—NDQI?;c=o—> AII:N\ PHH=C ¢

indeed readily reduce certain aldehydes and ketones,
but not carboxylic acids and esters,! in contrast to the
parent LAH. Furthermore, novel selectivity is exhib-

(1) For preliminary accounts of portions of this work, see P. T. Lansbury
and J. O. Peterson, J. Am. Chem. Soc., 88, 3537 (1961); 84, 1756 (1962).

(2) P. T. Lansbury, ibid., 883, 429 (1961); P. T. Lansbury, J. R. Rogo-
zinski and F. L. Coblentz, J. Org. Chem., 26, 2277 (1961); P. T. Lansbury and
R. Thedford, ¢bid., 27, 2383 (1962).

(3) F. Bohlmann, Chem. Ber., 88, 390 (1952).

(4) (a) R. H. Abeles, R. F. Hutton and F. H. Westheimer, J. Am. Chem.
Soc., 79, 712 (1957); (b) R. H. Abeles and F. H. Westheimer, ibid., 80, 5459
(1958); (c) E. A. Braude, J. Hannah and R. Linstead, J. Chem. Soc., 3249,
3257, 3268 (1960).

(3) J. K. Ruff, J. Am. Chem. Soc., 88, 2835 (1961). Reaction of excess
dimethylamine with LAH in ether gave LiAl(N(CHa)s)4.

(6) On the basis of electronegativities, the Al-N bond has ca. six times as
much ionic character as the C—N bond.

ited toward various types of ketones in that diaryl
ketones are reduced with greater ease than other
types,! which is in the opposite order of reactivities
observed in other carbonyl addition reactions.

It is the purpose of this report to present information
concerning the preparation and structural features of
this novel reducing agent and to describe procedures for
its use. In addition, the results of several reductions
of bifunctional compounds, where the selectivity of the
reagent is used to advantage, are described, and a ra-
tionalization of its capabilities is attempted.

Discussion

Lithium tetrakis-(N-dihydropyridyl)-aluminate (I),
the responsible reducing agent generated from LAH
and pyridine, is generated on a small scale by
aging the orange-colored solution (ca. 0.25 M) for
at least 24 hr. in a rubber-capped serum flask (initially
at 0°, then at room temperature), from which aliquots
can be removed by a hypodermic syringe. Crystalline
I is obtained from more concentrated solutions (0.5
M) by filtration in a dry box and subsequent vacuum
drying. Reproducible C, H, and N analyses could
not be obtained, possibly because aluminum and lithium
carbides and/or nitrides are formed during combustion,
thus resulting in the observed low C and N analyses.
Furthermore, reliable analytical results were hampered
by the inability to remove all pyridine from I without
decomposition. However, compelling evidence for the
major structural features in I has been obtained from
chemical and physical evidence, as discussed below.

H
QO
B N He
LiAlH, + 4| |_,1;® A
N

AR
= : N H.
1

Initial indications that hydrogen transfer to substrate
originated from dihydropyridine groups in I came from
studies using lithium aluminum deuteride and pyri-
dine.! When relatively fresh solutions of these reac-
tants were added to benzophenone and the resultant

)
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benzhydrol analyzed by infrared spectroscopy, only a
small amount of «-C-H was found, implying that
LiAlD,; was the major reducing species (or possibly
LiAlD;(CsH;;DN), etc.). However, as such a solution
was kept for increasingly longer periods, during which
aliquots were removed for reduction and H: D analysis
of product benzhydrol, the amount of @-hydrogen in-
creased until a fairly constant H:D ratio (correspond-
ing to the deuterium isotope effect) of ca. 3 resulted,
as shown in Table I. The observed isotope effect com-
pares reasonably with the value (ku/kp ca. 4-5) ob-
tained by Westheimer*® for reduction of thiobenzo-
phenone by N-benzyl-1,4-dihydronicotinamide. The
above results indicate that deuterated I (one D per
methylene group) is fully formed within 24 hr.” and
that hydrogen is transferred from the methylene car-
bons more rapidly than deuterium. The data do not,
however, tell us how many dihydropyridy! groups per
aluminum are present in I, nor what ratio of 1,2-
dihydropyridyl to 1,4-dihydropyridyl moieties is pres-
ent.

TABLE I
REDUCTION OF BENZOPHENONE BY DEUTERIUM-LABELED I
‘“Age’’ of ‘“Age’’ of
LiAlDy— LiAlDs—
pyridine, pyridine,
min. C-H* % C-D,* % hr. C-H*% C-D*%

6 2 96 2 50 52

10 7 93 24 71 28

30 21 80 50 77 26

96 77 27

@ These are uncorrected values obtained directly from calibra-
tion curves.

By means of hydrogen evolution studies and infrared
spectroscopy, it was determined that the major species
at hand possessed no Al-H bonds; that is, four dialky!-
amino substituents surrounded the central aluminum
atom.! Aliquots of a LAH-pyridine solution, contain-
ing 1.3 mmoles of LAH originally, were taken periodi-
cally and decomposed in methanol for 15-20 min.,
followed by 59, HCIl, and the evolution of hydrogen
measured. Samples aged for >20 hr. showed no
appreciable gas evolution. The results are given in
Table II. Further evidence for the absence of Al-H
bonds was gained from infrared spectra of crystalline I,
which showed no absorption in the 1900-1700 em.~!
region. Aluminum-hydrogen stretching modes re-
sult in strong, broad absorption bands in this region
in a large number of trivalent organoaluminum hy-
drides® in various physical states and solvents. In
order to make a closer comparison, one can use sub-
stituted aluminohydrides and AlH,~ itself. For exam-
ple, the latter in ether shows a broad band centered
at 1746 cm.~! and we have observed strong absorption
at 1700 cm. ! in lithium aluminum tri-f-butoxyhydride
and lithium di-N-piperidyl-aluminate!® (Nujol mulls).
No such bands appeared in the spectrum of I. Finally,
semiquantitative n.m.r. measurements of I in pyridine

(7) LAH would undoubtedly require less time; one would require pyri
dine-ds to check this, using the above method. Such a time study was not
undertaken because of the expense involved. However, a sample of I pre-
pared from LAH and pyridine-ds for 50 hr. gave 709 H and 30% D transfer
to benzophenone, in agreement with the results in Table I.

(8) In addition, one or two pyridine molecules can coordinate with the
metal atom give a trigonal bipyramidal or octahedral complex ion,

(9) E. G. Hoffmann and G. Schomburg, Z. Elekirochem ., 61, 1101, 1110
(1957).

(10) Prepared by reaction of 2 moles of piperidine and 1 of LAH in ether.
This compound apparently is not susceptible to facile disproportionation as
are the alkoxyaluminohydrides (H. Haubenstock and E. L. Eliel, J. Am.
Chem. Soc., 84, 2363 (1962)) since it reduces dihydroisophorone to ca. 75%
axial alcohol, indicative of a much more bulky reagent than LAH itself
(R. E. MacLeay. unpublished results).
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containing ¢-butylbenzene as internal standard indi-
cated at least 3.5 dihydropyridy! groups per aluminum
(see below),

TABLE II
FormaTION OF I FoLLoWED BY HYDROGEN EVOLUTION STUDIES
Vol. Hs Al-H
‘““Age’’ of sample (S.T.P.), ml. H:, mmoles remaining, %,

0 min. 116 5.2° ..
7.5 min, 68.5 3.06 59

65 min. 20.5 0.92 18
4 hr. 7.0 0.31 6

24 hr. <1 0

¢ Theoretical, based on LAH content of each aliquot (see Dis-
cussion).

It now remained to determine whether both 1,2-
and 1,4-dihydropyridy! groups were present in I when
normally prepared at room temperature and, if so, in
what proportion. Although the structures of certain
dihydro-N-heteroaromatics (e.g., 1,2-dihydroquinoline
and 1,2-dihydroisoquinoline) are known,*!! the simpler
dihydropyridines without ring or N-substituents have
not been characterized, in part because of their great
instability toward air oxidation as well as isomeriza-
tion.!? Bohlmann's dihydropyridine® proved to be
unstable and it was not possible for him to assign a
definite structure. It is unadvisable to use the orienta-
tion of organometallic additions to pyridines as a guide
for predicting the course of LAH addition to pyridine,
especially since different solvents are involved. Even
in the same solveunt, ether, organolithium reagents some-
times give different results than Grignard reagents do.!?
Furthermore, the reactivity of dihydropyridines with
dienophiles as a criterion for a 1,2-dihydro structure
may lead to incorrect conclusions in certain cases, as in
the structure of N-methyl Hantzsch ester, which is a
1,4-dihydropyridine but nevertheless forms a 1:1 ad-
duct with maleic anhydride.!* In view of the potential
hazards in predicting by analogy with other nucleo-
philic addition reactions and the instability of simple
dihydropyridines, we decided to study complex I itself,
rather than to attempt to characterize the dihydropyri-
dine(s) from hydrolysis.

If one assumes that ku/kp is approximately the same
for 1,2-dihydro- and 1,4-dihydropyridyl groups in I,
then the use of a specifically-labeled pyridine can lead
to information on the ratio of the above isomers. Using
pyridine-4-d,, the possibilities are

D H D

A .
@ + LiAlH, — h + | h H (3
N N

| N "H
II I

If IT were the sole species present, one would expect ca.
25% a-D in benzhydrol resulting from reduction of
benzophenone by excess I; if III were the correct struc-
ture, no deuterium should be transferred to the product.
In the actual experiment, the product contained 109,
deuterium, which corresponds to ca. 409 1,4-dihydro-
pyridine groups. A second experiment was run in
which labeled I was prepared in the usual manner from

(11) (a) W. S. Johnson and B. Buell, sbid., T4, 4517 (1952); (b) M. Saun-
ders and E. H. Gold, J. Org. Chem., 87, 1439 (1962); (¢) E. M. Kosower and
T. S. Sorenson, tbid., 8T, 3764 (1962).

(12) R. A. Barnes, “Pyridine and Its Derivatives,’”’ Part I, E. Klingsberg,
Editor, Interscience Publishers, Inc., New York, N. Y., 1960, pp. 77-83.

(13) Reference 12, pp. 50-52.

(14) A. F. E. Sims and P. W. G. Smith, Proc. Chem. Soc., 282 (1958).
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Fig. 1.—Nuclear magnetic resonance spectra of I prepared
‘rom: A, pyridine and LiAlH4; B, pyridine and LiAlDs; C,
pyridine-4-d, and LiAlHy; D, pyridine-4-d, and LiAlD4; all at
room temperature; and E, pyridine and LiAlH, prepared at 60°,

pyridine-4-d, and LiAlDy, in which case species IV and
V woud be formed.

D D
D._D
X . =
| )} + LiAID, — m + i H (4)
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With IV and V present, any benzhydrol-e-H would
necessarily come from V. Infrared analysis of the
reduction product in this experiment indicated 489,
a-H, whereas 779, would be predicted for Vonly. This
value corresponds to 629, of groups with structure V
and agrees nicely with the first experiment dealing with
1,4-dihydropyridyl content. In view of the experimen-
tal error, however, one can conclude no more than that
the observed 1,2- to 1,4- ratio in I prepared at room
temperature is close to the statistical one (1:2),
which is quite reasonable for attack by a powerful
nucleophile in a polar medium.’® Another source of
discrepancy is the distinct possibility that the reactivity
of the 2-methylene and 4-methylene groups as hydride
donor centers differs (due to steric effects, etc.) in spite
of similar ky/kp. Furthermore, the 1,2- to 1,4-ratio is
sensitive to temperature (see below) which is a diffi-
culty-controllable variable in various preparations of I.
One reason for this is the varying particle size of the
LAH, which obviously controls the rate of reaction
and hence the degree of exothermicity. Finally, iso-
topic impurities in the deuterated compounds used is
an unavoidable source of small errors.

A more direct method for investigating the 1,2- to
l1,4-ratio in I is nuclear magnetic resonance {(n.m.r.)
spectroscopy. The chemical shifts of the 2- and 4-
methylene protons would be expected to be different
and at higher field than the vinyl proton signals, whici
in turn would appear at higher field than pyridine
itself, allowing one to make measurements of I in
pyridine solution as it forms, as well as on the crystal-
line salt. However, in view of the complex n.m.r.
spectra shown by N-phenyl-1,2-dihydropyridine and
N-phenyl-1,4-dihydropyridine,!'® we anticipated that
compound I would show a very complicated n.m.r.
spectrum with extensive spin-spin coupling and this
was indeed the case. The 60-Mc. spectra of I and
several specifically deuterated analogs are shown in
Fig. 1.

As can be seen, several of the resonance peaks are
broad multiplets so that there is some uncertainty in
the exact position of the center of the peak. Table
IIT give the chemical shifts (c.p.s. from internal tetra-
methylsilane in pyridine solvent) of the various pro-
tons present in I. The appearance of the various sig-
nals can be followed with time after LAH and pyridine
are initially mixed and the solution immediately trans-
ferred to the n.m.r. sample tube. Moreover, the reduc-
tion of benzophenone can be observed by n.m.r., which
reveals little rate difference in reduction by 2- and 4-
methylene groups. Crystalline I gives essentially the
same n.m.r. spectrum as aged solutions.

The above assignments of chemical shifts are in
good agreement with previous n.m.r. studies by Saun-
ders!t® and Kosower,!! on the N-phenyl-1,2- and 1,4-
dihydropyridines!!» and 1,4,4-trimethyl-1,4-dihydro-
pyridine,'®» respectively, and are further confirmed
by examining deuterated samples of I (spectra B, C
and D). Spectrum B, obtained with LiAlD, and
C;H;N, shows decreased intensities for the 200 and 250
c.p.s. peaks, relative to the vinyl proton signals, since
the 2- and 4-methylene groups present are now half
deuterated. Since the decrease in intensity of the 250
c.p.s. multiplet (2-methylene) is substantially less than
the 200 c.p.s. peak (4-methylene), the former must
also arise from other protons, namely, the 3- and 5-

(15) The great selectivity of organolithium reagents for a-attack on
pyridines may well be due to the highly covalent character of organolithium
compounds in ether which results in close proximity of the carbanionoid por-
tion of the reagent to the a-position when lithium initially becomes coordi-
nated to the ring nitrogen. This factor has also been used to explain metala-
tion of aromatic rings ortho to a basic substituent.
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TaABLE 111

CueMICcAL SHIFTS OF PRroTONs IN LItHIUM TETRAKIS-(N-
DIHYDROPYRIDYL )-ALUMINATE (I)

Peak, c.p.s. Assignment
200 4-Methylene
250-260 2-Methylene plus 3- and 5-vinyl pro-
tons in 1,4-dihydropyridyl
280-315 3- and 5-vinyl protons in 1,2-dihydro-

pyridyl
370 (quartet, due to
ABC system) 4-Vinyl! proton
400 (doublet, J ~ 7 2- and 6-vinyl protons in 1,4-dihydro-
c.p.s.) pyridyl
430° 6-Vinyl proton in 1,2-dihydropyridyl
s This peak was observable only in pyridine-4-d; or pyridine-ds
solution.

protons in the 1,4-dihydropyridyl groups.!®* This is
expected from Saunders’ results'!> and additionally
verified below. The assignment of the 200 c.p.s. peak
to 4-methylene is further proved by examining spectrum
C, which shows I prepared from LAH and pyridine-4-d;.
It should be noted that the 200 c.p.s. peak is reduced in
intensity to about half and that the 250 c.p.s. multiplet
is unchanged. In addition, the 370 c.p.s. signal has
disappeared, as expected, since there is now no 4-vinyl
proton. Spectrum D, obtained from LiAlD; and
pyridine-4-d,, shows no 4-CH, signal and no 4-vinyl
proton signal as predicted. From the above firmly
assigned peaks and by examination of relative areas
under peaks, it is possible to assign the remaining sig-
nals as indicated in Table III and summarized in the
partial structural formula

280-315——, {2650
2 —"
370~ N—Al—N  )YH,+200
}30 4(;0 260

The 430 c.p.s. multiplet is usually hidden by pyridine
absorption, but is partly observable in pyridine-4-d,
and pyridine-d; solvent. In the latter solvent, the 6-
vinyl proton signal appears as a shoulder at the high
field side of the intense signal arising from the 8- and
v-protons of pyridine (of solvation in crystalline I).
Integration of the a-proton signal of pyridine and
comparison of the area with the above peak gives a
ratio greater than 2:3 as demanded for pyridine itself.
The excess area of the latter peak coincides with that
of the 4-vinyl proton multiplet at 370 c.p.s., thus
confirming the assignment of the 430 c.p.s. absorption.

We have been able to prepare samples of I containing
almost entirely 1,4-dihydropyridine groups, by aging
LAH in pyridine at 60° rather than 0-25° as usual.
This solution (spectrum E) shows only three groups of
signals, at 200, 260 (relative area 1:1.1 indicating ca.
109 of 2-methylene in the 260 c.p.s. peak) and at
400 c.p.s. Further investigation of the effect of tem-
perature on the structure of I revealed that this variable
exerts a profound effect on the 1,2- to 1,4-ratio, as
shown in Table IV.

TABLE IV

EFFECT OF TEMPERATURE OF AGING ON 1,2- TO 1,4-DIHYDRO-
PYRIDYL RaT1O IN I

Temp., °C. —30 0 25 60
% 1,4- 27 31 51 90
% 1,2- 73 69 49 10

(168) This portion is actually on the downfield side of the multiplet, at
ca. 260 c.p.s.
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The above results were obtained by taking the ratio
of the integrated areas of the 200 c.p.s. peak (1,4-con-
tent) to the entire 250-260 c.p.s. multiplet (total dihy-
dropyridyl content) or in several cases by comparing
the areas of the 200 c.p.s. peak with the 4-vinyl proton
signal (which corresponds to 1,2-dihydropyridyl con-
tent). The above ratios reported in Table IV are in
good qualitative agreement with the previously men-
tioned infrared results obtained from samples of I
prepared at 0-25° without rigorous temperature con-
trol. Additional evidence that the 1,4-dihydro isomer
is'the thermodynamically more stable will be presented
in a subsequent paper.’

Finally, we were able to confirm by n.m.r that I
does contain four dihydropyridyl groups, in accord with
previously suggestive infrared results mentioned above,
by using ¢-butylbenzene in known concentration as an
internal standard and integrating the entire 250-260
c.p.s. multiplet. Comparison of peak areas gave 3.5
dihydropyridy! groups per aluminum.!?

An additional point concerning I is the possibility
of its dissociation into a lithium amide and a trivalent
aluminum amide, especially in solution.

>

LiAl(NR3), > LiNR; + AI(NR,),
€

Crystalline I does not melt without decomposition
and is insoluble in non-polar solvents such as benzene,
ether and petroleum ether, but is soluble in acetonitrile
as well as pyridine. These observations favor the
tetrasubstituted aluminate structure, since compounds
of the type AI{NR;); generally have low melting points
and are soluble in non-polar media.?

We now turn our attention to the reducing action of
I on organic compounds. Initially, the reactivity of
monofunctional compounds with I was studied by ex-
amining substrates individually, then in pairs by means
of competition experiments. Table V summarizes
the results of reactions of various ketones and carboxylic
acids and esters with excess I at room temperature. An
excess of reducing agent was used for comparing the
reactivity of various functional groups since it has been
found that the first equivalent of hydride is transferred
more rapidly than the second when excess benzophenone
was being treated with I, furthermore, the third and
fourth hydrogens reacted only slowly. It can be seen
that diaryl ketones are much more reactive than the
other functional groups studied. In addition to the
reactions of I with carbonyl compounds, reduction of
nitro groups has been observed. Nitrobenzene gave
azoxybenzene as the major product (ca. 75%) when
treated with I, in the mole ratio 2:1, for 5 hr.?* The
effect of varying temperature and reactant ratios on
the yield and reaction course is being further investi-
gated. An exploratory reaction of styrene oxide
with excess I for 4 hr. resulted in a 509 vield of «-
and B-phenylethanols in the ratio 60:40.2° The slow
reduction of the above epoxide suggests that such a
group might survive in selective reductions by I of
more reactive groups in polyfunctional compounds,

From the above results, it appeared that certain
ketoacids and ketoesters could be selectively reduced
to lactones, rather than diols, by cyclization of the
hydroxy acids or esters initially formed.

(17) J. O. Peterson, unpublished results.

(18) This is significantly more than three, although somewhat less than
theoretical, however, it is expected that the observed value might be less
than four sinice mere traces of moisture, etc., would lessen the value appreci-
ably by consuming I.

(19) R. E. MacLeay, unpublished results.

(20) L. W. Trevoy and W. G. Brown, J. Am. Chem. Soc., T1, 1675 (1949),
report 75% a-phenylethanol from reduction of styrene oxide with LAH in
ether.
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TaBLE V
RepucTtION OF CARBONYL COMPOUNDS BY LITHIUM TETRAKI1S-(N-DIHYDROPYRIDYL)-ALUMINATE (I)

Compound Mole ratio I/comp. Time Product (%, yield)®
A. Diaryl ketones

Benzophenone 1.25 3 hr. Benzhydrol (ca. 100; 1. R.)
Benzophenone 1.25 5 min. Benzhydrol (92-95; G. C.)

9-Fluorenone 1.25 5 min. 9-Fluorenol (ca. 100; I. R.)
1,5-Dimethyl-7(12H )-pleiadone 1.25 20 hr. Pleiadenol (¢ca. 100; I. R.)
4,4’-Dichlorobenzophenone 1.25 3 hr. 4,4’-Dichlorobenzhydrol (ca. 100; I. R.)
4,4’-Dimethylbenzophenone 1.25 3 hr. 4,4’-Dimethylbenzhydrol (ca. 100; I. R.)

B. Aryl alkyl ketones

1-Phenylethanol (32; G. C.)
1-m-Anisylethanol (70; G. C.)
1-p-Anisylethanol (29; G. C.)

1-Indanol (16; G. C.)

1-Tetralol (3; G. C.)

1-Benzsuberol (14; G. C.)
Triphenylmethane (77)
Trifluoromethylphenylcarbinol (83; G. C.)

2-Octanol (69; G. C.)

Methylbenzylcarbinol (58; G. C.)
2-Methylcyclopentanol (89, trans, 27% cis; G. C.)
989, recovd. ketone

2,4,4-Trimethylcyclopentanol (209, trans, 5% cis; G. C.)

Acetophenone 1.25 12 hr,
3-Methoxyacetophenone 1.25 12 hr.
4-Methoxyacetophenone 1.25 12 hr.
1-Indanone 2.5 6 hr.
1-Tetralone 2.5 6 hr.
1-Benzsuberone 2.5 6 hr.
Benzpinacolone 1.9 40 hr.
a,a,a-Trifluoroacetophenone 2 2 hr.
C. Dialkyl ketones
2-Octanone 1.25 12 hr.
Methyl benzyl ketone 1.25 12 hr.
2-Methylcyclopentanone 20 5 days
Camphor 7 5 days
2,4,4-Trimethylcyclopentanone 23 5 days
4-t-Butylcyclohexanone 24 5 days

4-t-Butylcyclohexanol (37% trans, 8% cis; G. C.)

D. Carboxylic acids and esters

No reacn. (I. R.)
No reacn. (I. R.)
No reacn. (I. R.), 759 recovery
No reacn. (I. R.)

1-Naphthoic acid 1 6 hr.
Stearic acid 2.6 18 hr.
Methyl 1-naphthoate 1.25 20 hr.
n- But)l stearate 2.6 18 hr.
dl-a,a’-Dimethylhydrobenzoin carbonate 1.3 44 hr.

No reacn. (I. R.)

e In cases where product isolation was not carried out, the analysis was done by infrared spectroscopy (I. R.) or gas chromatography

(G.C).
@E{HzOH LAH C OR
X C,H,N l :] l /O
G CeHs ﬁ—c oHs
OH CsH5
(R= H,CHs)

The above-anticipated selectivity was dramatically
illustrated with o-benzoylbenzoic acid or the methyl
ester. Excess LAH added to the substrate in pyridine
gave predominant reduction to the diol within 15 min.
(by infrared), whereas overnight exposure to excess I
afforded 3-phenylphthalide in excellent yield (e.g., 93%
from the ketoacid). Other ketoacids (or esters) show-
ing the above-typified selective reductions by I were
o-a-naphthoylbenzoic acid and 8-benzoyl-1-naphthoic
acid.

The unique reactivity of various types of ketones
toward I is most interesting?' and was further explored

As expected,?? the latter reagent reduced VI selectively
at the dialkyl carbonyl group, giving a 469, yield of
4-(p-benzoylphenyl)-2-butanol (VII) as well as a 549
yield of the diol IX resulting from complete reduction.
Conversely, the dihydropyridine reagent reacted with
VI to give a 569, yield of the isomeric ketol VIII to-
gether with some diol. The formation of diol in these
two selective reductions could undoubtedly be mini-
mized by further adjustment of conditions, e.g., re-
duced reaction times and/or less reducing agent.

H I
Cs 5(]()%"< >—CHZCH2§CHS '—l

VI (IR- :5.9, 61/,1.) H
CsHs(IJ—Q—CHZCHz(”]CHg
OH 0

VIII (LR.:5.9,,)

NaBH,

in several selected diketones in order to demonstrate
intramolecular selectivity, as well as that observed in
competition experiments (e.g., 1-tetralone vs. benzo-

LiAlH,
CSHEC—Q—CHchzCCHa——l LA

VII (LR.:6.1,)

phenone and 2-octanone vs. benzophenone, in which
experiments the latter was almost completely reduced
in each case without appreciable consumption of the
former). Accordingly, 4-phenyl-2-butanone was ben-
zoylated with aluminum chloride catalyst, yielding
4-(p-benzoylphenyl)-2-butanone (VI) and the diketone,
which possesses both diaryl and dialkyl carbonyl
groups, reduced by I and by sodium borohydride.

(21) Our attention was initially drawn to this phenomenon when we ob-
served the sluggishness of 4-t-butylcyclohexanone toward I during prolonged
periods (3-5 days) when attempting to study the stereochemical aspects of
this reduction.

OH o
csHsg—Q— CH.CH,CCHs
IX

The product mixtures were separated by gradient elu-
tion chromatography and the two oily ketols character-
ized by infrared spectroscopy, each showing only a
single characteristic carbonyl band (see above), and

(22) H. C. Brown, O, H. Wheeler and K. Ichikawa, Telrahedron, 1, 214
(1957); H. C. Brown and K. Ichikawa, J. Am. Chem. Soc., 84, 373 (1962).



Aug. 5, 1963

further reduction to a common diol (mixture of race-
mates) which showed no intense ultraviolet absorption
and analyzed correctly. Further confirmation for the
structures of VII and VIII comes from the crystalline
2,4-dinitrophenylhydrazones, which not only gave satis-
factory elemental analyses but also characteristic ab-
sorption maxima in the visible region which were in line
with those of suitable model compounds, as shown in
Table VI. The synthetic utility of I in reducing di-
ketones such as 4-(p-benzoylphenyl)-2-butanone is
attested to by the fact that a more conventional multi-
step conversion to ketol VIII (by selective ketalization
of the diketone, followed by reduction of the diaryl
carbonyl group and subsequent ketal hydrolysis) failed
to provide the desired product in reasonable yield or
purity.
TaBLE VI
VISIBLE ABSORPTION SPECTRA OF
2,4-DINITROPHENYLHYDRAZONES
Compound
VII-2,4-DNPH
4-Methylbenzophenone

Amax, mu €
381 (EtOH) 28,600

2,4-DNPH 390* (CHCly) 28,000
VIII-2,4-DNPH 359 (EtOH) 22,400
2-Butanone 2,4-DNPH 362" (EtOH) 23,000

¢ C. D. Johnson, J. Am. Chem. Soc., 75, 2720 (1953). *E. A.
Braude and E. R. H. Jones, J. Chem. Soc., 735 (1942).

A second diketone which underwent selective reduc-
tion by I is 2-acetyl-9-fluorenone (X). In view of the
fact that fluorenone undergoes sodium borohydride
reduction faster than benzophenone?® it is understand-
able that no selectivity was observed in reducing X, as
judged by the relative intensities of the two ketone
carbonyl bands (at 1700 and 1650 cm.™') in reactant
and crude product. With I, however, it was antici-
pated that the acetyl group should be reduced only
slowly and this was confirmed by the isolation of a 409,
yield of 2-acetyl-9-fluorenol (plus 289, recovered di-
ketone and ca. 159, of the diol).

0
C0L -y
0 CHj H”™0H ™Scg,
X

The unusual order of reactivity of various types of
ketones toward I is of theoretical as well as synthetic
interest. It is possible that benzophernones react by an
entirely different mechanism than the other ketones,
since no other addition reactions of diaryl ketones occur
with such relative ease. One possibility is initial for-
mation of a charge-transfer complex!!¢ followed by in-
tramolecular hydride transfer within the complex.

& CaHs

O

|
N

(CeHy):C=0 + I —» ..EJ — product
H,

The aryl group that is unconjugated with the carbonyl,
due to out-of-plane bending?* exerts a —I effect which
facilitates hydride transfer. «,a,a-Trifluoroacetophe-
none, as expected, underwent reduction almost asrapidly
as benzophenone (819, yield of" carbinol after 2 hr.);
about 5% of an inseparable contaminant in the ketone
may have prevented an even faster reduction. On
the other hand, in acetophenones w-complexing is

e

(23) R. B. Bayer, Ph.D. Dissertation, Washington State University.
(24) R. N. Jones, J. Am. Chem. Soc., 67, 2141 (1945).
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also possible, but the methy! group has a 1 effect on
the carbonyl group, which decreases its electrophilicity
and lowers the rate of nucleophilic attack. It is antici-
pated that studies of substituent effects in a series
of benzophenones® and acetophenones will provide
information on the mechanisms of, these reductions.
The determination of Hammett p-values for these two
series is presently underway in our laboratory, as well
as further studies of selective reductions.

In summary, it is now possible to use LAH and
pyridine either as a potent, but indiscriminant, reduc-
ing system, by direct addition of LAH to the substrate
in pyridine, or as a mild, selective reagent, by prior
formation of an anionic dihydropyridine derivative.
These techniques will hopefully further enhance the
already tremendous versatility of the complex metal
hydrides and their derivatives.?®

Experimental?

Reagents.—Lithium aluminum hydride and deuteride were
obtained from Metal Hydrides, Inc., the former being purified
by evaporation of filtered ether solutions. Reagent-grade
pyridine was distilled from barium oxide and stored over it prior
to use. Deuterated pyridines were obtained from Merck, Sharp
and Dohme, Ltd., Montreal, Can., and had better than 987, iso-
topic purity. Most of the compounds used in reduction studies
were obtained from commercial sources or prepared by standard
synthetic methods. The syntheses of new compounds are de-
scribed below.

Preparation of I and General Procedure for Reductions.—
Solutions of I for structure and reduction studies were generally
prepared on a small scale, since addition of large quantities of
LAH (> 1g.) to pyridine may lead to highly exothermic reactions.
Typically, 0.5 g. (0.013 inole ) of LAH was gradually added to 50
ml. of anhydrous pyridine in an ice-cooled 60-ml. serum bottle
equipped with a rubber cap. After the initial reaction, the cap
was tightened and the pale orange solution (0.26 M in LAH
initially) aged as desired. Generally, the solutions were kept at
20-25° except in those cases where the effect of temperature on
the structure of I was studied, in which case samples were aged at
60°, 25°, 0° and —30°. Aliquots of the pyridine solution of I
were removed as desired by means of a hypodermic syringe and
transferred to a reaction vessel containing the substrate to be
reduced in pyridine, or to n.m.r. sample tubes, etc.

In cases where crystalline I was desired, 0.5 M solutions were
prepared in a nitrogen-flushed drybox and filtered in it,
through a sintered glass funnel to remove insoluble impurities
present in commercial LAH. On standing, chunky, pale yellow
crystals of I separated; these were filtered in the drybox and
subsequently dried 7n vacuo at room temperature. The vacuum-
dried crystals had a pyridine odor and were extremely hygroscopic
in air, making further manipulations possible only in a drybox.
The crystals decomposed without melting when heated.

Anal. Caled. for CooHosNyLiAl: C, 67.79; H, 6.83; N, 15.81;
residue (as metal oxides), 18.60. Found: C, 61.19; H, 6.60;
N, 8.64; residue, 19.08,

Reductions of 1-2 mmoles of substrate, using crystals of I re-
dissolved in pyridine or, more generally, directly-aged solutions,
usually involved equimolar or greater amounts of I in order to
ensure complete reaction where one occurred and to demonstrate
clearly the inertness of those groups that are unaffected by I
(e.g., carboxylic acids and esters). The reaction mixtures were
hydrolyzed by addition of methanol, then poured into a mixture
of ether and 59 hydrochloric acid. The ether extract was further
washed with 59, hydrochloric acid, sodium chloride solution, 5%,
sodium bicarbonate and then dried over sodium sulfate. Evap-
oration of the dried ether solution provided the crude product,
which was either recrystallized or directly analyzed by infrared
spectroscopy and/or gas-liquid partition chromatography (see
Table V for individual experiments).

(25) Competitive reductions of a number of substituted diaryl ketones
with I at room temperature have established the following order of relative
reactivities: 4,4,-dichlorobenzophenone > fluorenone > 2,4’-dichlorobenzo-
phenone > 4-chlorobenzophenone > benzophenone > 4-methylbenzophen-
one > 4,4’-dimethylbenzophenone (R. E. MacLeay, unpublished results).

(26) H. C. Brown, J. Chem. Educ., 88, 173 (1961).

(27) Melting points and boiling points are uncorrected. Analyses were
performed by Dr. Alfred Bernhardt, Mulheim, Germany. Infrared spectra
were taken on a Perkin—Elmer model 21 or Beckman model IR-5 spectro-
photometer, using Nujol mulls or neat liquids between salt plates. Nuclear
magnetic resonance spectra were obtained with a Varian A-60 instrument,
using pyridine as solvent and tetramethylsilane as internal standard. Gas—
liquid partition chromatograms were obtained using an F and M model 300
linear programmed temperature chromatograph.
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Samples of I with deuterium labeling were prepared as above,
except on a smaller scale. Theratio of benzhydrol to benzhydrol-
a-D resulting from reduction of benzophenone by deuterated I
(Table I) was determined by infrared spectroscopy, using the
C-H and C-D stretching bands at 2870 and 2120 em. !, respec-
tively, for determining H/D content viz the base line method.
Examination of synthetic mixtures of pure benzhydrol and benz-
hydrol «-D provided linear calibration plots for both peaks. A
0.5-mm. cell was used with carbon tetrachloride as solvent.

Competitive Reductions of Ketones by I. a. Benzophenone
vs. 1-Tetralone.—A pyridine solution containing equimolar
amounts of the above ketones (2 mmoles each) was allowed to
react with excess reducing agent (5 mmoles) for 3.5 hr., then
worked up. The crude product (vmax 3400 cm. 1, O-H; 1675
cm. !, 1-tetralone carbonyl) contained at best only a trace of
benzophenone as indicated by lack of infrared absorption at
1650 cm. 7!, Treatment with 2,4-dinitrophenylhydrazine reagent
gavea 95% yield of 1-tetralone 2,4-dinitrophenylhydrazone, m.p.
258-260°, which checked with an authentic sample.

b. Benzophenone zs. 2-Octanone.—When an equimolar mix-
ture of the two ketones (2 mmoles each ) was allowed to react with
excess I (5 mmoles) in pyridine for 1 hr., then hydrolyzed and
worked up, the crude product showed nearly complete disappear-
ance of the 1650 cm. ~! band of benzophenone but the 1700 cm. !
band of 2-octanone was still quite intense. Gas chromatography
on a Tide column gave the composition (mole %,): 429, 2-octa-
none, 8% 2-octanol, 3% benzophenone and 479, benzhydrol.

Selective Reduction of o-(a-Naphthoyl)-benzoic Acid by I.—To
a solution of 0.80 g. (2.9 mmoles) of o-(e-naphthoyl)-benzoic acid
in 5 ml. of pyridine was added (syringe) 18 ml. of a 0.26 M solu-
tion of I in pyridine (4.7 mmoles). The initial exothermic reac-
tion resulted in a lightening of the orange color; after 38 hr. the
mixture was worked up as usual except that the acid hydrolysis
mixture was warmed for 15 min. on a steam-bath before the prod-
uct was extracted into ether (to complete lactonization of any
hydroxyacid remaining). The crude oily product (0.57 g., 76%
yield) showed a strong infrared lactone carbony! band at 1752
cm. 7! and no absorption due to starting material (1655 and 1672
cm. 1), Crystallization from 809, methanol gave pure 3-a-
naphthylphthalide, m.p. 135-137° (reported® 137-138°), whose
infrared spectrum was unchanged from that of the crude product.

Using the same ratios of reactants and conditions as above,
methy! o-(e-naphthoyl)-benzoate gave a 789, yield of 3-a-
naphthylphthalide.

Treatment of 0.45 g. (1.6 mmoles) of the above ketoacid with
excess sodium borohydride (2.6 mmoles) in methanol for 4 hr.,
followed by hydrolysis and work-up, resulted in a nearly quanti-
tative recovery of starting material, whose infrared spectrum was
superimposable on that of the ketoacid.

A similar scale reaction with excess lithium aluminum hydride
in pyridine for 15 min. gave complete reduction of both functional
groups to the diol, as indicated by the infrared spectrum of the
crude product in chloroform solution, which showed no carbonyl!
absorption but strong O-H absorption at 2.8-3.0 4. Recrystal-
lization from aqueous methano! (Norit) gave colorless crystals,
m.p. 131-133°.

Anal. Caled. for CisH,60s:
81.55; H, 6.18.

Selective Reduction of o-Benzoylbenzoic Acid.—Treatment of
1 g. (4.5 mmoles) of o-benzoylbenzoic acid with 5.0 mmoles of Iin
pyridine for 4 hr., followed by work-up, gave a 93%, yield of 3-
phenylphthalide, m.p. 115-116.5° (reported® 116-117°), vmax
1740 cm. ! (in Nujol).

Starting from methyl o-benzoylbenzoate, the lactone was ob-
tained in 629 yield.

When o-benzoylbenzoic acid was reduced with LAH in pyridine,
the major product was the diol, judging from infrared examina-
tion.

Preparation of 4-(p-Benzoylphenyl)-2-butanone (VI).—To a
stirred solution of 50 g. (0.375 mole) of aluminum chloride in 250
ml. of carbon disulfide was added 16.3 ml. (0.14 mole) of benzoyl
chloride and 22.9 ml. (0.15 mole) of benzylacetone. During the
addition and for 1 hr. after, the reaction mixture was kept at
0°, then allowed to warm to room temperature and stand over-
night. The dark brown solution was hydrolyzed by pouring onto
a mixture of ice and ccncentrated hydrochloric acid, then worked
up in the usual manner. Crude VI was purified by distillation
under reduced pressure, b.p. 185-200° (2 mm.), yielding a color-
less oil which solidified on standing. Recrystallization from
benzene—petroleum ether gave 16.4 g. (26%) of pure diketone as
colorless needles, m.p. 35-37°. The infrared spectrum showed
two distinct carbonyl bands at 1700 and 1650 cm. ! (dialkyl and

C, 81.80; H, 6.09. Found: C,

(28) B. M. Mikhailov and A. N. Blokhina, J. Gen. Chem. U.S.S.R., 10,

1793 (1940).
(29) D. Y. Curtin and M. J. Fletcher, J. Org. Chem ., 19, 352 (1954).
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diaryl carbonyl, respectively) and the ultraviolet spectrum
showed AEOF 2590, log ¢ 4.3.

Anal. Caled. for Ci7H 605
80.64; H, 6.39.

Reaction of VI with excess hydroxylamine hydrochloride in
ethanol led to the isolation of the dioxime, m.p. 143-144°, whose
infrared spectrum showed strong O-H absorption at 3200 ¢m, ™!
and no carbonyl bands.

Anal. Caled. for C;7H;3sN202: N, 8.64. Found: N, 9.09.

A half-gram sample of VI was oxidized with hot alkaline
permanganate solution, yielding crude p-benzoylbenzoic acid,
m.p. 190-194° (reported® 194°) in 789, vield as the only isolable
product.

Selective Reduction of 4-(p-Benzoylphenyl)-2-butanone (VI).
a. With Complex I.—A solution of 32.5 mmoles of I in pyridine
(125 ml.) was added to 1.25 g. (5 mmoles) of VI in 10 ml. of pyri-
dine. After 3 hr., the reaction mixture was poured onto an ice-
dilute hydrochloric acid mixture. Work-up provided 1.11 g. of
brownish oil whose infrared spectrum (neat) showed a strong
dialky! carbonyl band at 1700 cm. ! and only weak diarvl] car-
bonyl absorption at 1650 cm. ~!. A portion of this material (0.93
g.) was chromatographed on silica gel, using a gradient elution
system with petroleum ether (b.p. 30-60°), benzene and ether in
that order. Approximately 50 cuts were taken. The first com-
pound eluted was starting material VI (89, recovery), followed
by a 569 yield (0.515 g.) of ketol VIII, which showed only a
1700 cm. ™! carbonyl band in the infrared and no strong ultra-
violet absorption. The third component eluted was the diol
(0.34 g., 36 % yield).

The oily ketol VIII was further characterized by conversion to
a crystalline orange 2,4-dinitrophenylhydrazone, m.p. 88-91°
(from ethanol), AEQ® 359 my, log € 4.35.

Anal. Caled. for C3HaN,Os: C, 63.59; H, 5.10; N, 12.90.
Found: C, 64.21; H, 5.22; N, 13.06.

The above diol IX was identical (by infrared) with that pre-
pared by LAH reduction of VI in 989, yield as a colorless oil
(mixture of racemates).

Anal. Caled. for CnHzoOz:
79.66; H, 7.73.

Treatment of IX with 3,5-dinitrobenzoyl chloride in pyrldme
afforded a crystalline bis-3, 5 dinitrobenzoate, m.p. 70-74

Anal. Caled. for CyHuNyOy: C, 57.77; H, 3.75.
C, 58.18; H, 3.91.

b. With Sodium Borohydride.—Equimolar amounts (5
mmoles) of VI (1.26 g.) and sodium borohydride (0.19 g.) in
absolute ethanol (100 ml.) were kept for 1 hr. at room tempera-
ture, then hydrolyzed with 109, hydrochloric acid and worked up.
The crude oil (1.03 g.) was chromatographed over silica gel as
above, yielding 469, (0.473 g.) of ketol VII and 549 of dio] IX.
Compound VII showed O-H absorption in the infrared at 2.7-3.0
u and a single carbonyl band at 1650 cm.™t. Treatment of VII
with 2,4- dmltrophenylhydrazme reagent gave a reddish orange
derlvatlve m.p. 155-157° (from ethanol-water), A2¥ 381 my,
log € 4.46.

Anal. Caled. for CuH2e N O, C, 63.59; H, 5.10; N, 12.90.
Found: C, 64.01; H, 5.18; N, 12.80.

Selective Reduction of 2-Acetyl-9-fluorenone (X).—2-Acetyl-
9-fluorenone® (1.1 g., 5 mmoles) dissolved in c¢. 20 ml. of pyri-
dine was treated with 50 ml. of I (13 mmoles) and allowed t» react
for 1 hr. From work-up, 1.08 g. of brownish yellow oil was ob-
tained whose infrared spectrum showed O-H (3400 cm. ') and a
substantial decrease in the intensity of the 9-carbonyl group
(1700 cm. ') with respect to that of the 2-acetyl group (1650

—1). Gradient elution chromatography over alumina, using
petroleum ether—ether solvent, gave 289 of recovered X 40%
of 2-acetyl-9-fluorenol (XI) and 159 of the diol. Recry stalhza-
tion of XI gave colorless crystals (from benzene—petroleum ether),
m.p. 146-147°, showing a single carbonyl band at 1650 cm. !,
as in 2-acetylfluorene,

Amnal. Caled. for CisH20s:
80.19; H, 5.37.

Several exploratory reactions of X with sodium borohydride in
ethanol failed to yield any selective reduction of either carbonyl
group.
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(30) M. E. Smith, J. Am. Chem. Soc., 48, 1921 (1621).
(31) Y. Sprinzak, 7bid., 80, 5449 (1958).

C, 80.93; H, 6.39. Found: C,

C, 79.65; H, 7.86. Found: C,

Found H

C, 80.34; H, 5.39. Found: C,



