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ABSTRACT

‘ ~ The reductions of a—fluofoacetophenone and cyclohexyl

fluoromethyl ketone w1th 11th1um aluminim hydr1de and

. alumlnum‘hydrlde were carrled out. - Dehalogenatlon of
these substtates occurs with either hydride reagent and is
associated with the coﬁresoonding’fluorohydrins. The

aromatic substrate reacts with LAH to give a mixture of 1-

\
. . . \
phenyl- and 2—phenylethanols; the latter being in-

v

significant yield “in benzene and only in traces in

\tetrahydrofuran..

- Defluorlnatlon is suppressed in the

presence of radical inhibitors, particularly for,the *
react;onlin benzehe.' An eiectron‘transfeg‘mechanism, f{
‘which consists of g.radical chain propagation, is prooosed
for‘the LAH defluorlnatlon of the’ fluorohydrln, 2-fluoro-
1- phenylethanol' The LAH reductlon of the allphatlc
substrate furnishes a small amount of 1- cyclohexyl 1,2-
epoxyethane in addition to l-cyclohexylethanol. With a
sufficient amount of hydrlde; the latter is‘the majot
product and arises primarily from the epoxiqe;
-3 An electron transfer ptocess could not be
‘oemohstrated for the react gon of a—fluoroacetophehone with
aiu inum hydrioe‘in THF, since the process is not affected
‘xh; a radlcal 1nhibitor. Yet thé products are similar to

those from the LAH reaction. 1-Phenylethanol predominates

- in the product mixture obtalned from the reduction with

J
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excess hydride reagent while 2-phenylethanol prevails when

a limited amount of aluminum hydride is used. On the

, ) .
pas1s of the results from the reduction with aluminum

" deuteride and of the product ratios of the isomeric

defluorinated alcoho%§ at various levels of the hydride
reagent, it is concl@ded that phenyl migration of the
fluoroalkoxide followed bxhreduction lféqs to the primary
alcohol whereas the secondary alcohol arises érom .
intermolecular hydr&de transfer of the fluoroalkoxide.
The result for the reductién of cyciohexyl fluorométﬁyl
ketone resémb}es that for the LAH reactiop( except that

the epoxide is produced in higher yield and that

cyclohexyl methyl ketone is a product when a limited

amount of the hydride reagent is*ehployed. The latter

finding is cbngistent with é hyd@ide shift mechanism,
However,‘ﬁhis pathway accounts for only a small fraction ‘
of the produét 1;cyclohexylethanol since deuteration at
C-1 of this product is insignificant with aluminum

deuteride. The major route from which this alcohol is

derived probably involves an epoxide intermediate. An

calkyl shift'is also observed, though it is even less

important than the migration of hydrogen.
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1.1 Background

“Ever since the initial report of its discovery and
bplication to the reductioh of common organic compounds,l

5

lithium alumlnum hydrlde (LAH) has widely‘peen employep as
a useful reduc1ng agent. In centrast to the great .
’versatlllty of LAH, aluminumn hydrlde is a mllder and hence
more selectlvelreagent. It was flrst prepared from
alumznum chlorlde by Schle51nger and coworkersla durlng
thelr prellmlaary studies -on the behav1our of LAH towards
common 1norgan1c‘reagents.

. CEt,00 |
‘ .3‘L1A1H4 + AlCly ———» 3 LiCl(vs“) 4+ 4 - AlH5 ()

"~ An exceedlngly convenlent method to prepare a‘THF solutlon

5 "‘k

of aluminum hydrlde 1nvolves the\treatment of a solutlon :

of LAH with 100% sulfuric acid:2 . )
2 LiAlHy + HySOy ——Bﬁ-—> Li SO, ..+ 2 AlHg + H (2)
4 7 Tva 2774 (8) © 3 2(g)

« L

Studles of the phy51cal and spectroscoplc propertles
of, LAH.and alumlnum hydrlde in solutlons are helpful 1in

ﬁhe undersganding of certaln medhanlstlc aspects of their

a



reactions with various organic functional groups.
Specific conductiVity measurements, of diethyl ether3 and
THF solutions of LAH3b'4 suggested the presence of ionic

spec1es. Ashby and coworkers4@ have further demonstrated‘
. /
the presence of. free 1ons .and 1ion palrs in dllute THF

solutions and triple ions’ at higher concentrat10ns_(>0.1

M). They have also presented thermodynamlcal data showing
the domlnancy of solvent separated ion palrs in solutlons
of LAH. ‘This was substantiated by the infrared absorption

bands attributed to the vibration of Lit within the THF

)
solvent cage. On the other hand, both Raman and -infrared

_ data of aluminohydride ion (A1H4;) in ether solutions

(diethyl ether, THF, dimethyl. ether and 1,2- dlmethoxy—

s

”ethane) produced by Shirk and Shr1ver5 have precluded
solvent coordlnatlon to the anion w1th strong ébldence,
despite contradictory proposals by earlier workers.® It

still remalns 1ndlsputable, however, that A1H4 is

J

/
tetrahedral since the ploneer studies of the vibrational /

" spectra of LAH solutions by Llpplncott.7 //

Alumlnum hydrlde prepared from LAH- AlCl3 mixture /
(Equatlon 1) in d1ethy1 ether polymerlzes rapidly to/an

ether insoluble product 1a 8 an add1t10na1 equlvalence of

A1C13 can prevent or reverse polymerlzatlon by formlng the

soluble A1H3'A1C13. In a‘stronger base THF it is more

‘stable and forms the monoetherate A1H3.THF.above -5¢ .and



dietherate AlH3.2 THF'between -45° and -5°. While ether
llnkage is resistant to LAH even at 80°-100°, 10,11 the
cleavage of THF to 1l-butanol by: A1H3, prepared from AlLl3,
has been reported.1 AlHj obtalned by Brown's procedure

(Equation 2)2 is more stable; at room temperature a

solution of 0.50 M decreases to 0.49 M after 3..;day5.13

Although LAH has long been known to reduce a variety-

of functional.‘types14 except possibly the ether linkage15

\

and'isofated carbon-carbon multiple bonds,16 the
mechanisms of its reactions are still controversial. It

appears that the substrate plays a crucial role. Trevoy

17

and Brown, in the earliest statements'on the mechanisms

of LAH reactions, postulated the displacement of an
électronegative atom (oxygén, nitrogen or halogen)

i

attached to carbon by hydrogen from AanH4 -n: (n = 0—4)._

slnce then an Sy 2 mechanlsm has beén 1nvoked 1n many cases;

to explaln LAH reduction. On the other hand there has(u
heenfa growing number of{reports‘ln the pas;,deche
highlightiqg the role of LAH as alsingie elecﬁfpnfaOnor
rwith‘sbme organic substrates. As early as 1964, Lemaine
and coworkersl8rhad recorded the electron spin resonance
(ESR) spectrum of a'paramagnetlc spec1es generated whenﬂg
benzene solution of nitrobenzene was mixed with 0.25 mgggr

eqiivalence LAH. This species was identified to be

diphenylnitroxide radical. When the mixture was diluted



with diethylene glycol; another radical species,
phenylnitroxid;; was produced. ‘Likeqise, the ESR spectra
of radical species from nitrosobenzene and nitro-tert--
butane were detected in the presence of deficient amounts
of LAH. | ’ :

The reductionlof carbonyl compounds with LAH have
generally been envisioned as the transfer of a Bydride
anion from aluminohydride to the carbonyl carbon atom

followed by the association of the oxygen atom with.

.aluminum hydride to give an alkoxide (3).19“20 The

-

i 1 HyAl
0 | . HyAl0 Li” ' \i\o .
Li
)k/ +  HAIK{LT ——— 4\ e /)\
R R R R Ry R

r _ _ (3)

lithium cation, presumably, assists the displacement of a
carbon-oxygen bond. : Toe

Ashby and Boone?l have studied the kinetics of the
reductions of mgsitylphenyl ketone with LAH and sodiud
borohydride (NBH)iin THF énd concluded that either
reaction is overall second order - first order 1in the
hydride and first order in the ketone. The formation of 1

is then rate-determining. A six-membered transition.

state, 2, 'in which Lit is closely associated.with the



T

carbonyl oxygen, was recommended for this step based on

s

the estimation of a lower entropy of activation than that

- - F
‘ ‘ , S H - H
H-~-__\_//0 \Li/ \Al/
/H--..( / s/ \0/ \H
Al Lk \l
/v Tt CH
‘ -
L ) A

(S = Solvent)

of the NBH reaction and on the knowledge4a thathi+Jénd
A1H4—‘are solventtseparated in THF. The‘actuai structure
of 1 was depicted as '1'. Their.reéults for aromatic |
ketones have been confirmed.22

. If bimolecular displacement occurs as portrayed, it
would be expected thaﬂ the transfer of hydride proéeéds
‘from the less hindered side of the cérbonyl cér?on. Tﬂe
hydroiyl group of the alcohol product ﬁrom a cyclic ketone‘
would be cis to the ﬁindered group. This waslobserved in
the reduction of~d—camphor where isoborﬁeol, the Eii_form,
was prodﬁcedAin not'leSS than 90%.23 However ﬁhe mor e
stable trans isomer prevails in the relatively less
hindefed 2—methy1cyclohexanoﬁe.24 This led to the early
belief2> that the trénsition state for the reduction of

unhindered ketones was product-like and of the hindered



ones, reactant-like., Subsequent investigation526
indicated that in all hetal hydride reductions of
carbényls, stereochémical course was dictated by an
intefplay of steric interference, torsional strain and
electrostatic effects -in the transition state which
resembled the reactant. More recently the old idea
received reassessment2’ during the course of combarative
studies of the reactions of ‘cyclic ketones with LAH and
with methyllithium. Yet the low Hammett o values for the
LAH feductiod of arqmatic ketones22 and a normal kinetic
isotbpe effect (kLAH/kLAD 5 1)21'22 fbr the reqction are
‘diagnostic'of an early transition state.

The mechanism of the reduction of carbonyl compounds
to alcohols by aluminum hydride resembleé that by LAH. On

R .

the basis of their studies of a series of cyclic and
bicyclic ketones, several g%oups»of workers have concluded
that steric requirements in the reactants determine the '

25b, 28

stereochemical outcome of the reaction. Ayres and

coworkers28C nave reported a small positive slope from the
Hammett plot for the AlHj reduction of EEEEZREQE
disubstituted benzophenones. They.also found that only a
small pfoportion of the hydrogen atoms ofJAlHB were

available for the actual reduction. This was consistent

with the cyclic transition state 3 assuméd‘for aluminum

/



I - 1 F
Ar /Ar ‘
—O0 H
‘:! - ;\l
Al---H  H
H/ \H
L J
3

hydridevreduction._ Furthermore, they- observed thaﬁ a
mixture of AlHj and 5 equivalents of tri-tert-
butoxylaluminﬁm reduced benzopﬁenone and its halogen
derivatives to a limiﬁed'extent, but dimethyl- and
dimethoxybenzopﬁenones did not react. This was attributed
to the formation of dialkoxyaluminhm hydride (4) from AlHy

and Al(OR)q 'a@s shown in Eguation 4:

AlHy + 2 (RO)3Al &= 3 AL(OR)H " (4)

N 4

~

Compound 4 is inert towards aromatic ketones,

The bulk of evidénces which supports bimolecular (

. N
nucleophilic substitution-has been provided by the studies
of the LAH reaction of epoxides and organic halides. The,

corresponding studies with AlH; have also been carried

ocut.



The opening of 1,2-dimethyl-1,2~-epoxycyclohexane by
LAH has been shownl7+29 to give 1,2—dimethylcyclohexaqpl

(5) as depicted in Equation 5:

CHy OH
LAH -+ -«CHy

0 —» T . ()
E1,0 o H

)
Yet Rickborn and coworkers have pointed out that ﬁhe
opening of cyclohexene oXideé is more complicated than a
simple SN2 displacement,: for instance, cyclohexanones have
been, shown to be intermediates in some{cases.zg'\31 The
regio- and the stereochemisﬁry of ringibpeninds of simple
unsymmetrical epoxides by LAH and aluminum.hydride have
offered important décumentations for bimolecular
displacement. in reutral or basic medium, epoxides
undergo nucleophilic attack more readily at the less
hiighly supstituted carbon whereas protonation of oxygen in
acidic medium or coordination with a Lewis acid .
facilitates ring opening to yield the more highly
substituted carbocation prior to nucleophilic
éttack.32'33 Thus the preponderancé of the more highlj

substituted alcehol derived from the attéck of LAH at the

less hindered carbon is an indication of an SN2



pathway.2'13'17r29130'34 Fuchs and vander werf34 found
that the pertent ot alcohol arising from the attack at the
secondary carbon atom of 3,4-epoxy-l-butene increased with
the ratio of LAH to the substrate. Partial alcoholysis of
the hydride preceding the reduction depressed the percent
of secondary attack. This directlyvsupported‘the
postulate17 that a series of aluminohydride, AlX Hy_pn (n =
0-4) was iévolved in LAH reaction of organic substrates,
The importance of steric effect§ has been enforced by the
fact that tri- and tetrasubstitqﬁed expoxides exhibit low
reactivity towards LAH whilst the mono- and disubstituted
ones usually furnish good yiglds:35
As expected, aluminum hydride enhances attack at the
>
more hindered carbon due to its Lewis acid character. The

/
equations in Scheme I summarize the reactioné of styrene

oxide with lithium aluminum deuteride (LAD),»and AlDg.

Kelt

LAD !
THE oF Et20+C6H5$—CH2D (6)

0\ : B
(.6”5 i \ H _|
H A1D3 ?
H ]
TAE Or Et20)- € + C6H5ClCH2()H (7)
H g

Scheme 1



The openings of styrene oxides by LAH and AlH4 have been
the subject of active disctissions. 3735742 with LAH, the
attack at the less hindered carbon of unsubstituted
styrene oxide is not exclusive since;5-10% of 2-
phenylethanol 1is usually produced aléng with the major
product, l-phenylethanol,13/17/41/43 with alp,,
regardless of the metﬁod ot preparation,la'2 6 and 7 are
' ;oL
obtained in comparable quathties.36 In generalR d;._

{
phenylethanol still prevails from the AlH, reacﬁgon bu ts,

not as much as in the corresponding LAH

reduction.2'h3r39,41

.. substituted alcohol formed from styren€%‘i
triphenylethylene oxide with AlDj. The results have been

confirmed in ofher systems.43'44 It

is widely believed
that the formation of the less substituted alcohol
involves initial complexation of the epoxy oxyygen with
AlHB, followed by nucleophilic attack at the more highly

\
substituted carbon. Ashby and coworkers3 741 prompted an

intngolecular hydride transfer mechanism via a 4-centered

transition .state 8 for the ring rupture of

triphenylethylene oxide.



&
\ *ﬁ

- N
H N
\ -
A
\ W
O .. N O \\/()
o H
[ L 8 -

This mechanism predicts that a chigal center reacts with
retention of configuration. Experj}mentally, cqntradictory.
results were found. Mosher and codbrkers36 demonstrated
that the reaction of (R)-(+)-styrene-2,2-d, oxide (9) with
aluminum deuteride in diethyl ether or THF 1is highly

stereospecific., From Equation 8, the primary alcohol 10

0\ ~ CeHs HO
D CeHe i[_)i——» D, —C + n,("~(|‘ (43
‘ 5Ny ‘ \ Cots )
9 , 10 1
(95 / ee) (98 ee)

is an inversion product, and its formation contradicted
the results predicted for a 4-centered mechanism.
similarly, no evidence for Eié_opening have been reported
for l-substituted-1,2-epoxycyclohexanes. In l1-phenyl-1,2-

epoxycyclopentane, both cis and trans 2-phenylcyclo-



pentanol-1-d (69% and 18% respectively) are obtained with

insufficient amount of AlD .43 Sufficient amount of the
3

deuteride still produces Ccis 2.~pheny]Cy(‘:lopentanol-Z—d
predominantly. According to LanSbury and coworkers,43b
intermolecular trans attack occurred if enough AlD3 was
present, while a deficiency in Alby gave rise to

intermediate Species such.as 12a which opened up at the

carbon-oxygen bond more readily than species of weaker

Lewis acid character such as 12b. 1,2-Hydride shift

0 H
.
O
D — Al— OR
OR
1224 ‘ 12b

followed and ultimately furnished a mixture of 1-
deuterated alcohols. The stronger Lewis acid character of
12a was contested by Ashby gﬁ_g}fS who claimed that the
Lewis acidities of AlHjy, Ale(OR)VEnd AlH(OR), were com-
parable since similar product compositions were obtained‘
when the reactions of styrene oxides were effected by AlH4

and its alkoxy-substituted counterparts respectively.

12
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The hydrogenolysis of organic halides by LAH
& : )
reprggsents a general method for the generation of
: oo s : X _ ,
l’lydr(')(':’art’)(m".é‘. walden inversion was first demonstrated by
%,
F1ie12® in the reduction ot oprically acelve a-
chloroethylbenzene with LAD, though maximum optical
rotation was not observed, Subsequent workers have
similarly established net 1nversion in contiguration tor
chlorides, bromides and B;tnluenesultonates.47-49
Reactivity studies of alkyl halides have revealed two
other important aspects characteristic of bimolecular
nucleophilic displacement, viz : the orders of reactivity

of aliphatic R-X are X : I > Br > C1 for the same

R and R : primary > secondary > tertiary, for a given

2,17,50,51 2

halogen, In addition, Brown and Krishnamurthy
noted the following trends : benzylic = allylic > primary;
isobutyl »>> neopentyl; cyclopentyl > 2-octyl > cycloheptyl
> cyclooctyl > cyclohexyl. Earlier, Malter and
cownorkers®?2 had demonstrated second order kinetics for the
reduction of primary bromides - first order in LAH and
first order in halide.

The carbon-halogen bond is relatively resistant to
hydrogenolysis by aluminum hydride. Krishnamurthy and
Brown51 found that bromides réacted faster than chlorides

and that the following trend of increasing reactivity,

reminiscent of those with LAH, held : benzylic > primary >

o

13
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secondary = cyclopentyl > cyclohexyl. Since the reaction
usually proceeds much more gslowly than the corresponding
LAH reduction, advantage has been taken ot thig low
reactivity in the selective reduction of other fqnctional
groups in compounds where retention of halogen 1s
desired. Thus, 3-chloropropionic acid is converted mainly
to 3-chloropropanol with aluminum hydride while the
corresponding reaction with LAH yields chiefly 1-
propano].53

The reduction Qf aromatic halides was .
reported”'SO'54 to be slow with lithium aluminum hydride
eSpecially for the chlorides, but d,a,a,Z—tetrafluoro—
toluene had been shown>2 to be converted to a,a,a-

56 contended

trifluorotoluene. Brown and Krishnamurthy
that the use of slurries of LAH in reactions by earlier
workers partly accounted for the low reactivity. In their
hands, all monohalobenzenes have been found to be reactive
in THF. The rates of reaction are in the decreasing order
of I > Br > C1 > F, which 1is exactly the reverse order
predicted fbr aromatic nucleophilic substitution.?’ This.
trend of reactivity has also been observed by other

workers.54

The SyAr mechanism comprises a rate-
determining step'of ipso attack of the nucleophile without
the potentia‘?leaving group being displaced. Hence

" electron-withdrawing leaving groups and/or para-
. )



substituents enhance the process while electron d0nat1ng

leav1ng groups and/or para substituents suppress it., The

fact that electron—w1thdraw1ng and electron-donating para-

LR

groups increase and decrease‘the rate of the reaction
\

© between aryl halld@s and LAH respectively presented a

dlleppf to these worRers.e NevertheleSS, they observed<
B \ - ,
thao\Oabromo tert butylbenzene was dehalogenated much,

faster thah its para analog, suggestlng the 51gn1f1cance

of the release of steric strain as the halogen moves out

'

of the plane to form the sp cerbon in the rate-

q§termin1ng step. Two possible mechanisms were proposed

I

to‘aecount for the observed pola:'and'sterlc effects:

(@) +

[

+  LiAHg —

Scheme (I

15
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Perhaps neiphef?mechahism in Scheme II can explain

the results for reactants with cyclizable substituents on
the aromatic rings. In 1979, Chung and Chung58 suggested
the interhediacy of:éryl radical to account for ;;e high
yield of cyclizable product\(%}) in the reduction of

vinyl-o-bromophenyl ether. ' =
0 LAH (xs)"
— —Pp
VAI' atm; leo
Br o
R eGs
H i
) 3

Prior to this, Barltrop and Bradbury59 had presented'

9

evidence for the intermediacy of radicals during the

course of the photoreduction of halobenzenes with sodium .
: . .

borohydride. In the current#case, hydrogen atom

abstraction w&s demonstrated when the reaction with LAD

gave 50% deuterium-free species in the cyclization

products. Less cyclization WasAdetected in THF, which 1is

a better hydrogen atom donor than diethyl ether. How-

ever, when Ashby and coworkefs60 attempted;thenreaction-

they obtained only a 3% total yield after 7 days.

Karacatsos and Stone54>had noted that Erbromoanisoie



?

rea

mix

‘ }

red faster than its para Counterpart to yield a
c p

ture of anisole, phenol and bromophenol. Eurthermore,
U " B

o thoxybenzyl alcohol was found to be converted to o-
-me :

hyd
met

int

int

tri

roxylbenzyl alcohél faster than Q;méthylanisole to o-
hylphenol. This'led to the‘suggestion of an
ramolecular hydride transfer mechanism. h
Recently, chung and Filmore61Aextended the radical-
ermedlacy proposal to the reductlon of 2,4,6-

neopentylbromobenzene. They observed that a

b tanglal amount of deuterium was incorporated in the
subs

Tl

tion
ing the course of the reac
neopentyl side chain during

wit
inc
rea
the
int
or

can

h LAD. Moreover, 28% deUterated product, largely
orporated on the ring, was generated from the LAH
ctién followed by york—up with D,0. on the basis oﬁ
se results, they suggested that a carbanion -
ermediate (14), which arose fro? the radical precursor

’ ' ible
from the starting substrdte directly, was one possib

didate O givé tkhe undeuterated parentvhydrocarbon_

17



Br
Bu'CH, CH, B Bu' SN, CH.BY' - CH, 8!
B AT,
;T, —_—
N Br-
CHBY - ‘ CH,BU' CH:B'
. P L.A.u‘ or
LiALD, . L7 LAID, o ' ’ So e
. - Soi- H
POt ~ Me D(H)
0 _ D(H)
Bu'CH, CH,Bu Bu'CH, CHaBJ CH:BY
G e
CHBS / CHBU! CH,Bu
14
Scheme III
This is depicted in Scheme III. Singh and coworkers®?

prompted an electron transfer mechanism for the reduction

of‘1;2-chlorostilbehe'on tpe. ground of cyclization

accompanying the reaction.

The presence of a radical

trap, cumene or. cyclohexene, suppressed cyclization. 2=

and E-Stilbenes were -also produced.

A1H4‘ was considefed

as the prime electron donor to the reactant, forming an

aryl radical (15) upon the expulsion of Cl;.

'S

The aryl

radical preferehtially undergoes intramolecular

phenylation rather than hydrogen abstraction unless a good

hydrogen atom donoy like cumene oOr cYclohexene is

available. AlH,™

was also regarded as a hydrogen atom

donor for the aryl radical to ﬁ%we Z-stilbene, which may
! 5, _ ,

18

Y



isomerize to the more stable E-stilbene in the presence of
excess LAH, again via a radical process. Scheme IV

outlines their proposed mechanism.

+ e ‘ -Cr

E -Stilbene *-— Z-Stilbene Phenanthrene

St v

Chung®3 noted that the.reduction of aryl halides with

LAH was not inhibited by‘tetraphenylhydraziﬁe or 9,10~
dihydroanthracene, hence excluding a chain process.
‘Benzyl halides are_ susceptible to hydrogenolysis by
~“LAH. Benzyl chloride is converted cleanly té toluene
guite readily in refluxing THF,!7 but a considérable
. amount of dimeric product (16, 17) is associated with the
reduction of diphenylbromomethanel7'6O or 9-bromo-

fluorene:l7"64

19



LAH
PhyCHBr  ——p* PhyCHy' M PhyCHCHPhy
, 16 '
(10) ' )
y .
O
THF
Br

Trevoy and Brownl’ ascribed the formation of the dimers as
involving an organometallic compound which came from the
parent hydrocarbonxproduct in the presence of'excess

LAH., That metallation occurred was proved when they mixed
fluorene with LAH andvthen treated the prodﬁct with carbon
dioxide gas to yield fluorene-9-carboxylic acid.
Slmllarly, they argued that dlphenylmethane was also
liable to metallation since the benzylic protons are
acidic. Nonetheless, when Singh and coworkers64
relnvestlgated the reaction with dlphenylchloromethane and
9- bromofluorene, a different result was obtained from the
control experiments. Instead og carbonatlon, the mixture
of LAH and diphenylmethane or fluorene was subject to

2

treatment with D,0. They found that the starting material

20
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.

was completely recovered without deuteration. Should an
organometallic compound have been formed from the
reactiqnz theySreasoned, kinetic isotope effect would
favor therremoval of a proton instead of a deuteron from
the monomer so that deuterated dimer should have been
detected. To support their argument, they noted that in
Eliel's work4§ on the reaction of g-chloroethylbenzene
with.a mixture of LAD and LiD, the dimeric product, 2,3—
diphenylbutane, was deuterium-free. They also observed
EéR active colored species auring the course of the
reaction of both halides witthAH. The spectra were

\
% ;
attributed to the diphenylmethyl and 9-fluorenyl radicals, :

respectively. .Dimer 16 or 17 was found to be the major
product. Abstraction of x*t by hydride ion was deemed

3

unlikely to achieve dimerization. Deprotonation to form a

<

halocarbanion was also ruled out sinCe deuterium was-
absent in unreacted halide upon_Dzo work-up. An electron
transfer-hydrogen abstraction mechanism was submitted,
with AlH,” and A1H3’ being the electron donating
species. AlH3, which could be a by-product, was not
considered to be an electon donor as it was found to be
inert towards the benzyl halides they examined.

Ashby gﬁ_g&ﬁo cast doubts on the results of Singh and

64

coworkers, First, they did not obtain the dimeric

product, 16, from the reduction of diphenylchloro-
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/
methane. When the same procedure was followed, g{phenyl—
methane was produced quantitatively. They did /obtain good
yield of the dimer with diphenylbromomethane. Second,
they demonstrated that AlH,; was a better electron donor
than LAH since a much higher proportion of.dimet;was
fdrmed in.the reaction of diphenylbroﬁGEéfhane with AlH;y
than with LAH. JHowever, they maintaineg that A1H4— was
directly responsible for electron transfer because the
'A1H3 éeaction»was sluggish and the dimér/monomer ratio was
relatively constant thfoughout the course of the feduc—
tion. Unlike Singh and coworké;s,&4 they saw no spectro-
écopic evidence of radical intermediates during the
reduction of diphenylhalomethanes. Trityl radical was,
however, implied from ESR' signals acquired when trityl
chloride or trityl bromide was tfeated with either LAH or
aluminum hydride. High deuterium incorporation in
triphenylmethane for the reaction with metal deuteride
suggests that the stablehtrityl radical abstracts hydrogen
selectively from the reducing agent.

Several cases of dehaiogenation of vinylic halides by
LAH were mentioned in the litefature.17'51'63'65 From the
Viewpoin£ of energetics, it has been estimated®3 that ZL
4.3 kcal mol™! is required for the inversion of vinyl

radical®62:,66b ypereas the ‘configurationally more stable

vinyl anion requires 31.1 kcal mol™1 to achieve this



process.éGc Accordingly, the ease of isomerization
reflected from product studies may indicate the
involvement of radical intermediates. The reaction of
trans and cis g-bromostyrenes with LAD was found to be

63  This, together with the observation

non-stereospecific.
that a significant amount of non-labelled styrene was
produced led the autho;srto the “conclusion that the
‘reaction proéeeded by a free radical péthway.63 Higher
reaction temperatures (e.g. in refluxing THF) furnished
retention products and a polar mechanism was chosen to
explain tﬁat situation.

Cyclopropyl substrates. are usually unreactive towards
' nucleophilic attack. Sy2 displécement is geometrically '
prohibited while an 541 process: which requires the
formatioﬁ of a planar carbocation, is also disfavored.
Even if the leaving group does depart, the process is .
usually accompanied by ring opening, Still, the halogen
of halQEYCioprOpanes has been known to be replaced by
hydrogen in the presence of LAH under hild conditions
without ring opening;68“71 Similarly, bridgehead halides,
which normaliy do not undergo nucleophilic substitution,
have been shown to be susceptible to LAH reduction.72
Retention of cohfiguration was observed®® during the

course of the reaction of gem—bromofluorocycloprOpanes.

Bromine was selectively replaced. A four-centered

23



transition state (18) was proposed to explain the

r -l :*:
R 13
R/ ‘la, \~B|'
[/
CAl—
/ ™~
L’ -
8

stereochemistry of the reaction.68 Jefford and
collaborators71 also repor;ed overall net rétention of
configuration at the fluorine-bearing carbon during the
selective dechlorination of epimeric 7-chloro-7-
fluorobicyclo(4.1.0)heptanes (19a, 19b) in diglymepat
100°. Under the same conditions, §iﬂ_3-¢hloro—3—

' N .
fluorotricyclo[4.2.1.02'4]nonane (20a) gave chiefly the

<2

a X=F Y=(l a X=F Y=Q1 a X=Cl Y=Br

b X=CIY=1 b X=Br Y=ClI

¢ X=BrY-=Br b X-Cl Y=F> ¢ X=Cl Y=CI

d X=H Y=Br d X=H y=0Ci
e X=Bry-H ¢ X=H Y=t} e X=-D Y=CI
f X=H Y=H



inversion product 20c while the anti isomer (20b) afforded
mainly the same product, i.e. overall retention of

169 also

configuration. Concurrently, Hatem and Waegel
observed exclusive inversion ftor the selective
debromination of gygﬁ3—bromo—3—chloro—2,7,7—
trimethyltricyclﬁi4.l.1.02’4]octane (21a) by the hydride
reagent in diethyl ether. Jefford fﬂ;fﬂjl pointed out
that their own results could not be explained by
nucleOphilic displacement - whether it is Syl, Sy2 or the
4;fentered mechanism. They suggested that the cyclopropyl
radical and the cyclopropyl carbanion were possible
inteFmediates which tan to retain their configurations
unless any Eig;disposeé substituents in these inter-
mediates encounter intrar le lar non-bonded inter-
action. The high proportion of olefinic product 22 from
2lc as reportea by Hatem anc Waegell69 attested to the .

cyclopropyl ring opening due to steric interaction,

1
22

To decide whether the radical or the anion was the
most likely intermediate, Jefford and coworkers7l treated

19b with LAD followq? by hydrolysis with H;0.



Incorporation of deuterium (IOQ%) was detected at the
fluorine bearing cyclopropyl carbon. They inferred the
intermediacy of carbanion since tkey rationalized that a
mixture of 1isotopic producgs should have been obtained if
radiggls were involved., A carbanion, they argued, would
,preﬁgientially capture a deuteron from DCl rather than
g

froﬁwthe weakly acidic solvent diglyme., Hatem and Waegell
also conducted several labelling experiments for the
[4.1.1.02'4] system they studied. The ;esults are

summarized in Scheme V along with that of,Jefford and

coworkers:

“\Y’ : D 3
~ LAD Hy0 o

~ P T — _ > I
\/\/J anhy dighmu 0/ Ny atmo s \/

19b

LAH D0
—p —_— 2d

dicthyl ether / 3o

13
LAD HyO
21a - — —_— 2id + 2c
diethy! ether / 36
27 T
!
(RE}}
LAD : D0 »
21c —» -_——P 21d - 2l
b /48 .
THE /48 A My

(5

Scheme V



These workers postulated the existence of a cyclopropyl
radical intermediate, which rapidly inverts and abstracts
hydrogen‘atom either from the hydride or from the solvent .

Recently Shimizu ééﬁ coworkers '3 have carried out the
photoreductive dehalogenation of aromatic, vinylic and
cyclopropyl halides in diethyl ether. They found that the
presente of LAH markedly accelerated the feaction.
Nevertheless, LAH was not consideréd to be the source of
hydrogen for which the halégeﬁ on the substrates exchanged
since no deuterium was detected in the products 1f LAD was
used. A considerable amount of 2,3-diethoxybutane was
also observed. 7,7-Dibromobicyclof{4.1.0]lheptane (19c) was
one of substrates subiéct to photoreduction in the

presence of LAD.

Br Br H Br H H

/-\-I\ L‘\l). hQ N (N\)

/ E!zo
19¢ 19d ‘ 19€

LAH was visualized as an electron donor in the non-chain
mechanism they suggested. Debromination of 19c has been
studied utilizing different reagents including LAH,7O‘
NBH,74 tri—g;butyltin hydride,75 methylmagnesium bromide ’®

and Na—DMSO.77 The results of these reactions are

outlined in Scheme VI:

27



Br Br Br H }. Br
—»
19% 19 19d
i
—
Entn Reagent Condjtions Overall Yield 7. Mole 19¢/19d Reference
(i) LAH  EtO/refluv/18h 73 X 70
(i) NBH DME/rt /48 h 19 18 74
(i) "BuySnH  neat?/c407 2h 82 2.5 75
(iv) MeMgBr THF/rt/ 2 h 72 2.2-27 - 76
o) Na-DMSO  DMSO/rt 7 0.11 77
Scheme V1

The ratio of 19e to 19d is comparable in every case shown

in Scheme VI except that 1in Entry

-
i

borohydride, Groves and Ma’4 nave
show that radicals were generated

reaction in DMF and were involved

-

(v)l with sodium

presented evidences toO

[

at some stage of the

in a chain process. The

reactions of 19c with the organotin hydride and the

°

Grignard reagent have been establishedeas involving the

monobromocyclopropyl radical.75’76'78 Kuivila’8 had

described the reaction with tri-n-butyltin hydride as

. g , . . . ) .
bromine atom abstraction preceding rapid 1interconversion

between radicals 23a and 23b:

Br

23

Br

amn

2%

28
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- ‘ b. . ' (o
He suggested that steric factor favors abstraction of

hydrogen in 23a, so that 19e/194d is greater than 1. 1In ‘ ’

" contrast to the reactions with hydrides and Grignard

%)

reagent, the reduction with sodium methylsulfinyl

carbanion (Entry (V), Scheme. VI) provides the trans isomer

(194) as the major product. . Gardner and. coworkers’’

.08
suggested that the latter reaction almost certalnly

inVolves nucleOphilic displacement on bromlne to glve a
monobromocyclopropyl carbanion which then abstracts .a
'proton from solvent DMSO. In the case of LAR reductlon,
it appears that the product comp051tlon resembles those by/
other reagents which were belleved to part1c1pate in

radlcal processes during® the debromination of the -same . o

: startlng substrate. Yet Jefford et al71 suggested the , s‘;j
&ntermedlacy of carbanlon for the dechlorlnatlon of l9b
whlch is structurally related to 19c.

- Hatem add/agkgell noted the 51m11ar1ty in the product
Coring
compositions when 2la and 21c were allowed to react

respectlvely w1th tri-n- butyltln hydrlde and LAH.69 19

They suggested that radlcals were 1nvolved in the‘
s ,

.dehalogenatlon of 21 effected by. either reagent

Selectlve dethﬁ”enatlon of” dlhalocyclopropanes is a

characterlstlc shared by both hydrides; 69-71,74, 75, 80-82

for example, the selective dechlorlnatlons of 19a and 19b

A

to glve»lnver51on products were observed with tri-n-

(
K

[5
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’f*r,.;;;l‘ .
fbutyltin hydride80 and with LaH. 71 The parallelism

.Fbetween these two reagents is not limited to

‘ehalooytloﬁxopanes. The stepwise removal of halogen from

i

@ a ga- trlchlorotoluene to form toluene suggested by
Kuivila78 might‘well be compared with similar proposal Fy

forwarded by Dibelér83 for the LAH reduction of a series
of halomethanes. Rather.vigorous conditions are required .

70

~

gfor the removal of bridgehead bromine by LAH.

Bridgehead halides are equally insensitive to organotin =

84

hydrides.. On the contrary, vinyl bromides are reduced

easily by both reagents, giving high yields.70'78'81'84'
Jefford and coworkers8l suggested that in the case of  the Q

’\

halides of the bicyclo[3.2.1]octenyl system their

s ~ .
macroscopic. behaviors were simiiar in the hydrogenolyses
of allylic halogen; In the Selectiee removalt of vinylic
bromine in the same system, however, Lﬁ?‘Was found‘to gi?e
malnly allylic rearrangement products while no

‘ rearrangment was. observed with tr1 n- butyltln hydrlde. An
approx1mately 50/50 mixture of trans- andugigfs—
deuteriostyrenes was obtained from the‘treatment of trans-
g -bromostyrene either with LAD in Et,0 at‘room temperature
or with tri—n—butyltin deuteride in'refluxing benzene.63

A mixture of elmllar comp051tlon was ,afforded startlng

from the cis isomer with - under the same reaction

conditions. Kupchik and Kiesel®? have shown that isomeric

>

~
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. ‘ <
- bromostilbenes were reduced by triphenyltin hydride with

almost identical stereochemical results. _Mechanistically,
Blackburn and Tanner8? hqve'proposed an electron transfer
_mechanism assgciated with the propagation chain for the
reduction of benzyl iodides wiﬁh tri-n-butyltin hydride.
The sequence has subsequently been confirmed fdr methyl

iodide with triphényltin hydride.8®

Likewise( Ashby and
coworkers60 have presented pertinent information related
‘to an electron transfer process for the reduction of
“benzylic ;nd other alkyl iodides by LAH.

| It has been éommonly accepted78'85f90 that organic
halides are reduced by organotin hydrides Xig_a free
radical chain propagation. The reactions can be ini!%ated
photochemically, or thermally in the presence of azo‘and
peroxidic initiators. /891 They can also be‘inhibited by

hydroguin'ones.78'9l

Moreover, for a given R group in RX,
the reactivity is F <'C; < Br < I and for. the same halide,
t he reactivity.followthhe order of the stability of the
radical R (i.e. primaryﬁ< secondary‘< tertiafy).78'84'89
Kuivila??2 reéognized‘thap the stereochemistry ,of -the
reductions of the carbonyl function é%fectedvby
‘trialkyltin hydrides differs little from that effected by

LLAH. While the former reductions may involve homolytic

and/or heteroiytic cleavage of Sn-H bor’ld,93'95 polar
. v 7 .

a4 @Q;

&

¥
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mechanisms dominate the'scéne exclusively for the LAH
reduction.

Grignard reagen&s, whose reaction with carbonyl
compounds may consist of polar énd/or electfon transfer
processes,96 resemble the chehical behaviors of LAH in
several égpects..'One analogy is noted in the product
compositions resulted from the reductions of the -dibromide
19¢ (Entries (iv) énd (i), Scheme VI). Gaylordi0
summarized ﬁhe similérities from early studies: (i) a
’donor solvent is needed, specifically the ethereal type;
(ii) ether cieavage OCFurS only in the presence of cobalt
chloride;97 (iii) the results of their reactions are
'similar, as in the conversion of tosylate to
hydrocarbon.98 |

Other organometallic compounds and metal hydrides of
Groups IIA—IVA have also been reported as being involved
in free radical reactions. Hindered o-guinones react with
the alkyl derivagives of Group IIIA (Al, Ga, In,'Tl) to
give colored species‘wﬁich are ESR acti'ag Radical

3

usuggested to explain the

101 ¢q

chain mechanisms have beeﬁ
additions of trialkylboraneslbb and trialkylalanes
the carbon-carbon. double bonds of a,B—unsaturated
compounds, during the course of which homolytic

displacements on\the metal: centres occur,. Substitﬁted

aromatic nitrogen-heterocyclé are reduced by

32
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N4

organoaluminum compound; in the presence of an alkaline
metal (e.g. sodiumi in THF, and the processes are believed
to involve electron transfer.lo2

Kochi 32_31}03 have suggested that free radicalv
chain process could be associated with metal hydride

' 1

reductions. 1In addition, they nqted that since hydrogen
is an excellent og-donor 1ligand, metal hydrides are able to
participate as electron donors. Thus, the alkyl
derivatives of the deuterides of boron, alumiﬁum and tin
have‘been shown to transfer deuterium atoms to either endo
or exo norbornyl-2-mercuric bromlde to furnish a common
mi;ture of exo and gggg_norbane—Z—d irrespective of the
metal deuteride used, 104 Lithium triethylborohydride,
which is probably the strongest known nucleOphile,lq5’1O6
has most recently been rgported as donating single
electron and hydrogen atom to cyclizable alkyl iodides and
bromides. 107 ‘
In‘the case of LAH reduction, radical processes have

been consfdered for other organic substrates besides

certain aromatic, benzylic, vinylic .and cyclopropyl

‘halides. Most of the investigations of this kind owed

much to the efforts of Ashby and his colleagues. 1In
recent years they have presented documentation of single
electron transfer (SET) in the reactions of alkyl "=

o
halides,60'107"111 ketones,111'114 alcohols115 and



conjugated hydrocarbonsln'116 wﬁth\a variety of metal
hydrides, alkoxides pf lithium and aluminum, as well as
lithium amides. -Their methodology comprises ESR studies,

product studies of cyclfzable probes, employment of

radical traps and stereochemical studies. This is

epitomized in theilr examinations of the reactions of alkyl

halides, some results of which have_been pfesented above.,
For example, trityl radlcal detected from ESR
studies, could be generated from the reactions of trltyl
chloride and bromide with HMgCl, HMgBr, MgH2,6O 109,110
lithium‘tetrakis(Qfdihydropyridyl)aluminate (LDPA)111 and
lithium diisopropylamic_le114 in addition to LAH and
AlH3.6O'10?'110 The probes they chose for studylng the
reductionslof alkyl halides consisted of the cyclizable 5-
hexenyl moiety. Cyclobentyl products were obtained in
“ considerable amounts when the iodides were treated with
LAH. Labelling experiments revealed tnat the hydrogen
atom from.the radical trap dicyclohexylphoséhine, if
present, was 1ncorporated partially into both the
cycllzatlon and the straight -chain products. The
intermedla@y of.radlcals was substantiated by stereo-
chemical studies. They found that (+)-2-iodooctane was
reduced by LAD in fHF with much less stereospecifiClty

than the corresponding reaction with bromides, chlorides

~and tosylates. In the case of the bromides, probably both

34



35

Sy2 and SET act simultaneously, the extent of which
depends largely on the steric environment of the substrate
and the stability of the corresponding alkyl radlcal
Hence, cycllzatlon was found in the LAH reduction of 1-
bromo-2, 2-dimethyl-5-hexene, albeit in small amount;‘but
not in 6-bromo-l-hexene. Net inversion of configuration
was observed for the hydrogenolysis of 2;bromqoctane by
LAD. 1In the cases of chlorides and tosylates, no Y
cycllzatlon products were detected for the reactlons of
cyclizable substrates with LAH and with A1H3. This,
together with the observation that inversion pfoducts were
obtained.from thé LAD reductioé‘of optically active 2-
chlorooctane and 2-octyl p-toluenesulfonate, ied them to
exclude radicals as intermediates.

Neveriheless, the occurrence of carbon-carbon
cleavage during the course of the LAH reduction of

sulfonates 24 1in THF, he*amethylphosphoramide (HMPA) or

CHAOH

CHY
h)
M 2]
2 X<01s Y =01
b X=0Ts ¥=0H
¢ X=0Ms Y =OMs

.
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THF-HMPA has been considered as a diagnosis of electron
transfer.l1’ Compound 25 was formed in '1-19% as a

combined result of carbon-carbon and sulfur-o;ygen\bond

cleavages of 24. This was anomalous since LAH reduc-
tion of sulfonates, which is generally accepted as an

Sy2 process, furnishes the correspon@ing hydro-

48,49,118-120

carbons. Parent hydrocarbons of 24a and 24c

were not obtained at all from the reaction, although the
normal carbon-oxygen bond cleavage still occurred as 26

was produced in considerable amount for most

117,121  7The ratio of $-0 to C-O0 bond cleavages was

found to be solvent dependent.117 ’ i

cases.

ESR active species were detected during the.course of
the reductions of hindered aromatic ketones with HMgX,
BoHg, MgH,, A1H3,112 lithium alkoxides, aluminum

isopropoxide,113 lithium_ amides!l4 and LDPA (27) 111 The

latter reagent is prepared from LAH and pyridine:122
8 | -
W
A
N \ .'3'
'}ﬁ
= C<HN - 7
LiAlH, + 4@ 2 a7 Li*
\ \ '\ (18)
N A
S

7



Single electronytransfer from the reagent to the
carbonyl function was sugyested for each case. A ket;l
radical anion was inferred for tﬁe reactions of dimesityl
ketone (DMK) with LDPA. and with HMgpr. In the latter
case, the ESR signal observed for the radical intermediate
was found to be similar to thap of the free ketyl
generated when DMK was mixed with ££££;butylmagneaium
bromide. Likéwiée, the ESR active species generated from
the reaction of DMK with LDPA was found to be identical to
that of the lithium ketyl prepared independently. In
addition to the ketone, 87% dimesitylmethanol and 5%
d}mesitylmethane were detected in the product mixture.

The hydrocarbon produci was shown to be derived from a
further reactibn.of lithium dimesitylmethoxide (29).with‘
LDPA and the by-product Al (PyH) 3y (28) since thevsame
product was obtained when the independently prepared
alkoxide was treated with LDPA and Al(PyH)B

respectively. The alkoxide itself was believed to come
either from éhe radical cation-radical anion pair by
hydrogen radical transfer, ér to a much lesser extent,
from the reaction of the free ketyl and Al(PyH)3. The
radical pair might also lose a hydrogen radical, either by
‘self coupling or by hydrogen abstraction from THF sélvent,

giving rise to the free ketyl. The proposed mechanism 1is

., reproduced in Scheme VII below:
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Me)(=0 + Li'AIRH)
n
fast
Py .+ AKPyH) + Mes)CH -
8 OLi
s\d‘;‘ Y
.\:\
Scheme

Vil

Mes, C=0 - Lit (AR Y

((Mes,C=0)" (LILAIR H))Y )

fast -~ ”2 Hz

Mes,COLi + 28 + B

30

The slow decay of the intensity of the ESR signal due to

the free ketyl 30 was attributed possibiy to its reaction

with 285 "

\

The'pgramagnetic species was shown not to be the

"ketyl for the reductions of aromatic ketones with the

.~ other reagents because of different ESR signals.

112-114

 Moreover, the ketyls generated from DMK and benZOphénone

have been shown not to abstract hydrogen from solvent THF

nor from the metal' hydride. Yet a 100% yield of

\

dimesitylmethanol was produced from DMK versus AlHj.

:

The

ESR signal obtained during the metal hydride reduction of

\ ;
DMK was suggested

+

to be that of the radical cation-radical

anion pair, Ar2é‘6MH~ with.A1H3, the alcohol product was

formed continuously during the entire course of the

L4
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reaction and its yield increased in a first order fashion
after the ESR and visible absorption reached a maximum.

1t was suggested that the alcohol product was derived from
the radical pair. ;The following mechanistic scheme was

oo

proposed:112

{ast . ..
Mesy(=0 -+ M-M _— Meny( = ONM— I
teg M:ATHS!
2 s \\
/ p
Mesy( = OM - MessCON
|
H
Scheme VI

The production of hydrocarbon from 29 with 27 or 28

N
(Scheme V11) parallels the conversion of benzhydrols,

trityi alcohol and 2,2,4-trimetyl-3-pentanol to their

H.115 Agailn, the

parent hydrocarbons in the presence of LA
latter reaction was believed to proceed via an electron

transfer process. ESR active species were detected,

accompanied by the development of an orange-red coloration

in the solutions. In the case of trityl alcohol, the ESR
spectrum was found to be consistent with that of the
trityl radical. The concentration of the radicals was
tsolvent dependent; uéually a maximum of 10-20% was
estimated 1in THFband much less in diethyl ether. The

products were also formed much more readily in the latter

39
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solve gy Experiments of dimesitylmethanol and trityl
alcohol with LAD attorded about 10% non-deuterated
hydrocarbons, the remainder beinyg the monodeuterated
analogs. This was interpretated as furthér evidence for
the presence of a radical intermediate which abstracts
hydrogen préferentially from the meta® hydride reagent.

It is not surprising that polynuclear aromatics and

111,116,123

other highly conjugated hydrocarbons and
aromatic nitrogen heteroc:ycle5123'124 accept single
electrons from LAH. Gause and Rowlands,123 who were

probably the first authors to mention electron transfer by
LAH, recorded the ESR and visible spectra of some comhon
highly coﬁjugatéd unsaturated hydrocarbons and
heterocycles. They noted that the ESR signal of the
paramagnetic species from naphthacene was identical to
that produced from sodium metal reduction.123 Ashby and
coworkerst 117116 4156 detected ESR active species Qhen
polynuclear aromatic hydrocarbons were mixed with LDPA,
LAH, A1H3, MgH, or HMgCl. It appears that the radical
anion Ar . disproportionates to Ar?~ and Ar or remains as
Ar  instead of abstracting hydrogen from the radical
cation since the treatment with LAD and then with H,0 was
found toigive much more ArH, than Ar4D, Similarly,

Kaim124 was able to demonstrate SET by LAH to pyrazine,

gquinoxaline and 4,4'-bipyridine with the aid of ESR and UV



techniques. The ESR signal corresponds either to a
coordination complex of the radical anion with lithium or
with aluminum. By comparinyg the ESR coupling constants
with those from the diethylaluminum complexes of the
nitrogen-heterocycles he studied, he concluded that
pyrazine co-ordinates with 2 Lit, . ne for each nitrogen of
the compound while each of quinoxaline and 4,4'lbipyridine
coordinates with 2 A1H2+, again one fér each nitrogen of
the compound.

Fihélly, LAH has been proved to reduce organoiron
cation in THF or. in dime;hoxybﬂtane by single electron
transfer preceding hydrogen atom transfer, rather than
nucleophilic hydride attack.126.127 The electron transfer

' intermgdiates have been characterized by E5R126'127 and

7

Moessbauer127 spectroscopies at low temperatures.

1.2 PrOposal

One of the most impértant}mechanistic questioﬁs
concerning the hydride reduction§ is to differentiate
between hydride transfer and electron transfer-hydrogen
atom abstraction sequence of the processes. Homolytic
pathways have been suggested for a number of metal hydride
reductions. It is worthy to look into the mechanism of .

the most common of these, namely, the LAH reduction, for

4]
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substrates whiéh are capable of being reduced
heteroiytically or homolytically.
There have been ample mechanistic suggestions that
m\EAH reduction eikher proceeds via hydride transfer or -
involves radical intermediates. The electron transfer-
hydrogen atom abstraction sequence {s usuallyvimplied for
the latter alternative. Recog%izing A1H4— as a good

‘ v

'lnucleOphile10'20'106a is the necessary condition for the:
hydride transfer mechanisms. Recognizing AlH,  as a good
electron donor 1is the ?rerequisite for the electron
transfer mechanisms.60'62'73'126 Probably 1t may aét as
both nucleophile and electron donor simultaneously, the
degree of which character depends largely on. the substrate
and to a iesser extent, on the solvent,120 the choice of

which is rather limited.

The parallelismW
between LAH and or’
particular, both ca

processes. A probe known to'react with an organotin
/

/

hydride reagéét_ﬁlg_either path might react similarly with
LAH. |

V Tanner and éoworker5128 have recently prOposed a
radical chain mechanism for- the initiated homolytic
reductions og cyclOpropyl phenyl ketone, a,a,a-

trifluoroacetophenone and o -fluorocacetophenone Dy
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tripheﬁyltinﬂhydfide? They have Provided evidence
which indicated‘thatlan electron transférwstep was
operative in the chailn sequence for the two fluoro;
n-kepones. a-RMlydbroacetophenone reacts to give-a
: defluoriéateé‘product, acetophenone,.as the product of
électron transfer.

,It'wasvof interest to gﬁud§ thebmecﬁanistic paths of ;3
the reéction of the a—haloketone,‘a—fluoroacetopbenone,
with‘LAHf On the cher hand, it would be of'comparative
fvaiué to examine the d;rresponding reactfon_of.an
aliphatic a—fluoréketone.sihcéqthe absgnce;of“an»angmatic
strucg{ie limits tO»sbme extent the;pos$gbi;i£y of radicak
patﬁways;‘ -

The compapion’reac£idnrwi£h aluminum hydrice mignt
provide different results in accord with the differences \&
in chemical behaviors of LAH ahd AlHy. Consequenﬁly, the

reaction of a-fluoroketones with aluminum hydride was also

investigated. Lo a
, . )
[ =% ‘
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RESULTS Y
/
The ketones chosen for study‘Qere a-fluoroaceto- :

phenone (I) and cyclohexyl fluoromethyl ketone (VI).

¢ CHat ' ¢’ Haf

1 VI
r
The reaqtions with LAJ and aluminum hydride
respectively were cqrried out in THF, and in order to
compare the results of the feaction with those of the
1,95:128 ¢he

corresponding organotin hydride reaction of

LAH reduction in solvent benzene was also examined.

*

solutions of LAH and of aluminum hydride were employed for.

the' reactions in THF. The solution of aluminum hydride
wds\prepared from an LAH solution using a calculated
. N, ¥

amount of sulfuric ac-id.2

f

: ] : )
11,1 The Reaction of o« -Fluoroacetophenone (1) with Lithium

Aluminum Hydride

Exploratory studies in solvent benzene showed that

three products were yielded: 2-fluoro-l-phenylethanol

44
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(11), l—phenylethanol (I11) and 2-phenylethanol (IV).

Analogous studies in solvent THF afforded comparable

H H | =
(:‘—CHZF (: —cHy . _CHyCH0H
OH | OH ,

11 » 111 : V-

ze;ults, although IV was ohly formed in trace guantity.
Unhydrolyzed reaction mixtures, in either solvent, were.
analyzed by glpc. It was found that the same products
were detected as with theycorresponding hydrolyzed

4

~mixtures. Styrene oxide,‘which might be produced from the

reaction, was treated with aqueous sulfuric acid (the

&

hydrolytic procedure) using synthetic sample in both THF .
andkbenzene. 1t was shown 'to be inert. |

The‘product composition of the reaction was in-
vestigatgd as a function of the mole ratio of the hydride -
to the ketone, keeping the concentration éf the latter
relatively constant. The results are shown in‘Table.I. In
bqth solvents, theayield of E?e-flqoroalé&hol II exhibited

a maximum quantity while the defluorinated alcohol 111
) . (‘,‘9"\ N N :
increased with the  amount of LAH. In solvent THF, at

0

approximately l:1:mole-ratio, III was produced almost

exclusively, ,On-the other hand, its isomer, IV, was at

o GO
o r"""?‘: - S, ;/“.‘ _‘ e \
‘f.'u" @fj&a,“.g : .
s g
00 B B
* Y
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most barely detectable in the same medium. In benzene,
its yield remained fairly constant at about 20% beyond a
1:2 mole ratio o% hydride- tO*substrate. At about thlS
ratlo, acetophenone and traces of phenylacetaldehyde were
also detected in the product mixture.

\ Since it eppeared that the defluorinated.product§5may

have been formed at the expense of the fluorocalcohol II, a

1
T

-study of the product composition atvvariohs reaction times

‘ggas carried outs The results of-the study are‘presented
in Table II. In either reaCtien medium, II1 was rapidly
generated and thereafter its yield declined. The .
disappearance of II was accompanled by the build-up of
alcohol III in THF (Reactions 11-14) and by, both III qu
IV_in benzene (Reactions 3-8). Iq the latter case,
agitating the slurry of LAH duriné ;be'course of the
reaction decreased‘th%“yield of>IV in favor of that of III
(Reactions 5 and 9, 6 and 10).

The fluorohyé%th 11 was prepared independently and

allowed to react w;th the hydride reagent under the 'same

conditions. Table ITII lists the véwlatlon of product

4
composition with time for the reduction of this - '

compound The reaction in benzene was conducted in the
atmosphere since it had been found that the reaction of
ketone I was unaffected by the presence of air. Alcohols
IITI and IV were indeed obtained and in THF, compound IV

was formed, at most, in traces.
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LAH used in the reaction in the aromatic solvent was
employed without further purification as 1ithium hydride,
the principal impurity in commercial LAH, was found to be
unreactive toward I and II (see Experimental). An
examination of the reaction using pufified LAH and non--
purified one in benzene revealed that the only genuine
difference was 1in the higher rate of the production of
alcohol I1I with the purified reagent (Reactions 10 and
11, Table I).

The reactions of both ketone I.and fluoroalcohol II
with lithium aluninum deuteride (LAD) were carried out in
order to gain further insighe into the mechanism by which
the defluorinated products were;formed. Since the
intermediacy of en epoxide has been suggeéted for the
dehalogenation of certain halohydrins by LAH38’130'143(C)
and also for the production of IV from thevreaction of 1
with aluminum iSOpropoxide,136'the possibility of styrene
oxide.(v) as an intermediate was'gnvestigated by carrying
~out its reduction with LAD 1n benzene and in THF. . The
results of these;itéée} experiments‘are listed in Table
1v. Eigures 1 and 2 show the 1H and 2H nmr spectra for

. the product mixtures resulted from the LAD reaction 1in

‘benzene of compounds 1 and II,‘respectively.
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Table 1V

Reactlions of a-fluoroacetophenone (1), 2-fluoro-1-phenylethanol

(11) and styrene oxide (V) with lithium aluminum deuteride (LAD) at 61°%°¢

OH OH OH
. [} | |
FCH,COPh + LaAlD = FCH,CPh + H,C-CPh + D-C-CH,Ph
2 q 2‘ 2| 0 i 2
D

D D D
)
Mole Reaction
1M LAL I Mediuam Product composition, \d
‘Y5 0.20 0.65 Benzene 35.2 33.1 31.7
AR 0.18 0.70 THF 17.9 g2.1 (traces)®
(]

H ?H OH
- }
FCH,CHUOH) PR + LlAlD4 —i FCHZCH(OH)P?‘. + HZC-Cl.'Ph + HJC-C-Ph + HC—CHZPh
- | J |

D H D o
Mc:le Reaction .
11°,M LAD/I1 Medium Product composition, %d
(3 0.33 0.72 Benzene . 40.9 311 1.4 - 27.0
(47 0.14 0.69 THF 6.7 73.1 0 (traces)®
. Z OH H
i I \ Fr ! |
” + L1AlD, = > + H,C-CPh ¢+ H2C-CPh
. o H || I
D H HO T
Mole Reaction a
Ve LAL/V Me d1um Product composition, % \
(S} 0.39 0.54 Benzene 37.5 39.6 22.9
e G.17 0.51 " THF 0 95.0 5.0

a Sliurry of LAD 1n benzene was used without stirring. When THF was the reaction

N medium, solut:on of the deuteride reagent was employed.

~ The reactiorn ampoules were degassed, sealed and thermostated befofe mixing the
materials. The reaction period was 16 h in each reaction and the reaction
mixture was worked up by treating with H}SOA-HZO. .

€ The structures of the products were elucidated from their "W and 24 amr
spectra. :

a Th.s 1s based on a comkbination of the molar ratios from glpc analysis and H

. and “H nmr integrations. ’ )

Glpc analysis showed the presence of 2-phenylethanol. This was not detectable
from nmr analyses.

2
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Diii
O
!
I
Dii
OH OH oH OM
2 | h c ! e! d f g
uzzl:?i HyCCPh HCCHI PR FCHiCH
Dlh 1 |D"‘ ) Ha + Hc
{
Hd
| »
g *
Hb
. e
H .
Hg
VR *
| "
. "‘ : J \ 1 |~ g Iy
—_— ,' - — —— [ —~ —A—
; ] 1. |
6 £ 4 3 2 ] u
8, ppm
Figure 2. 200 MHz 1y (pbottom) and 2y NMR Spectra of the

product mixture from the reaction of 2-fluoro-
l-phenylethanol with LAD in benzene (? is
probably H0). .

s
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The effects of an added radical initiator (a,a\—
azobhisisobutyronitrile, AIBN), radical inhibitor
‘(dxnltrobenzene,, p-DNB and m-DNB; i,4—dicyanobenzene,

DCH; dicyclohexylphosphine, DCPH) or oxygen on the
reaction was examined. fhe results are shown in Table
V. AIBN exhibited little influenge on the product |
composition of the reaction in benzene. l.Likewise, DCPH,
which is a common radical trap, only affected the yield of 3"
each product slxghtly. In the same reaction medium, 4-7%
of either m DNB or DCB significantly reduced the product
yields of alcohols III and IV. The formation of thev
fluoroalcohol 11 from the fluoroketone was unaffected.
The defluorinated carbonyl cdmpounds, acetophenone and
phenylacetaldehyde, were also produced froh the reactions
carried out in the presence of an inhibitor. The amount
of unreacted DCB 1in the product mixture was‘determined by

4 .
glpc analysis. At least 60% of this ma' rial remained
after the reaction. mijB was not det- i.1le under the
analytical éondition employed, yet the extent of
suppressing defluorinétion appeared to be comparable to %ﬁkk
the action of DCB. Earlier, it was noted that stirring
enhanced the formation of alcohol III in the heterogeneous -

medium. When the same sort of treatment was used during

the reaction of I in the presence of m-DNB, no
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significant difference was observed compared with non-

agitating reaction mixture (Reactions 2 and 4, Series (A),

Table V). In—PHF (Series (B), Table Vi, the presence of
DCB or DNB also reduced the yield of the %ﬁfluorinated

i

alcohol 111, but not as much as it did. in benzene. 1In one

case with p-DNB (Reaction 5), exce

reduce 18 mol$% added gyéiahexano "available after

19 h of the teaction{pf the ketone substrate, despite a

1

¢ .
‘lower yield of the defluorinated ptoduct. All the added

DCB was consumed during the course of the reaction of I or

II with the hydride reagent. No dehalogenated carbonyl
products were detected. |

Like in benzgng, ﬁhé conversion of I to II was not
affected' by oxygen in THF (Reactions 1 and 3, Series (B),
Table V). Unlike the reaction carried out in benzene, the
dehalogeﬁation of II’gave lower yield of alcohol III under
undegasSed conditions in the ethereal solvent; When
cycibhexanone was added to reaction mixtuges after 19/@,

less cyclohexénol was detected for the undegassed

reactions (Reactions 6 and 7, 9 and 12). With excess LAH,

~the disparity between:degassed and undegassed reactions

was insignificant.
To be certain that the products of the reaction, III
and IV, were not isomerized by the action of excess

5 !

hydridé, control experiments with LAH were carried out on

dMdride sufficient £’



wr

theée materials. Under the reaction conditions

, s
(degaSséd/61°/l6 h), isomerization did not occur either in
benzene or in .THF,. Furthetﬁdre, the reduction of

acetophenone in benzene furnished only product III.

& e -

cot
YL

I1.2 The Reaction of a—Fluoroacetdphenone (I) with

Aluminum Hydride in Tetrahydrofuran

Preliminary ekamination of the,reac;ion revealed £he
vformation of‘fluorOaicohol,‘II, l—pheﬁxl— and 2-phenyl-
-ethanois (IT1 and Ib) alond with acetophenone and
phenylacetaldehyde. Ihcreasing the mole ratio_ofléluminum

hydride to the ketone substrate (I) to 1:1 eliminated the

- latter products completely (see Table VI). The product

alcohol Iv‘predominated at low hydride-to-substrate ratios
’and.decreaéed to about 2% at the highest ratio employed.

The decrease paralleled the rise in the yield of alcohol

! EY
IIT. Unlike the LAH reaction, it was not clear, from
varying the hydride-to-substrate ratio, whether:

Lo

~defluorination of II accounted, at least partially, for

the formation of the other alcohgl
reaction showed that II was produced rapidly in the first
. . a .

. . A time study of’ the

. minute and was subsequently consumed while def%uorinated

alcohols accumulated simultaneously. o™
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A similar investigation of the reaction of alcohol 1II

@bnd alumlnum hydride was thus conducted. The results are

e

listed in Table VII. It appeared that the variation of
the relative yield)of_the two defluorinated alcohols with

the change of the mole ratio of. the hydride to the alcohol

‘followed a similar pattern as that for the corresponding

reaction of I;

Undegassed reactions were studied briefly. Oxygen
probably consumed the hydrlde reagent since alcohol III,
whose yield increased with the amount of the reducing

agent, was obtained in a smaller quantity under undegassed

e‘conditiohs (ReaCtions 2 and'B, 8 and 9, Table VT1;

v

Reactions 7 and 8, Table VII). This was accompanied by

. "
?the eke@%tlon of the product yield of IV compared with

slmlﬁar runs under degassed condition,

~ The pqeponderance of alcohol. IV at lower hydride-to-

' sgbstrate ratios and of alcohol II1I at higher ratios was a

trend shared by the-reduction of styrene oxide (V) with
aljyminum hydride, as revealed by the results in Table VIIT.
(p. 63). ‘ ' ‘ < PR

L cOmboS it luorinate
Nevergheiess, the, composition of the defluorinated | .

'products*from the reaction of the alcohol with aluminum

deuterlde was rather different from that obtained fram the

cerrespondlng reduction of V. These results are shown in
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Table VIII

Reaction of styrene oxide (V) with two different gquantities of
aluminum hydride in THF at 6102

Product) Yield %€

Moleb Unreacted Material

Reaction  AlH3/V PhCH(OH)CH; PhCH,CH,OH Epoxide Balance, %°
1 0.32 17.5 . 81.4 1.9 100.8
2 ' 0.64 45.0 55.6 0 100.6

4 The reaction ampoules were degassed, sealed and thermostated before
mixing the materials. Reaction period was 16 h.
Initial concentration of V = 0.15 M. :

C This is based on the starting mmole of the substrate.

A

Table IX.- Also‘included in this table age the results
obtained from the reduction of I witﬁlthe reggent.

Figures SA and 3B present the 14 and 2H nmr specﬁra of the
proddct mixturés from the reaction of alcohol.II with two
différent quantities of aluminum deutériae.

The effects of p-DNB and DCB on the reaction were
~also examined."lt was found that there was little
difference 1in the product cqmpositioms whether Q;DNB'was
present or not. j»In the preéénce of DCB, the yields‘of the

‘ - '
defluorinated alcohols were considerably less. Post-

£y
e
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a b c | el d Y . .
H;CCH H,CCPh Ph L. . ik )
zéh yCC HCery MICCHPR  WycCen  WICCPA  HCCHPH FCH)CH'
; O D D D P

4. ppm

Figure 3B. 200 MHz 14y (bottom) and 24 NMR Spectra of the
product mixture from the reaction of 2-fluoro-
l-phenylethanol with limited amount of aluminum

deuteride in THF.



treatment of reaction mixtures with cyclohexanohe showed
that no excess hydride was available for the reaction of I
in the presénce of DCB while excess reducing agent was
associated with the reaction without the additive.

The possibility of isomerization between alcohols 111
and IV in the presence of aluminum hydride was tested (see
Experimental). A synthetic mixture of these alcohols was
found to be fixed in composition when subjected to the

normal reaction conditionsf(degassed/6l°/16 h).

11.3 The Reaction of Cyclohexyl Fluoromethyl Ketone (VI)

with Lithium Aluminum Hydride

When the ketone VI was treated with lithium aluminum
hydride in benzene, four products wefe obtained, viz, 1- ‘
cyclqhexy1—2-fluoroethanol (VII),.1—cyclohexylethanol
(VIII), 2-cyclohexylethanol (IX) and 1—cyclohexy1—1,2—
epoxyethane (X). }These products were also detected from

-

the reaction in THF. Epoxide X was found to be destroyed

during the acid work-up of the reaction in the latter

C—CHyF C—CH,y CHyCH,OH
OH : OH - H

VI1I . VIII o IX X

H

67



mediﬁm. This was in accord with two observations. First,
when a reaction mixture was analyzed by glpc before the
treatment with aqueous acid, a product whose retention

t ime cqpresponded'to X was detected. This product
disappeared and replaced by two new ones when the mixture
was subject to hydrolysis. Second, a synthetic sample of
X xas likewise shown to be labile to acid hydrolysis in
solvent THF. The glpc retention times of the two
hydrolysis products were the same as those of the new
matérials from the hydrolyzed reactiodn mixture. Since the
epoxide did not undergo hydrolysis iﬁ’Benzeﬁe} the
reaction mikture in THF was treated wigh an aliquét of
benzene prior to the addition of aqueous acid. Iéiwas
then found that the yield of X was the same as that
determined from the corresponding unhydrolyzed reaction

mixture.

In either solvent, increasing the ratio of

hydride/substrate facilitated the production of VIII,. see

Table X. At the maximum ratio employed, the combined
yield of thé other products was less than 5%. The
variation of the product‘composition with time was
studied. It was observed that‘the fluoroketone was
reduced readily to the corresponding fluoroalcohol whose
yield declined subsequently. Parallel t» this was the

gradual accumulation of 1its defluorinated analog VIII.

68
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'hydrlde was assoc1ated w1th the” reactlon mlxture.

Al

when the synthetic compound VII was allowed to react with
the hydride reagent in benzene or&in THF, the'same series
of defluorinated products was found. The product
composItion veréms h;}ride—to—SUbstrate‘ratio followed a
similar trend as that of the fluoroketone reaction. ”

Each of the fluoroketone and the fluoroalcohol was

mixed with lithium hydride in .THF. .Since both compounds’ .

were found to.be inert towards lithium hydride -which is

without purifi‘cation.

present in commercial LAH; the reagent was used in benzene

\

'ReactionE'of VII, VIII and epoxide X were carried out:

with“LAD;.since'it was ‘conceivable that X was a p%ssible

+

intermediate from Which‘tﬁe defluorinated alcohols
(arose.' The results ar llsted in Table XI. Figure 4
shows the lH and 2H nmr, spectra of the’ product mlxture

v

from the reaction of alcohoI VIII with LAD in THEF.

”The,ﬁffects pf AIBN,; m-DNB and DCB on the reaction in

benzene were studled The results are presented in Table

'XII: It appeqred ‘that AIBN only affect the yleld of each

'product sllghtly.; on the other hand, m-DNB and DCB

»suppressed the formatlon of the defluorlnated alcoholi;

“;More than 50% of the added quantlty of DCR was recovered

"y
upon the reaction (Reactlons &jand 8 \LeSSxeXCGSSM‘. e

a?

-contalnlng m-DNB compared wlth thg one" w1thout the T

cag
-~
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lists the results for the reactions of VI;and V?ﬁ A

additive (Reactions ‘9 and 10). 1In THF, it was found that

’

Atheﬁformatioh of the dehalogenated alcohols was also

suppressed but not as notable as-.in benzene.

“,
%h
i

I1.4 The Reaction of Cyclohexyl Fluoromethyl Ketone (VI)

with Aluminum Hydride in Tetrahydrofuran

The products of the reaction of ketone VI witB‘AlH3
resembled those obtained from its LAH reaction except that
an additional product, cyclohexyl methyl ketone, (XI), was

detected. Moreover, the epox1de X was produced in a

»

R
significant amount. Increa51ziithe proportlon of . the
i .
| S . '
! .
- ‘ P
. 2t "q:é.} .
4 O .
. PR 4
jv
) ?*‘% i . o \
s ot ) \
X1
o D m&
’ / A

hydrlde reagent favored theﬁyleld of VIIg, Table XIIiV

study of the Variation’dffproduct compositien with time at

-a hydrdde—to—subsﬁééte ratio qé'about 0.6 reflected the. } .
* . Rl - y . , o

<
. E o E - ‘ . )
follow1ngf : o . ' v

(a) The ketone. substrate was converted to the.

fluoroalcohol in more that 80% durlng the first minute of

o
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the reaction, ,Theg%after; the yleld of the alcohol

decreased with time, ' i]{‘

A

(b) The defluorinated ketone, ii ‘the epOxide X, and

the defluorlnated alcohols were formed slmultaneously, X

and VII were the major products. E T; j v
~ ‘(c) Alcohol IX was. produced as hlgh as 10%, unllke
the reaction.with LAH which afforded a barely*detectable

quantlty

It appeared that the fluoroalcohol was dehalogeﬂ%@ed
e
in a: 51mL1ar pattern since the product compos1tlon
9

resembled closely to that from the reaction of the
fluoroketone with ¢Gomparable amount of aluminum hydride’

(Reactions‘1 and 9).

-
H

: T .
It was suSpected that;ke wmq-XI might come directly
A
from epox1de X during the co rzg of the reaction. Control
experiment w1th ‘ke epOX1de in the @resence of a limited
quantity of aluminum hydrYde suggested that.only alcohpls
s

VIII and IX were formed as a consequence kﬁepoxlde '
openlng (Reactlon 10, able XIIT) . Rnother control

experlment tested the p0951b111ty of 1somerlzatlon between

VIII and IX with excess hydride reagent - Glpc analysis of

the mixture precluded interconversion of thegﬂefluorinated‘

isomeric\alcohols with AlHj3. Y e
£, .
As with the previousN}raoer-experiments, the .
’ 2 j o '

examination’ of deuterium inéorporation into the products

g
% ,

77
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‘of‘ﬁhe‘reaction with the déuﬁeridé reagent is pivotal in’
the meéhanistic studies ofvthe formation of defluorinated
Jcbmgqundé. The aluminum deuterjaé reaction was carried
out f%risubStrates Vi, VI1 and‘gpoxide‘x, and the results
afevpresénted in Table XIV. Figﬁré SOdépicts the lH and-

24 nmr spectra of the productvmixtUre resulted from the

.
-

AlD3 reaction with VI.
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200 MHz 1B (bottom) and 2H\NMR Spectra of the

producf mixture from the reaction of cyclohexyl
fluoromethyl ketone with aluminum 8euteride in
THF (X cornesponds tog}zg’pfoduct(é) d&zived
from acid hydrolysis gf l-cyclohexyl-1,2-epoxy-
~ethane) . - - .
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- . NISCUSSION

ﬁ-Fluoroacetophenone (1) had been reported129 to
react with LAH at 0° in ;bsolute ether to yield 2-fluoro-
l1-phenylethanol (TIIT1) as the sole product only 1if the
mixture was decomposed immediétely upon.the g%dition of

»

the ketone to the hydride., At refluxing temperature of

@

diethyl ether, halogen-tree products were obtained. These

products were not identified in the report and no further

' attempt was shown to study the- reaction,
In the brgsent study, the cqnversion of a~-fluoro-.
kétOnei I and VI to Lheir corresponéing fluoroalkoxf!bs by
‘ 1ithihm aluminum hydride prior to dghalogenation is 1in
. : .

e o in® ' . . .
.7 agreement with™the results of previous investigators for

the LAH reduction of a—bromoaéetophenones,130'1.3l and”
several chlorocarboxylic ar 4s.23 The reaction of I and
VII with aluminum hydride behaves y. This process

reagent, is more
g . . o
Q,i‘

of ketone §o alkoxide, effpct%g by &
rapid than the defluorination of the alkoxide itself. T

‘ o 0 Bt ¥ migs
Nevertheless, the latteg reaction is still an efficient
process even wiJh'aluminum hydride, despilte the
sluggishness shéwn by this reagent during its

hydregenolysis of alkyl halides.!3 o s.

g1



B2

I111.1 The Reduction of a-Fluoroketones with LAH

. ‘sz‘.‘,? o ,
Solvent benzen« has been employed for LAH reducbpocﬂﬁ

byvprevious workers. A good yield of 3—phenyl—1-qupé§9I
was reported for the reduction of methyl hydro- .
cinnamate.l32 Methyl cinnamate was found to be reduced to
cinnamyl alcohol, whéreas concomitant hydrogenation of ;he
carbon-carbon double bond was observed for the corres4d M
ponding reaction in diethyl ether.16a8 gnyderl6a
attributed the results to the Lewis baser character of
diethyl ether which coordinates aluminum and facilitates .
intramolecular hydride transfer from the metal ceﬁter to 6.@“
the olefin moiety. With an even stronger Lewis base THF,
hydride tr$n§fer to the carbon-carbon doublé bond 1is
'%bllowed by the ﬁormation of Cyclopropane133 from the

N

cinnamate system,

"  CH,OH
LAH/ OH : Y ©
()HH o / '
== " LAH/E(,0 FaVAN
H  COR. 4 o OH
e X 2 A\
¥ H H
~ LAH/ THF R 0>v<H
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Differenceé in the outcome of the reaction in benzengi
and in THF were noted during the course of the present.
"study. It appeared that the rearranged alcohol, 2-
phenyléphanol (1v), was produced in a siqnificant‘amouné .
from the reaction of I or II in benzene, but only in‘;
\traces in the other solvent. Thi; bbservation.was not -

:extended to the reaction of the cyclohexyl SUbStltUteO‘!.h

'substrates vl and ‘VII, in whlch there was little

difference 1in product comp051tlon whether the reagrxp

carried out heterogeneously in benzene or homogeneo,
W

THE. The response of the reaction to the presenceﬂbf "

common radical inhibitors appeared to be rather MFerent

d«édther reaction medium. For the phenyl-substituted
‘#actants 1 qnd II[»defluopination was inhibited in
benzene which contained a small_amount of dinitrobenzene

(DNB) or p-dicyanobenzene (DCK). The suppression was less
o - ‘R‘ £

W

W

axtensive in THF, Yet, DCB.was all consumed by the
hydride reagent while at least 60% still remained from the

reaction in benzene. The change in the quantity of the

additjve m- or p-dinitrobenzéne was not determined.
/ | ‘ N 134 ‘
However, the works of Brown and coworkers revealed the

uptake of 5 molar equlvs of hydride for the LAH reduction
of nitrobenzene in THF. Hence 10-15% of LAH could be

" ' . : s )
consumed.’ in the presence of 4-6% DNB. The acgyon of DNB

¢ on the presént reactjion resembled that of DCB in either
. ' 8 : Y
Y .
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o
solvent. The reduction of 1 to II was not influencedAby
-e ! . .

these additives since LAH reacts more readily with the

carbonyl  function than with the nitro and the cyano

groups. Fer twb'non—aromaiic_substrates VI ‘and VII,
dehalogenation wa§ysimibagﬂy affected‘b?\ﬁCBVOr DNB.
Oxygyen is another' compound that consumes LAH, but

o | .
only in TH¥F. That less ig%ride was available for the

"

undedassed reactions compared with the degassed ones was

=

established by the lower re#ctivity of the remaining

s «

hydride with cyclohexanone. Higuchi135 noticed that *

molecular oxygen reacted rather‘rapidly with LAH in

solution sinceﬂthe effectiQe hydride concentration in THF

solution was found to (pe decreased to less than 20% five

minutes after dry oxygeh was bﬁbbled through theJﬁoldEion.
The decrease in defluorinated products for,thd.

reaction in benzene, in the presence of a radﬁpal
-

inhibitor, has prompted a comparison with the reactiomns of

- a~ﬁluoroacetophenohe with organotin hydrides.957128 The '

reaction with triphenyltin hydride was found‘to be very
slow if uninitiated. 1In the presence of m-DNB (4%), the

reaction was even slower. The introduction of AIBN {4%),

L

however,, catalyzed the dehalogenation with triphenyltin

hydride, yielding 87% acetophenone. The LAH reacgidn of

the same substrate was. not affected by AIBN, bd;

LA

dehaiogéﬁétionquefinhibited by DNB and DCB. If the
. , ‘ ML ‘ : v
.
r(
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"suppression by DNB is due to the consumption of the

additive, then ‘the effective amount of LAH could have been

‘decreased by 10215%134 and so could have been’the combined

: ]
yield of the defluorinated alcohol§ Nevertheless, it was

found experlmentally that decreasing the .quantity of LAH
?
by 20% in the absence of the’ add1t1ve decreased the

comblned yleld of III and IV by about 20% (Reactlons 3 and
4, Table 1), whlle adding 4% m- DNB (L.e. the amount of LAH'

could have been decreased by a maxlmum of 10%) depreclated

the.combined yield from over 90% to less than 4%

-
¥

(Reactions 1 ‘and 2, Table V)'.' Consequently, it appears

that E;DNB inhibits a radical reaction. Since inhibition

L

is effective even in the presence of about 4% inhibiteor, a

" radical propagatlon chaln is llkely to be Operatlve in the

v

'defluorlnatlon of the aromatlc substrates in benzene. The

+
radical mechanism should involve the alkoxide derivative -

of II since the reaction of fluoroketone'I begins with'its
rapid conversion to the corresponding fludrdalkoxide and
this process is not inhibited; Moreover,‘tbe mechanism
musb account.fqy the rearrangement process'during Ehe
course of the feaction. In view of the eubfent
beliet’60'62'64'108'116 that an electron"transfer process

is associated with the radical reactions;involVi g LAH, -«

the&following is proposed: ‘

&
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Depending on the function of XIII, two p0551ble
A )

propagation chains can be considered! As an 1ntermed1ate
, ..

(path (i)), XIII may abstract a hydrogen atom from an @u]

aluminohydride anion at either carbon leading upon
hydrolysis, to the defluorinated'alcohol IIT (via (ak) or .

IV (via (b)). For this procéss; the ratio of products III

to IV would- be independent of the rela@ﬁve ampunt of LAH

to the substrate. Oon the other hand, XITJI may be 5

tnan51t10n state. 1ead1ng to the rearranged radlcal XV, ®
Expulsion of fluorlde-lon from XI1 would lead to radical
X1V wnich either apstracts a hjdrogen atom from an
aluminohydrfde'fon to‘yield II1 on hfdrolysis, or
competitively r'afr;nges to the more stable radical XV via

. ) =<
the t;ansition tate XIII¢/”The~radlcal XV yields product ‘ Qﬁ'

v upon hydrogen abstraction from an\\ium1nohydr1de anion

~and hydroly51s Since

ydrogengabstragtion of XIV is in
competltlon with \its rearrangement, increaSing the |
concentratlon of hyd\Td;:uéald favor the formation oﬁ IIT
over that of IV. ‘The data in Table I are in agreement
with this prediction. Increasing the effectiver
ooncentration of LAH“by dissplringbit in THF markedly
enhances the bimolecular hydrogen atom transfer of XIV
such that product‘III.is formed almost exclusively.

Similarly, stirring the heterogeneous medium ‘during the



;benzene promotes. the prbduct
X . i ‘ .

i . et (-

ratic III/1IV. A Aoy . ) .
. |

coursf)of the reaction. in
. .
/

Scheme IX is also consistent with the products .

obtained from the'LAD reaction of fluoroketone I and

fluordglcohol 11. S£artind with the fluofoalcoﬁol, the
iransfer of deuterium to XIV and XV respecﬁively ieads
eVentually‘Fﬁ £Ee dgutéréteqpalcohollproducts detecged“'( - -
ekperimentéily (see ScbemévX). LikewiSe[ tﬁe positioﬁs Qf
deutera;ion of the defluorinated alcohqls;are prediéted by
Scheme 1% for the LAD reaction of substrate T.. |

The formation of the fearraqqed alcohol IV had been

S

observed for the reduction oﬁ'a—fluorqacétophenone (1)
with aluminum isoprdpoxide\136 This obsé;vation was.
rationalized as involving an epo%ide intermediate. How-
ever, when styrene oxide was allowed to react with LAD
under the reaétion conditions for the reduction of 1, the -
deuteration of the primary alcohol product'occurréd ét C-
2. This finding is inconsistent with the positidn of
deUterationjof the reagranged defluorinated alcohol, 1V,
.prbducéd from the LAD reacﬁion of IT. Thus the iéter—-
‘Lmediacy of an epoxide duringrﬁhe course of defluorination
is excluded. )
A minor ionic pathway probably occﬁrs pb give 1-
; .

phenyléthanol—l—d from_the LAD reaction of II. This

product most likely fésulﬁs from the reduction of
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acetophengne formed from a ‘hydride shift of the
fluoroalkoxide (see Scheme XI). similarly, a phenyl shift

. * ‘
of the latter furnishes phenylacetaldehyde. Both

b / -/ -
, Al-D ' OAl—
ph/,—\\¥ : a l (A ' b
4 _— PhCOCH —_— M—C—CH .
N >CHZ 3 N 3.
S . -/ -
L~ )W . Al-D D UMiv
~Al b i\ ‘ PN
/N —_— lmCHICHO -— PhCH2€H‘
. h
. Scheme XI

acetophenone and pheﬁylacetaldéhyde were detected from the
reaction fﬁ thé preSencg‘of an inhibitor. The iénic
pathwéy~is‘ndt affeftéd uﬁder these conditions.

The results for the reaction in THF agree with the:
comﬁetition of hydrogen atom abstraction Qf radical X1V

_ -

and 1its rearrangement4to XV via the transition state XIII,
as depicted in Scheme IX. éince the effective concen-
tration of the hydride 1is higher in THF, hydrogen atom
abétractién dominates. The.ﬁroposed mechanism in Scheme
aﬁméﬁzld be equally applicable to the feduction of I_énd
I1 in THF. -~ However, the radical inhibition of defluorin-

ation is not ‘as remarkable as in benzene. As ment ioned

before, DNB and DCB are being consumed by LAH and probably
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very rapidly. Consequently, the inhibitory effect is
s .

annulled and at the same( time, the supply of hydride is

lowered. The introduction of DNB and DCB into the

reaction mixture in THﬁ, therefore, is not effective in
testing the action of \nhibitors on the defluorination.,
Apparently, an analogogf scheme ini}udihg electron

transfer process cannot be constructed ‘tor the dehalo-

genation}of aliphatig substrageS'VI and VII. One | _
indication is the formation of the rearranéed alcohol 1IX
_ohly in traces. In ben;%ne, defluorination of‘the
cyclohexyL—sghstituted substrétes>appearé to be suppressed
by DCB and m:bNB: The test for excess hydride with
cycléhexanéne 6n reaction mixture? revealed ' that there was
less available hydride associatedgwith the reaction
mixture containing m-DNB than the oné without Lhe
additive. This indicates the consumption of m-DNB during
the reaction.

“Analogous to the ionic pathway for the -dehalogenation
Qof tﬁe aromatic substrates (i.e. Scheme XI), VI and VII
may be defluorinated via hydride-and/or alkyl shift(s).
One éviaencebof'hyd;ide shift is.the yield of l-cyclo-
héXylethandl—l—d from the LAD reaction of the fluoro-
algqhoi VII in‘THF. Yet/rearrangemeﬁt pfobably reﬁrésenté
a minor route for ‘the Hydrogenolyéis of C-F bond.

Although an epoxide is dismissed as an intermediate in the
0, .



- %
defluorination of 11, theVYdetection of epoxide X from the
reduction of VII suggests'an alternate pathway for the

dehalogenation of this substrate (see Scheme XII).

) - ‘

/ “ | _
ne o (o HO——CHy  + —AI-F an

v Vi A )
c o ke
.

The LAD reaction of synthetic l—cyclohexyl—l,2:ep0iyéthane

L 3 B

was found to give mainly the secondary alcohol in either

HC——CH; + —Al-H _— Ho o+ T
| . v CH3 : CHZ
: / major 0
Scheme X1 W e
——————— ' ;\;‘:‘-; _‘f_,«ru:\h: g},
- A .wfv':‘\‘agx j k1

THF orlbehgene. This observation is consistent with
nucleo;hilic‘attack of- a hydride species at the less

highly subst;tuted carbon. The defluorination.ef VI and
VfI resemSles the reduction of Tpoxiée X in that the
secondary defluorinated alcohol (Compound VIII) is

produced almost exclusive]y\ That l—gyclohexylethanol—l—j
is the common product of the LAD reduction of epoxide X

and of reactént Vil 1s consistent with\the intermediacy Ot
an epoxide fér the dehalogenation of VAI.b A

4

* Epoxide intermediaty has been 1invoked for the LAH

dehalogenation of certain a -bromoketones.38+130  The
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departure of bromide ion was taken for granted. In the
present case, it is”unlikely that the poor leaving group
fluoride ion departs in the same manner. Displacement ot
| N 105,137

fluoride ion from saturated carbon is rare.

Nevertheless, as depicted in Equation (21), the concertqd

A 1
process involving the formation of aluminum-fluorine bhond
and the breaking of carbon-fluorine bond may explain the X

ecase of dehalogenation. Greater reactivity of C-F bond in
fluorochloromethanes has been obse;ved in thé Friedel-
Craftg reaction catélyzed by the halides of boron,
aluminum and iron (III) and the reactivity order is R-F >
R-C1 > R-Br > R—I.138 éaleta139 ascribed the higher
réacti&ityyof alkyl.fluoride in the presence of aluminum
halide catalysts to the greater difference in the bond
dissociation energies between Al-F and C-F, which,
therefore, fepresents higher eneggy gain than -those with
the bongs of chlorine and bromine. 140 .Iﬁ is likely that
similar argument can be applicable to the defluorination
of the gq-fluoroalkoxide derivatives Of AlH," in ‘an ionic
pathway.

The presence of other organic functional gfoup(s) in
a fluoro compound has been shown to be crucial in the
defluorination of the compound by LAH. So far, there has
been no rqportvon the hydrogenolysis of C-F bond of alkyl

~fluorides which contain no other functionality. Aryl

¢



fluoyiges have been demonstrated to bé detluorinated by
LAK under forced conditions,>4756 Yet, N-(2-hydroxy-
ethyl)fluoroacetamide and fluoroacetamide are converted to
the corresponding dehalogenated amines rather readily;l4y
4-f1uoro—l—nitrdbutan¢‘awd 5-fluoro-l~-nitropentane are
prone io dehydrofluorinatioqrgiving piperidine and

‘142

pyrrolidihe respectively. It appears that these
”~ v

findings are consistent with the expulsion of fluorine

¢
being assisted by thf other functional group(s) of the

substrate, possibly |due to the formation of a new bond
between fluorine an anotﬁer atom.

Two other possible mechanisms invoiving hydride
transfer have also been considered for the production of

l-cyclohexylethanol (VII1) - one is intermolecular and the

other is intramolecular (see Scheme XIII). The

.

Li* +
N _ / Li _,

JO-Al- ‘ o tit  —Al OAI-

-A‘J—H (23)

94 @
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4
cintramoleculay Rxdridg transfer cannot explain £he hydride
dependence of the yiéld of VIII while the bimolecular
procesé shown in Equation (23) can. As a consequence, the
unimolecular process can be dismissed, Intermolecular
hydride transfer cannot be diﬁferentiated from the qﬁoxide
pathway as a possible route b; which defluorination of VIl
occurs.
8

The detection of dideuterated secondary alcohol- when
V11 was treated with LAD in benzene revealsfyet another
process contributing'to the production of defluorinated
alcohol. The anomalous product is formed via an epoxide
intermediate which undergoes a deuteride opening followed
by an oxidation-reduction sequence to introduce a second
deuterium. This proposal lends some support from the
observation that the same dideuterated species was formed

upon the reduction of the epoxide itself (see Scheme X1V,

p. 96).

II11.2 The Reaction of g -Fluoroketones with Aluminum Hydride

1

Contrary to the previous‘report for the reductive
dehalogenation of alkyl chlorides and i)romides,13 the
defluorination of compounds I, II, VI and VII by aluminum
hydride is not noticeably slow comﬁared to the
corresponding LAH reaction. This is likely attributedAto

the formation of an aluminum-fluorine bond.
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The possiblity of a radical pathway was considered
for the dehalogenation of I and Il since aluminum hydride
had bheen 5uggested60 as a good electron donor. The
hydride dependence of the product ratio II11/1V 1is
reminiscent of the LAH reaction.b,Furthermore, the
positions of deuteration at the major defluorinated
products from the reduction with aluminum deuteride agree
with those predicted by the propagation chain seduence‘in
Scheme IX. Since 1t has been shown3 that nitro compounds
react‘only slowly with aluminum hydride, the effect of the
radical inhibitor, Iydinitrobenzene, on the reaction was

examined. 1t was found that there was little difference

96
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in the product composition whether p-DNB was present or
. Iy

not. Since inhibftion was not observed, this method was
~
unable to differentiate between homolytic and heterolytic
pathways. ;
, v
The formation of 1-phenylethanol (111) from the

\Teaction of 1 and 11 was found to be faster than that of
2-phenylethanol (IV) with increésing hydride-to-substrate
ratio. This resembles the reduction of styrene oxide by)
the hydride reagent (Table VvIII). The result of a control
experiment with a synthetic mixture of ITI and 1V

suggested that interconversion between the two compounds
did not occur in the presence of aluminum hydridé. The
reduction of styrene oxide by aluminum deuteride afforded
2-phenylethanol-2-d. 'I‘hi* observation contrasts the
corresponding regction of the fluoroalcohol II which
yieq.gd 2-phenylethanol-1-d as the major primary *
alcohol. The latter reaction most likely involves the
intermediacy .of phenylacetaldehyde. In fact, this
aldehyde was detected in traces when I oOr 11 was allowed
to react with a limited quantity of aluminum hydride. For
the aliphatic reactants vl and VII, 2-cyclohexylethanol
(IX) was obtained in low yield (<10%), but the epgxigé'%
was produced in significant quantity. when these. )
substrates were allowed to react with aiﬁminum deuteride,
the rearranged alcohol product was_deuterated chiefly at

¢

C-1, whereas the corresponéing reaction of X yielded only
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4

3% of prlmary alcohol which was deuterated at C 2. Again, _#
f.«_d‘

£y

these fluoro substrates g1ve defluorlnated rearranged
alcohol which® arlses pr1nc1pally from an aldehyde
1ntermed1ate. oo L I

( Deuteratlon at C- 1 of the:l-substituted-ethanol

products from the reaction with aluminum déeuteride

signifies the existence‘of“ke}one intermediates. This 1is
Nshpp rted by the detection of acetOphenone and cyciohexyl
"methyl ketone (XI) from the reductlon of 1/11 and VI/VIII
respe;tlvely Two p0581b1e pathways could be proposed for -
the formatlbn of the dehalogenated carbonyl compounds from

Tk
the - fluorohydrlns : (a) via the rearrangement of an

epox1de 1ntermed1ate and (b) hydride and/or alkyl shift(s)
‘of,the fluoroalkox1desa 'These are presented in Scheme XV

(p. 99).

~The spec1es XVII in Scheme XV is a der1vatqve of

,7

alumlnum fluorlde and1i's probably a stronger Lewis. a01d

than alumlnum hydrlde and 1ts alkoxy demlvatlves. It is:

well known that an epox1de rearranges,»ln the presence of
\‘a Lewis a01d, to ‘a Carbonyl compound 33 36,39,144 dMosher .
and coworkers36 observed that the reactlon of (R)-(+)— |
styrene ox1de 2,2- d2 by AlClQH in the presence of alumlnum
chlorlde (i.e., LAH with 4 molar equ1vs of AlCljy) ylelded
2 phenylethanol 1,2-d, with low stereospec1f1ty, which

ndlcates rrng ‘rupture -to generate a more - stable
¥

1

" ecarbocation. In accord with' this finding, Equations (25)
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¢

and (26) 1in the Scheme are ruled out for R = Ph and

11kewlse; for R = C6Hll as weil. 8

Equatlons (27)-(29) should be examlned w1th the

present experimental results. Regardlng migratory
/',

/

/
tendencies, especially that between hydrogen and alkyb or

" aptitudes, there is no clearly defined relatlve 4

.

' aryl 145 According'to (28), an a- ~-fluoroketone reacbs with

| /

A1D3 to give D2C(OH)CH2R wh11e the same reactlon vaa (27)
A3

necessitates the formatlon of DHC(OH)CHDR. Only alcohols

of the type D,C(OH)CH, R were detected from the/reactlon of
both fluorogetones I and VI. Therefore,,dlrect phe}yl
‘fearrangeméht of  the fluoroaikqxide during'the reac;ionvof
compounds I-and II provides the bulk of product IV which

4 prevails at low hydride concentration, The yield of the

)
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rearranged alcohol IX is 1n51gn1f1cant from the reactlon
of the cyclohexyl substituted substrates, and is largely
derived from cyclohexylacetaldehyde‘whloh is formed
likewise from alkyl migration of thevfluoroalkoxide.
1f the mechanism in Scheme Xv.is followed, the

products CH3COR and CH4CD(OH)R can be derived from a
hydride Shlft during the course of the reaction -of
fluoroalcohols I1T and VII with aluminum deuterlde :
Hydrlde shift is considerably less 1mportant than phenyl
shiﬁt since the yield of 2fphenylethanol—l—d is much
higher than the combined yield of acetophenone and 1-
‘phenylethanolfl—d from'rhe reduction of II -with AlD5
(Reactlon (4), Table IX). on the other hand, ‘dhefr
migration of hydrogen is preferred to the mlgrarlon of
cyclohexyl group -as predlcted from the results of the
reactlon of VI and VII with the deuterlde reagent
(Reactlons (i) and (é), Table XIV).

The major source of the products 1- phenyl~ and 1-

cyclohexylethanOIS'cannot be via (29) 51nce RCH(OH)LHzD is.

the major secondary alcohol product of alumlnum deuteride

reduction of elther'fluorohydrln. At high deuterlde

‘concentration ([hydride]/[substrate} gl)f'l—phenylethanoggf

2-d 1is almost the exclu51ve product. TwoO possible major
paths for the formation of alcohols III and VIII can be

proposed, v1z, (a) from direct nucleophlllc dlsplacement

100
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and (b) from the direct opening of an epoxide

intermediate. These two paths are depicted in Scheme XVI.

) -~ OAI-F
R O-A DAL .
HC _— R—CH + Al
=F ]
HL I cn, .

b v Al S
R, O-A o
HC —_— R, 7\ . .
";C"’ HC—CH; + —AI-F
(R=Ph,CH,) |
YA 4
RN Lo Wi s
WE—CH; + -AI-H ~————— RCH 4 !
@t ; CH
CH, CHy
R
30) .

Scheme XVI

As with LAH,‘ﬁhe intramolecular hydride transfer can
be’ruied out as the formation éf 111 and VIIf is hydride
dependent. Eqdation (30) (path (b)) represents the
reaction of an epoxide with a Qeak Lewis acid like AlHj,
i.e. direc£ ring opening by hydride transfer._vghis
pfocess could be intramolecular or intermolecular. Th%‘ N
former mode of transfer, which necessarily involves a 4-
centered traﬁsition‘state, was suggeéted by Ashby and
Cooke?! for the reduction of epoxide. However/
intramolecular %ydride transfer was disfavored by
subsequent ihyestigators.36’43 Using excess Alb3 (2:1),

Mosher and coworkers demonstrated that (R)-(+)-styrene

oxide—2,2—d2 undergﬁes the reduction with high
. 7 ‘

3
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stereOSpecificity:(Equation (9)), The result ot the
control experiment in the present work with styrene oxide
(Table VIII) revealed that using a 3:1 molar ratio of
styrene oxide to aluminum hydride, only 2% of the starting
material.remained after 16 h. Moreover, the product ratio
of the secondary to the primary alcohols increased with
the amOunt of hydride. As a consequence, intramolecular
transfer cannot be excluded at low level of hydride. The
minor gquantity of ‘the rearranged products, HOCH,CHDR or
HOCH,CDyR, from the reaction of a fluoro substrate with
aluminum deuteride could possibiy arise from direct
hydride transfer to an epoxide»intermedi;te. However,hit
is dubious that l1-phenylethanol was generated from the
styrene oxide intermediate (Equation (30)). The product
ratio of IIT to IV for the reaction with excess hydride
reagent was found to be much too high when compared w1th
the ratio of the‘secondary to the primary alcohol products
from the opening of styrene oxide with aluminum hydride:
The results of the works of severallinveStigators on the
latter reaction are compiled in Table XV. 1In the presence
of excess aluminum deuteride, liphenylethanol—z—d was
produced almost exclusively from the reaction of II while
-2—phenylethanoi—2—d, which arises from .an epoxide inter-
mediate, was not detected (Reaction (3), Table IX). This
observation is inconsistent with the product ratios of

secondary to primary alcohols shown in Table XV. At a

' . ' \ /
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deuterlde - to-substrate ratio of about 0.65, the AlDy
reduction of fluoroalcohol 11 furnished both.l- phenyl-
ethanol-2-d and 2-phenylethanol-2-d in the ratio of about
‘17 to 1 (Reaction }3), Table IX). The corrésponding 4 )

reaction of styrene oxide produced these alcohols in the

ratio of about 1.3 to 1 (Reaction (2), Table VIII). On
the basis of the product yields, Equation (30) 1ikély,
represents, at moét, only a minor route for the generation
of l-phenylethanol (III). Conéequently, direct nucleo—
philiC'diSplacément K(a),‘Scheme XV) is favored as the
ma jor pathway. |

Of‘COurse,'phe same cohclusibn can hardly'be extended
to the cycloheiyl substrates VI and VII since epoxide X is
a product. %urthermofe, thé ér}mgry alcohol produced from

the reduction of epoxide X was 1in much -lower yield
o, A
Table XV ' : e

Rreaction of styrene oxide (V) with excess aluminum hydride

Mole Product Composition, % ) Yleld ratio

Entry AlH4/V Reaction Conditions PhCH(OH)CHJ(lII) PhCHZCszH(IV) 111/1V Ref . v(//
1 1 THF/25%/1 h : 7376)2 2702432 2.7(3.2)° 2
-2 3 THF/rt/2 h 74 : 26 - 2.8 45
) ‘
3P 2 Et,0/0°/0.5 h / a9.9¢ _ 50.19 1.0 36

Va

’\”ﬁ
7

2 The value 1n parenthesis refers to one under reaction condition of THF/0¢/%1 h.
Aluminum deuteride and styrene oxide-2,2- d were used.
€ The product was 1-phenylethanol-2- -d.
The product was 2—phenylethanol42-d.\

AN
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compared to that of the isomeric secondary alcohol - a

trend which is consistent with the product composition

from the reaction of VI and ViI. The alternate path, 1.e. ¢
direct nucleophilic displacement, cannot be dismissed for
the generation of alcohol VIII.

The unexpected deuterated products, DCH,COR and the *
related bCH2CD(Oﬁ)R, were detected in the reaction of
fluoroélcohols I1 and VII with aluminum deuteride, but not
in the coqresgonding reaction of epoxide X. One possible
explanation, which is‘related'tb'path (a), Scheme XVI, is

of fered below{

R o-a> D-A R il
N —_— i e RCOCH),D + Al-t
HX —F TS » \
' ) W=D
+
(R = Ph, CeH, ) —Al ~

| . + Al-H
. \
an

~ .
> il

(31) could be.a concerted process, instead of a stepwise'

one as shown.

c

N

111.3 Conclusions * ‘fnv.. | \\
>

Both LAH and aluminum hydride reductions- of a-fluoro-:

ketones préceed by a heterolytic hydride transfer process
to the corresponding fluoroalkoxides. subsequent reaction
of the latter yields dehalogenated products. The defluor-

ination of the alkoxide derivative of 2-fluoro-1-phenyl-
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ethanol Sy LAH proceeds Xig_anfelectron transfef procegs
as one of the.steps in the radi;al chain propagation
sequence.. Depending on the amount of the hydride reagent
relativé to the reactant, the radical. species (XIV, Scheme
IX) reSultéd from ;his process may either abstréct a
hydrogen atom from.an alumithydride species or rearrange
to a more stable radical species (XV). Since the alkoxide
derived from l-cyclohexyl—2—fluoroetﬁ§nol cannot follow '

~

this pathway,” its dehalogenation was proposed to proceed
via an intramolecular process giving.rise to an epoxide,
which could be reduced by the hydride reagent. Inter-
molecular hydride transfer to the fluoroalkoxide\caﬁnot be
‘precluded as ;n alternate route from which l-cyclohexyl-
ethanol 1is produced. Similar mechanistic conclusion can
be exxehded to the reduction of the aliphatié substrate by
aluminum hydride. It appears that the defluorinated
products from the reduction of the aroéétic fluorocalkoxide
with aluminum hydride do not arise from an epoxide
intermediaté. 1-Phenylethanol probably comes from an
Jintermolecular hydride transfer to the'flﬁoroalkoxide,‘ 2-
Phenylethanoi is' originated primarily from the phenyl
migratioh of the alkgxide. Not only does phenyl group
migrates at the fluorocalkoxide stage, hydride and cyclo-
hexyl shifts are also detectable. Yet the latter migrations

represent only minor pathways leadinc to defluorinafed

products.
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IV.l Materials

Benzene (J.T. Baker Chemical Co. or Aldrich Chemical)
was purified158 by stirring with aluminum chloriég, then
dried over calcium hydride and diétilled.“The process was
reéeated once, the final distillation being carried ouk
over lithium aluminum hydride. Fractional recrystalliza-

tion of the distillate afforded a fraction‘of 99.99%

purity (Glpc analysis).

Tetrahydrofuran (Terochem) was predried over KOH or

NaOH pellets and distilled over LAH. The distillate was
stored at refluxing temperature with sodium ?gnzophenone

ketyl and freshly redistilled prior to use.

Lithium aluminum hydride (Alfa Products, 95%) was

used as obtained when the reactions were carried out 1in
benzene, since the results of using purified and'non—
pQrified reagent were shown to be comparable (see
Reactions 10 énd 11, Table 1). 1In THF, a filtered
solution of the reagent was used. Similarly, lithium

aluminum deuteride (Aldrich Chemical, 98 atoh % D) was

used as obtained when the reactions were carried out in
. ‘ \
benzene and allowed to dissolve when employed in THF.
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1,4-Di-tert-butylbenzenc (Aldrich Chemical) was

recrystallized from a mixture of skelly B and ethanol (l:1

v/v) and dried in vacuo: mp 79-80° (1it 146 go-81°).

) :
l1-Phenylethanol, 2-phenylethanol a@d styrene oxide
1

(Aldrich Chemical) were distilled before use. Glpc

analysis showed them to be >99% pure.
. )

Acetophenone (Koch—Light,Laboratories) waqr 130.
{ :

distilled before use.  Glpc analysis showed it to be T

>99,5% pure.
!

phenylacetaldehyde (J.T. Baker Chemical Co wx

ethanolic solution) was distilled before us ;

Tetradecane (Eastman Organic Chemi “fs)

befogé use. Glpc analysis showed it to be >99.98% pure.

Bibenzyl (Eastman Organic Chemicals) was

recrystallized from methanol and dried in vacuo: mp 48—

.

49.5° (1it146 52.3°) .-

\

) 1,3-Dinitrobenzene (Aldrich Chemical) was purified by
N\

recrys%gllizing from methanol and dried in vacuo: mp 89.5-

90° (lit146 ap®). 1,4-Dinitrobenzene (Aldrich Chemical)

was used directly without further purification,
[+

L
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1,4-Dicyanobenzene (Aldrich Chemical) was purified by

sublimation: mp 218-220° (1itl46 2220,

Dicyclohexylphosphine (Aldrich Chemical) was used

directly without further purification,

«,a'-Azobisisobutyronitrile (Aldrich Chemical) was

recrystallized from a mixture of ethanol and water (1:1

v/v) and dried in vacuo: mp 101—102j (11147 103°).

Fluoroacetic acid was prepared E}om f luoroacetamide

(50.0 g, 0.65 mole). The procedure was mode;led on that
reported by Buckle and coworkers.l48 Instead of using
arsenous oxide and nitric acid, a mi#;uré‘of nitric oxide
and nitrogen dioxide was bubbled onto fluorocacetamide
crystals. After the egcess nitrous fumes were expeiled,
distillation afforded a colorless liquid (32.1 g, 64%):
bp 164-165°/700 mm; mp 26-27°; 80 MHz lH nmr (CDCljy)

S 5.18 (4, ;t== 46 .7 Hz, 2H), 9.37 (s, 1H); ir (neat) 1850

(CO stretching), 3240 cm™}.

Fluoroacetyl .hloride was produced from the reaction

of fluoroacetic acid (34.1 g, 0.44 mole) and «,x,a-

trichlorotoluene (94.5 g, 0.48 mole) 1in the presence oOf

149

zinc chloride (catalytic amount). Distillation from

the reaction mixture gave an oily liquid (36.2 g, 86%):
[
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bp 71-73.5°; 80 MHz 'H nmr (CDCly) & 5.34, (d, J = 46.7

Hz); ir (neat) 1750 (CO stretching), 3100 em™ L,

h-Fluoroacetophenone (1) was obtained from the

reaction of benzene (10 mL, 0.11 mole) with a mixture of
fluoroacetyl chloride (10.8 g, 1.11 mole) and aluminum
chloride (31 g) in dichloromethane using the method of

Bergmann and Kalmus.129

Upon treatment with hydrochloric
acid, the solvent was removed (in vacuo) to yield a dark
reddish-brown liquid. Fractional distillation %fforded a
colorless liquid (10.5 g, 68%) which solidified‘at room
temperature: bp 72-75°/2 mm (1it129 65-70°/1 mm); 200 MHz
i nmr (CDCl3) & 5.36 (d, J = 46.0 Hz, 2H), 7.26 (t, J =
1.6¢Hz, 2H), 7.32-7.50 (m, 1H), 7.66 (a, J = 1.6 Hz, 2H) ;
ir (neat) 1710 em~l; mass spectrum m/e (relative
intensity) 138 (M*+, 15.2), 105 (100.0), 77 (64.5).

Anal. Calcd for CgH4OF: C, 69.56; H, 5.11. Found: !
C, 69.88; H, 5.19.
2,4-Dinitrophenylhydrazone: orange needle (recrystallized
from p-xylene), mp 213-214° (1itl?? 213-214°). Anal.

Calcd for C14H11N4O4F: c, 52.84; H, 3-48; N, 17.61.

Found: C, 52.83; H, 3.54; N, 17.26.

2-Fluoro-l-phenylethanol (II) was prepared from the

reduction of ketone I with sodium borohydride.. A solution

of T (5.0 g, 0.036 mole) in diethyl ether (30 mL) was
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Y
a(zgml‘:"ézlowly to a stirring mixture ot sodium borohydride ®
(3%0 g, 9.053 mole), diethyl cther (100 mlL) and water (%
m[.).m Stirring continued at room t(%rn;>(3fat‘gre tor 5 h and
the starting material was all consumed (checked by
glpc). The reaction mixture was poured into cold dilute
hydrochloric acid. The organic layer was separated while
the aqueous layer was extracted with diethyl ether (2 x 50
mL) . COmbined(organic layer was washed with water, sodium
bicarbonate solution (5%) and tinally, with saturated
sodium chloride solution. After drylng over anhydrous
magnesium sulfate, the soivent was removed in vacuo,
Fractional distillation using a Vigreux column aftorded a
colorless liguid in the largest fraction (bp 110-111°/15
mm) which contained 10-15% minor componénts (glpc). The
major product was separated by liquid chromatography with
an alumina-packed column, the eluting solvent system being
a mixture of Skélly B and ethyl acetate (80:20 v/v). The

purity was over 99.5% (glpc): .80 MHz 1

H nmr (CDCly)
& 3.38 (s, 1H), 4.43 (d of m, Jgq = 48 Hz, 2H), 4.75-5.13
(m, W), 7.34 (s, 5H); ir (neat) 3370 cm‘l; mass spectrum

m/e (relative intensity) 140 (M%+, 29.2), 107 (100.0), 79
y

(55.7).

Anal. Calcd for C8H90F: cC, 68.56; H, .6.47. Found:

C, 68.34; H, 6.54.
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rluoroacetonitrile was prepared using the procedure

. .
of Buckle and cowquurs.llm Fluorocacetamide (33.0 g, 0.43
[ LOw
/ j
mole) was!prcudried in vacuo over concentrated sulturic

acid. 1t/ was allowed ¥o mix with phosphorous penéOxide
; :

{(60.0 g, b.42 mole) in . a three-neck round bottom tlask
¢ A

fitted with mechanical #tirring device, The stirring
4 i

mixture was heated to 110-120° and a colorless liquid

{13.1 g, 52%) was obtained by distillation: bp 78-80°

(11149 80°/760 mm); 80 MHz 'n nmr (CDCLly) & §.00 (d, J =

«

46.0 Hz); ir (CCl,) 910, 1050 cm™l.
The conversion of fluorocacetonitrile (8.0 g, 0.13

mole) to cyclohexyl fluoromethyl ketone (V1) was effected

by the addition reaction with cyclohexylmagnesium bromide
according to the method of Bergmann g&ﬂgl:;SO The
Grignard reagent was prepared in.€itu from magnesium
turnings (3.3 g, 0.14 mole) and cyclohexyl bromide (22.1
g, 0.13 mole) in diethyl ether. Fractiénal distillation
of the crude product (reddish brown liquid) ftrnished a
colorless liquid (77-79°/15 mm, 1lit!>1 82-83°/20 mm).
About 10% (gipc, by area) of a minor component, identified
to be dicyclohexyl,;~was detected and removed by liquid
chroma£ography using an alumina-packed column. The

eluting solvent was Skelly B followed by an increasing

fraction of ethyl acetate to about 20%. 200 MHz 'y nmr
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(CDC1l3) & 0.93-1.33 (m 5@), 1.43-1.79 (m, S5H), 2.32-2.54

(m, 1), 4.72 (d, J = 4y.0 Hz, 2H); ir (neat) 1740, 2340

cm'l; mass spectrum m/e (relatQGe intehsity) 166 (Q.B),
144 (M*+, 8.1) 83 (100.0] 55 (73.0).
@ .
8ﬁ%a1, Calcd for CgH{3OF: C. 66.64; H, 9.09.
) l)'.‘;. ::;‘ . \ o . . !;;’ . ‘ : . .
'Fouévﬁagc, 66.17; H, 9.1B (The compound may still contain

a small amount of impurilty. The 2,4-DNP deriVative-was

prepared).
© 2,4-dinitrophenylhydrazone: yellow needle (recrystalliied
from methandi), mp‘L29.5— 30.5° (lit150 125-127° prism).

Anal. Calcd for Cj,Hy7N404F: C, 51.85; H, 5.28; N,

171’8. Found: C, 51.54; H, 5.32; N, 16.97.

~
"\

1—Cxclohexyi—2—fluoroethahdl (VI1) was prepared from

‘the pedﬁction of ketgnerI (5.0 g, 0.035 mole) -with sodium

-y

. borohydride (2.0 g, 0.053 mole) following the same

procedure as for Fhe.conviFSion of ketoﬁe 1 to‘aicoholv
1T, xFractiOnalwdistillatidn ;Sing a Vigreq*7coluhn
afforded;a ¢olorless liquid (97-98°/17 mm). The.purity

was >99% (glpc): 200 MHz lH nmr (cﬁc13) § 0.61-2.03 (m,
11H), 2.91 (s, 1#), 3.35-3.60 (n 1H), 4.33 (dvof m, Jq = 2
48;0‘Hz( ?H); i; (vapor)'2é75, 2930, 36890 cm_l; mass |
spectrum m/e (relative intensity) 113 (41.0),°95 (74.1),

. ,
55 (100.0) .
AR

u
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1- Cyclohexylethanol (vii1) was produced from the

reactlon of cyclohexylmagne51um chloride and acetaldehyde

in diethyl ether_.152

Eractlonal dlsrlllatlon‘furn1§3ed,a
colorless liquid (72-74°/15 mm). About 10% (glpc) of two
minor components, 1dent1fled &p be dicyclohexyl and
cyclohexanol, were detected and removed by liquid
_chromatography'using an alumlna—packed column., The
eluting solvent was a mixtureiof”Ske}kf‘% and ethyl
atetate. 200 MHz 1H nmf'(coc13) 5 0.67-1.29 (m, 9H;
contaiﬁs 34, d, 1.09 ppm, Jg = 6.0%Hz), 1.47-1.85 (m, SH),
2.63 (s, 1H) 3.38-3.52 (m, 18); ir (neat) 2920, 3375 cm”l;
mass spectrum Eig_(reiative intensity) 110 (40.5), 95

(21.2), 45 (100.0).

2= Cyclohexylethanol (1X) was prepared from“the

reaction of cyclohexylmagne51um bromide and ethylene oxide
in ‘diethyl ether.153 Fractional dlstlllatlon afforded a
colorlees liquid (bp 85.5-87°/15 mm; 1it146787°/15 mm) .
The minor compoments,,'dentified to be dicyclohexyl and
cyclohexanol, were removed in the sgme way as descrlbed
for the purlflcatlon of 1- cyclohexylethanol 400 MHz 1H
nmr (C6H6) 6_0.80e1.03 (m, 2H), 1.04-1.35 (m, 3H), 1.35;
1.54 (m, 3H), 1.55-1783 (m, 5H)7 3.61 (t, J = 6.5 Hz,IZH),

4.10 (s, 1H); ir (vapor) 2930, 3660-cm;1; mass‘spectrum.



m/e (relative intensity) 110 (49.9), 95 (16.9), 82

(100.0), 81 (96.5).

chléhexyl methyl ketone (X) wés prepared from the
oxidation of a benzéne soiution of alcohol VIII with an
aqueous solution of sodium dichromate dihydraté and
culfuric acid.l54 Fractional distillation furnished a
colorless liquid: bp 68-69°/18 mm (11t155 57-60°/8 mm);
80 MHz lH nmr (CDCly) & 1.00-2.13 (m, 10H), 2.13 (s, 3H),
2.13-2.60 (m, 1H);‘mass spectrum Ezgn(relative inténs}ty)

126 (M*+, 52.9), 111 (19.5), 55 (100.0).

[P

/

1-Cyclohexyl-1,2-epoxyethane (XI) was obtained from

the reaction of vinylcyclohexane with m;chloroperbenzoic

acid. 2% Fractional distillation afforded a colorless -

liguid: bp 62-64°/15 mm (1it!>7 40-41°/6 mm); 80 MHz ly
, ‘ g |

nmr (CDCly) & 0.60-2.25 (m, 1lH), 2.38-2.83 (m, 3H); ir

(neat) 859, 1459, 2863 cm~l; mass spectrum m/e (relative

intensity) 126 (M-, 3.7), 96 (76.3), 81 (100.0).

IV.2 Instrumentation

All melting point values were measured with a-Mel-
Temp melting point apparatus and were uncorrédteﬁ; All:

boiling point values were also uncorrected.

&
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400 MHz 1B nmf‘spectra were recorded using a Bruker

WH-400 NMR spectrometer. 200 MHz H and 2H nmr spectra

‘were obtained on a Bruker WH-200 NMR spectrometer. 80 MHz‘

1y nmr spectra were obtained on Bruker WP-80 NMR

‘spectrometer. Infrared spectra were recorded on a Nicolet

7199 FT-IR spectrophotometer. Mass’%pectra were obtained
using an AEI MS-12 medium resolution mass spectrometer
_ couple ~ a Data General Nova 3 DS-55. Gas

chrome .raphy - mass Spectra (glpc-mé) data were obtained

using a Varian Aerograph 1400 gas chromatograph coupled to;

an AEI MS-12 mass. spectrometer with a Data General Nova 3

DS-55. Gas chromatography - -infrared spectra (glpc-ir)
data were obtained using a Nicolet 7199 FT-IR spectrometer
=1nterfaced to a Varian 3700 gas chromatograph The.column
»for glpc ms . and glpc-ir analyses was the same as for glpc
analysis (see Section IV.3).

Glpc analyses with packed columns were carried out
using ' a Carlo Erba gas chromatograph equipped with a flame
ionization detector and coubled to a vista CDS 401
chfomatography Data System., fhg detector was calibratedh
uéing a mixture of synthetic mate%ials and an internal

" standard.
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1v.3 Procedures for Reactions

!

H-shaped Pyrex reaction ampoule for degassed

.

reactions were joined to 10/30 joints. The ampoules had
been cleaned with cthmic acid solution, water, ammonia

water, distilled water and just or to use, oven-—-dried

' A
at about 120° for at least eight hours.

‘

'

Preparation of a solution (A) of lithium aluminum

hydride (LAH) in tetrahydrofurah (THF) and the assay of

its hydride equivalence? Commercial LAH was added to a

three-neck round-bottom flask (250 mL) containing purified
TQF {200 mL). The mixture was sti;red uhder‘a nitrogen
atmosphefe for over 2 h at room temperature. it was -
filtered through a sintered glass funnel under nitrogen
atmosphere inside a glove box. The filtered solution was
éleér. It was cappeg with a silicone syringe septum and
stored in the. glove box. .

A quantity (1 mL) -of Sglution A was injected into a
three-neck round-bottom flask fitted with a syringe septum
and contaihing%a stirring mixture of 1:1:1 (by volumes) of
watér, THF and glycerine. The gas (hydrogen) liberated
was collecﬁed over mercury inside a graduated buret
connected to a reservoir which was open to the

atmosphere. The volume of gas was determined from the
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displacement of mercury at atmospheric pressure. The "
hydride equivalence of the solution was thus calculétéd
using the iéeal gas-equation. Over vafiéus batches of
'similar proportions of LAH to THF, this value was ia“the
" range of 1.15-1.50 M and did not change by more than 5%

.

within a period of two weeks,

Preparation of a solution of aluminum hydride in THF

(Soiution B) and the assay of ité hydride equivalence.l3

A «clear solution of LAH in THF_(Solution A, 140 mL;
hydride equivalence = 1.47 M) was stirred under a nitrogen
atmosphere in a three-neck round bottom flask (250 mL)
fitted with a condensor cdntaining crushed dry ice and
capped withya syringe septum. Thié.was cooled in an ice-
water bath.‘ Sulfuric acid (1.43 mL, ca. 25.8 mmole) was
injectedvslowly into the mixture, Gas flow ‘increased,
accompanied by the précipitation of a white solid. When

the gas flow resumed to the original rate, stirring of the

o)

mixture was allowed to continue at ambient temperature for
at .least anothér 2 h., The mixture was allowed to stand
under a dry nitrogen atmosphéré for eight additional
hours. The solution was filtered through a sintered glass
funnel inside a glo;e box. The g}ightly turbid soiution
wasbcapbed with.a silicone syringé septum and kept in the

.

"dry box until use.
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The hydride strength of the solution (B) was
determined, in the same manner as the assay of LAH in

THF.2 For a number of preparations of Solution B from
‘k
solutions of LAH/THF of comparable concentrations, the

.
hydride equivalence was in the range of 0.80-1.25 M and

did not change by more than 5% within a period of two

weeks,:

. General proceBure for the reaction with LAH in

benzene. Lithium aluminum hydride was transferred to one
arm%pf.an H—shéped recaction vessel together with an
alfﬂdét of benzene, An aliquo£ of a stock solution of a
substrate and an internal glpc standard (p-di-tert-
butylbenzene for the aromatic substrates I, TI and V; gnd
tetradecane or bibenzyl for the cyclohexyl-substituted
substrates VI, VII and X) was pipeted into the other arm
of the ampoule. The reaction vessel was degassed three
tihes'by‘the freeze-thaw technique, sealed ana
thermostated at 61° before the materials in~both arms were
mixed. The freeze-thaw step was bypassed if the reaction
wés carried out in the presence of air. The reaction
ampoule was kept at 61° for the desired period of time.
It was then frozen, opehed and the mixture was treated

with an aliquot of dilute sulfuric acid (<0.5 M) saturated

with sodium chloride. The aqueous layer was separated and



.

extracted with benzene. The combined organic layer was
dried over anhydrous potassium carbonate. The product
mixture was analyzed by glpc (70-180°) using a 1/4" x 10'

stainless steel column containing 10% FFAP on Chromosorb

1

W, AW DMCS. The products were 1dent1£1ed by comparing

their retention tlmes wlth those of the authentlc

oy
gi

materials and by a comparison of their ir (glpc-ir) and,
mass spectra (glpc-ms) with those of?Fhe authentic
materials. The y%elds Qere determined against the
internal standard utilizing the follewing expression:

Area integration

‘corresponding to i

moles component 1 = === Tntegration x CFj X mole std

corresponding to std

where CF, 1is the calibration factor of component i
obtained from the analysis of a standard calibration
mixture composed of known quantities ef autnentic samples
and the standard.

(moles component i/moles std)

in the calibration mixture

(area integration due to i/area
integration due to std)

CFi =

When the reaction was carried out in the presence of
a' ., '-azoblslsobutyronltrlle (4 -1 mole ¢ of substrate),
the additive was weighed and added to ‘the compartment of

¥

the reaction ampoule containing the substrate. When the
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reaction was carried out in the presence of m-DNB, p-DNB,

/
g DCB or. DCPH (3-6 mole % of substrate), an aliquot of

benzene solution of the additive was pipeted into the
compartment of the reaction ampoule containing the
substrate. 1In either case, subseqguent steps were

identical to those described in the preceding paragraph.

General procedure for the reaction with LAH in THF.

The procedure féllowed closely that for the reaction with
LAH in benzene, except that an aliquot of Solution A of
known‘concentr;tion'was syringed into one arm of the H-
shaped ampoule together with an aliquot of THF.

The procedure for the anaiysis of the reaction
mixture from the reaction of a cyclohexyl-substitued
substrate (VI, VII or .X) was slightly modified sinée X in
THF had been shown to be sensitive to dilute mineral acid
at rooﬁ temperature. The reaction mixture was.tfeated

with an éliquot of benzene before the addition of dilute

sulfuric acid. Subsequent steps were not modified.
f

General procedure for the reaction with aluminum

hydride in THF. The procedure followed that for the

reaction with LAH in_THF. An aliquot of Solution B of

known concentration was syringed into one arm of the H-

AR

sshaped reaction ampoule together with an aliquot of THF,

and this mixture was alleed to react with the substrate.



The reaction with lithium aluminum deuteride (LAD) in

benzene. The procedure resembled to the genefal procedure
for the LAH reaction in benzene. The reaction mixtufe was
allowed to stand at 61° for 16 h., It was analyzed by its
l4y and 2H nmr spectra - the products were identified with
the aid of the lH nmr spectra of synthgtic samples and
their relative composition was determined.from the
iﬁtegrations of the sgectra and glpc molar ratios. The
analyzed resulﬁs for the reaction of substrates I, II and
V\a&e~presenteé in Table 1V, and for the reaction of
substrates VI, VII and X, in Table XI.

’ (a) Ketone I, See Figure 1. 200 MHz lH nmr (C6H6)
& 1.24 (broad s), 2.51 (s), 4.08 (d, g;# 47 .0 Hz);1200 MHz
2H.nmr (CcHg) & 1.24, 3.42, 4.49.

(b) Alcohol II. See Figure 2. 200 MHz H nmr’

H

(CeHg) & 1.24-1.37 (m), 2.59 (d, J = 7.0 Hz), 2.78
(hydroxylic proton), 3.20 (hydroxylic proton), 3.44-3.60
(m,), 3.94 (hydroxylic proton), 4.00-4.36 (d of m, Jy =
47.0 Hz), 4.55-4.80 (m); 200 MHz 2H nmr (CgHg) 6 1.25,
3.47, 4.55. Gipc—ms analyéis of the reaction sample
fevealed the presence of traces of phenylacetaldehyde.
(c) Epoxide V. 200 MHz !H omr (Cglg) & 1.30 (d of
m, Jg = 6.0 Hz), 2.28-2.35 (m), 2.54—2.65 (m), 3.40-3.47
(ﬁ{j_B.sz (d, J = 6.0 Hz), 4.59 (t, J = 6.7 Hz); 200 MHz

24 nmr (C6H6)>6 1.29, 2.55.
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(d) Ketone VI. 200 MHz ly nmr (CgHg) O 0.74-1.32
(m; contains a broad s at 0.97 ppm) 1.46-1.87 (m), 4.09
(d, J = 47.3 Hz); 200 Miz i nmr (CgHg) 6 0.97, 3.27, 7.15
(C6}15D) .

(e) Alcohol VII. 200 MHz 'H nmr (CgHg) 6 0.96-1.28
(m), 1.34-1.45 (m), 1.45-1.84 (m), 3.22-3.37 (m), 4.12 (d
of m, J = 48.0 Hz); 200 Miz 24 nmr (CgHg) & 0.97, 3.24,
7.15 (CeHgD) .

(£) Epoxide X. 200 MHz lH nmr (CgHg) & 0.74-1.29

(m), 1.46-1.91 (m), 3.29-3.45 (m); 200 MHz “H nmr (CgHg)

The reaction with LAD in THE. A solution of LAD (0.58 g,

13.8 mmole) in tetrahydrofuran was prepared in the same
way as that of solution A.* T¢ deuteride equi?alence was
found to be 0.95-1.15 M for ‘'several individual
preparations. , ‘ : T

The procedure followed that for the hydride reéction
in THF. The reactionumi*ture was allowed to stand at 61°

‘ s

for 16 h., It waé analyde by its 1y and 2H nmr spectra by
comparing with the 14 nmr spectra of synthetic samples.
The relati&ewproduct composition was dete?mined from the

nmr integrations and glpc molar ratios, The analyzed

results for the reaction of substrates I, II and Vv are
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shown in Table IV, and for the re?ction of substrates VI,
VIT and X, in Table XIT.

(a) Ketone 1. 200 MHzllH nmr (CgHg) 6 1.26 (bfoad),
3.98.(m), 4.22 (d, J = 47.3 Hz); 200 MHz 2H nmr (CgHg)

55‘1' 4.45, 7.15 (CgHgD).

“®% (b) Alcohol II. 200 MAz lH nmr (CgHg) 6 1.26
(broad), 4.20 (d of 4, J = 48.0, 5.3 Hz), 4.53 (t, J = 5.3
Hz); 200 MHz 2H nmr (CgHg) & 1.24, 7.16 (CgHgD). Glpc
an;lysis of the product mixture revealed a trace guantity
of the product whose retention time corresponded to that
of 2-phenylethanol.

(c) Epoxide v, 200 MHz 14 nmr (CgHg) & 1.29 (d of
t, Jg = 6.3 Hz, J = 2 Hz), 2.49-2.65 (broad s), 2.60-3.06
(broad s), 3.36-3?%1 (m, partly due to residual THF), 4.60
(t, J = 6.0 Wz); 200 MHz 2H nmr (CgHg) & 1.26, 2.50, 7.15
(CeHgD) . |

(d) Ketone VI. 200 MHz 2H nmr (CgHg) 6 0.78-1.36
(m, contains a broad s at 1.00 ppm), 1.32-1.60 (m), 1.40-
1.98 (m), 2.64 (broad s, hydroxylic proton), 4.22 (d of m,
Jg 47.3 Hz); 200 MHz 2H nmr (C6H6) 5 0.97, 3.27, 7.15
(CgHgD) .«

(e) Alcohol VII. See Figure 4. 200 MHz 1y nmr
(CgHg) & 0.78-1.42 {m; contains a d of t at 1.05 ppm, Jg =
6.7 Hz, Jy = 2 Hz), 1.30-1.60 (m), 1.34-1.98 (m), 2.23-

2.25 (d, hydroxylic proton), 2.93 (d, hydroxylic proton),
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3.32-3.50 (m), 4.22 (d of m, Jy = 47.3 Hz); 200 MHz °H nmr
(CeHg) 6 1403, 3.35, 7.15 (CgHgD).

(f) Epoxide X. 209@} Ui nmr (Cghg) 6 0.85-1.38
(m; contains a 4 of t af 1,03 ppm, Jq = 6.7 Hz, Jy = 2
Hz), 1.58-1.99 (m), 3.15-3.49 (m); 200 MHz 2H nmr (CgHg)

N
0.97, 77.15 (€gHgD) . ‘

The reaction with alumgnum deuteride in THF .~ A
solution of aluminum deuteride in THF was prepared and
assayed in the same way as that of Solution B.13

The procedure followed that for the hydride reaction.
The reaction mixture Qés analyzed by 1y and 2H nmr
sPéCtroScopy and assisted by glpc-ms and glpc-ir. The
relative product composition was determined from the nmr
integrations and glpc molar ratios. The analyzed results
for‘the reaction of substrates I, II and V are found in
Tableyix, and for the reaction of substrates VI, VII and
X, in Table XIV. |

(a) Ketone I, The ketone (0.57 mmole) in THF (2 mL)
was mixed with an aliguot (2 mL) of the deuteride solution
(1.10 M in deuteride equivalé%ce) at 61° and allowed to
react for 3 h, 200 MHz B nmr (CgHg) & 1.24 (broad), 2.52
(s), 3.47 (s), 4.18 (4, J = 46,0 Hz), 4.67 (d, J = 48.0

Hz); 200 MHz 2H nmr (CgHg) 6 1.26, 2.51, 3.43, 4.50.
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An identical run was carried out for a lower
concentration of the substrate (0.34 mmole ketone in 2 mlL
THF with 2 ml of deuteride solution of 1.90 M in deuteride
equivalence), 200 MHz 1gﬂnmr“QC6H6) 5 1.25 (v, J = 2 Hz),
2.22 (broad s), 2.55 (s), 3.50 (s); 2@6 MHz 2H nmr (CgHg)
& 1.24, 2.50, 3.44, 4.50,

(b) Alcohol I1. The alcohol (1.3 mmole) in THE (2
mL) was mixed with a THF solution of the deuteride reagent
(7.4 mL, deuteride equivalence = 0.34 M) at 61°‘and
allowed to react for 16 h. See Figure 3B for nmr spectra
of gﬂe product mixture., 200 MHz 1y nmr (CgHg )
6/6172—0.94, 1.24-1.37 (m), 2.02-2.13 (m), 2.64 (d, J =
6.7 #z), 3.04 (broad s), 3.48-3.69 (m), 4.06-4.38 (d Qf m,
Jg = 47.0 Hz), 4.66 (t, 3 = 6.0 Hz); 200 MHz 2§ nmr (CgHg)
& q.77, 1.30, 2.02, 2.57, 3.53, 4.60; glpc-ms
corresponding to 2—phenyiethanol showed that the relative
intensity of m/e 123 (26.8)‘;as higher than that‘of
authentic 2—pheny1ethano1 (3.3), but m/e 124 wasS absent;
glpc-ms corresponding to l-phenylethanol also ahowed that
m/e 124/§as absent, glpc-ms corresponding to phenyl-
acetaldehyde and/or acetophenone showed that both m/e 105
and 91 weré ﬁresent; glpc—i} Vmax 1670 em™ ! (co stretching
of acetophenone).

An identical run was conducted with a higher mole

ratio of the alcohol to the deuteride reagent (0.56 mmole
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alcohol in .2 mL THF and|24mL of'deuteride solution of 1.57.
. M in deuteride equivalence). See Figure 3A for the nmr
Y » a : . . ) .
. spectra of the prodUct mixture. 200 MHz ly nmy (C6H6)

i

& 1426 (d of t, Jd = 6.7 Hz, Jt = 2 Hz), 1.47 (broad s),
2.56 (d, J = 6.0 Hz), 3.41—3.55 (m), 4.54 (t, J =‘6 7 Hz),"
200" MHz 2H nmr (C6H6) 5 1.26.1 .
(c) Epoxide V. 200 MHz lH nmr (C6H6) 5 1.26 (4 of
€, Jg - 6.7 Hz, 3y = 2 Hz), 2.57 (d,»g_f 6.0 Hz), 4.58 (t,
3 = 6.7 Hz); 200 MHz 2H nmr (CgHg) 6 1.26, 2.55. |
(d)f Ketone VI. See Figure 5. 200 MHz 1H nmy (CSH6)‘
) Q.7i—1.40 (%; contains‘a broad';'at 0.97 ppm), 1.42 (s):
C1.51-2.18 (m),’ 2.57 (Préadf, 2l71~(broad),.3;22—3.44‘(m5,‘
3.44-3.76 (m), 4.30 (@, g;é 48.0 Hz); 200 MHz 2H nmr
(C6H6) 5 0.81, 0.97, 1.28, 1.68, 3.29, 3.41, 7.15 (CgHgD) .
~(e) Alcohol VII. 200 MHz M4 nmr (CgHg) 6 0.70-1.30
(m), 1.46-1.96 (m), 2.04 (broad s), 3.17-3.40 (m), 3.40-
 %. 3.68 (unreSolvable m), 4.16 (d of ﬁ,‘Jd‘;:48,0 Hz); 200
MHz 2H nmr (CeHg) 6 0.82, 0.97, 1.69, 3.28, 3.40, 7.15
(CeHsD) - | o | )
YE) ! Epdrlde X. 200 MHz 1H nmr (CgHg) 6 0.80-1.42
(m; contalns ad of t at 1.04 ppm, Jd = 6.7 Hz, Jd =¥2

Hi), 1.47- l 95 (m), 3.27-3.47 (m), 3.48—3;62r(m); 200 MHz

24 nmr (C6H6) 5 0. 97, 1.35, 7.15 (CgHgD)

#

.
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f

o f&pntrol experiments. The following control experiments

: 7 were éﬁtrﬁﬁd out.
NN * c pat Y

1 -~

Since lithium hydride is the major impurity in
1commerciai liihium aluminum hydride, the test for rea‘c:tiony"1
betweehfiithiumwyydride and each of compounds I, II, VI
and VII was conyécted.f Lith&um‘ﬁydride (1.7-1.8 mmole)

was transferred to one limb of an H—shapéd'reacﬁipnl
, ampoule togethef with an aliquot (2 mL) of,THF.. An
'aiiquoﬁ (2 mL),of a étock_solﬁtion of. a substrape (1, 11,

VI or VII;*O.60—0.75'mmole) and an internal standard for

glpc analysis was pipeted into the gtﬁer limb of the
ampoule. +Subsequent steps were identical to the general
procedure for the -reaction witthAH.in'THF. Upon)standing
forll6 h, the mixture wgs anélyzed Sy g%gcfz In each case
with a differént substraté, it was found, within

experimental errors, the molar ratio of the starting

N [ .

substratévto the. internal standard remained ;onstant upon‘
the test. No new material was developed.
To test if ﬁhe lithium salt of alcohol II reacted
with ketone I, lithiumAhydride7(2.52 mmole) was added to a
culture tube (13 x 100 mm)_into wh;ch an aliquot (4 mL) of”1
" a THF solution of alcohol. II (0.36 M) and the glpc

standard, E;di—tert—butyl: ene (0.078 M), was

introduced. After standing at room temperature for five

»

, Ty
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~
minutes with constant shaking, the solid residue was
removed by filtration‘phrough glass wool. An aliquot (1
mL) of the filtranﬁ was transferred Lb*@peAs§de of an H-
shaped feaction ampoule.“The other siéQIOf the vessel was
added an aliquot (1 mL) of a THF solutioﬁ of 1 (0.36 M) .
The reaction'vesgel was.degassed,.sealed and thermostated
ét 61° before the materiais were mixed. After standing at
this ﬁgmperature for 17 h, the vessel was opehed and
treated with dilute acid. The dried mixture was analyzed
'by glpc, empléying the routine conditions. Within
experimehtal‘errors, the holar ratio of alcohol II to the i
standard was constant upon the tréatment. Mméle of ‘Etonev
I was calculated from the glpc area‘integration ratio
‘relative to the sténdard, its calibration factor and mmole
;tandard (p. 119). It was found to be 0.33 mmole or 92%
of added quantity. No new material waé developed.

The sensitivity of epoxides V and xvtoward dilute
sulfuric acid was testedgas Vv and X afe possible products
from thevreactions studied and they could be affected t
during the work-—-up of the‘reactions by the dilute acid.

. An aiiquot of a stoqk benzene solutiénﬁof epoxide vV and p-
di~-tert-butylbenzene (glpc standard) was added to a- ‘
culture tube . (13 x 1dO mm) into which a quantity of dilute
sulfuric acid (<0.5 M) was introdu%gd. The mixture waé

3 .

shaken continuéﬁly for abo@k?five minutes. The organic’

i
iy



4 ’ 129

layer was separated and dried over anhydrous potassium
carbonate. The same steps were repeated for a THF
solution of V and_E;dijggggjbutylbénzene. In either case,

~ it was féund by‘glpc analysis, that the molar ratio of thé

starting substréteuto the standard remained constant. The
whole procedure was repeated for compound X using bibenzyl
as the élpc_standard. The result of £he test in benzene
was the same as that.for epoxide &. In THF, two new
vaterials were detected bu; not identified. The molar

2%&10 of the starting substrate to the standard was about

10% of thé ratiobin thé_stock solution. |
- The interconyersiontof l—phehyl— and 2-=phenylethanols
(111 and v reséectively)'in.the presence of LAH and of.
'.v‘aluminum hydride was tested. (a) An aliquot of freshly

‘distilled coﬁpound 111 in benzene (0.43 mmole, 2 mL) wés

mixed with LAH (0.37 mﬁolef. This mixture was allowed to

stand at 61° for- 16 h. Glpc analysis of the hydrolyzed
sample revealed that no new material was' aiﬁed.

(b) Sirﬁilarly, compourﬂmd IV.40:53 mmole) gtreated with
LAH (0.41 mmole) in benzene (é%ﬁ@) in the same way. Glpc
énalysis of the hydrolyzed sample revealed that only the
starting méterial was present. (c) Likewise, 2—phenyl;
ethanol (0.72 mmole) was mixed with LAH (0.50 mmole) 1in

THF (2 mL) folldwiqg the general procedure. Glpc analysis

of the hydrolyzed sample revealed no other new signals on

i
Ay
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the chromatogram. (d) Freshly distilled acetophenone

(0.39 mmole) was mixed with LAH (0.35 mﬁole) in benzene

(2 mL) at 61° and allowed to stand at this temperature for

16 h. The reaction mixture was worked up in the usual way -
with dilute sulfuric acid and dried over anhydrous

magnesium sulfate, lThe mixture was analyzed by glpc and

the produét yields were quantified against an added

standard p~di-tert-butylbenzene (0.1l mmole). Only 1- ‘
phenylethanol (80.0%) was detected along with ‘the starting
matefial {(9.6%). (e} An aliquot (1 mL)Cgfva stock.THF
sq}ution containing‘l—phenyletﬁanol (0.3 M), 2-phenyl-
ethanol (0.24 M) and glpc standard1E;difgg££;butylbenzene
(0.039 M) was treated with a volume (1 mL) of a THF

solution of aluminum,hydride (hydride equivalence = 0.70

M), following the general procedure for the reaction with
aiuminum hydfide in THF. Gipc analysis of the hydrolyzea
mixture suggeéted that the molar ratio of either étarting:
alcohol to the standard remained constant upon the treat-
ment.

The isomerization of l-cyclohexyl- and 2-cyclohexyl-

ethancls (VIII and IX respectiVely) in the presence of

aluminum hydride was likewise tested (see (e) of preceding
paragraph). Again, the molar ratio of either starting
alcohol to the glpc standard (bibénzyl in this case) was

the same as that before the "treatment.
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