Fluorination by Sulfur Tetrafluoride
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1. Introduction

This chapter is an update of Chapter 1 of Volume 21 of Organic Reactions, (1) based
on the nearly 110 publications that have appeared from 1972 through 1982. Since the
nature of the reaction and its mechanistic considerations have been clearly described
in the previous chapter, they are not repeated. However, mechanisms involving the
reaction of sulfur tetrafluoride with certain specific compounds are discussed under
“Scope and Limitations”.

Sulfur tetrafluoride continues to be one of the more common fluorinating agents,
especially for relatively inert substrates. Its synthetic applications are summarized in
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2. Scope and Limitations

2.1. Alcohols

2.1.1.1. Haloalcohols

It has been suggested that an alkoxysulfur trifluoride is an intermediate in the
replacement of a hydroxyl group by fluorine with sulfur tetrafluoride. (2) In a
test of this proposal, a , a, w -trihnydroperfluoroalkoxysulfur trifluorides have
been isolated from the reaction of a , a, w-trinydroperfluoroalkanols with sulfur
tetrafluoride in the presence of alkali metal fluorides at —60° to 20°. (3)
Alkoxysulfur trifluorides 1 are colorless liquids that are readily

SF,
H(CF,),CH,0H —=5%; H(CF,),08F,
=60 to 20° 1
(75-85%;)
(n =2 40r6)

hydrolyzed by atmospheric moisture to the corresponding alcohols, hydrogen
fluoride, and sulfur dioxide. On controlled hydrolysis they are converted
quantitatively into the fluorides of a , a, w -trihydroperfluoroalkoxysulfurous
acids 2. (3)

H(CF,),CH,O0SF, + H,0 —— H(CF,),CH,0,SF + 2HF
1 2

{n=4oré)

[]

1,1,3-Trihydroperfluoropropoxysulfur trifluoride (1, n = 2) decomposes
completely after a few minutes at 20° to form a complex mixture of unidentified
products. Compounds 1 (n = 4 or 6), however, gradually disproportionate into
sulfur tetrafluoride and tetrakis( a , a, w -trihydroperfluoroalkoxy)sulfuranes (3)
through the formation of unstable difluoro- and monofluorosulfuranes. a, a, w
-Trihydroperfluoroalkanes are formed in a side reaction in yields of less than
5%. (3) These results suggest that in the preceding reactions alkoxysulfur
trifluorides are not precursors of fluorination products.



[H(CF,),CH,01,SF, —> [H(CF,),CH,0],SF
_s:-/ =+, [H(CF,),CH,01,S
3

H(CF,),CH,O0SF, (n=40r0)
1

\

H(CF,),CH,;F + SOF,
(5%)

Lithium 1,1,1,3,3,3-hexafluoroisopropoxide, prepared from
1,1,1,3,3,3-hexafluoro-2-propanol and n-butyllithium, reacts with sulfur
tetrafluoride in 1,3-dimethoxybenzene to afford either
2,2,2-trifluoro-1-(trifluoromethyl)-ethoxysulfur trifluoride or
bis[2,2,2-trifluoro-1-(trifluoromethyl)ethoxy] sulfur difluoride as the major
product, depending on the amount of sulfur tetrafluoride used. (3a) These two
reagents have been used to replace hydroxy groups by fluorine. (3a)

(CF,),CHOSF, + LiF
SF,,34eq (54%)
=50 to 257

(CF,),CHOLIi
D 5F,,0.5eq
-m_

[(CF;),CHO],SF; + 2LiF
(30%)

Saturated tertiary polyfluoroalcohols usually give olefins on fluorination with
sulfur tetrafluoride. However, exceptions are found in certain cases. For
example, perfluorodialkyl sulfide 4 behaves as a typical diol in its reaction with
sulfur tetrafluoride to give fluorinated product 5. (4)

25"

[HOC(CF,),CH,],8 —=— [FC(CF,),CH,],S
4 5

Reaction of sulfur tetrafluoride with perfluoropinacol at 20° yields the
corresponding spirosulfurane 6. (5)



QO O
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(85%)

2.1.1.2. Hydroxyamines and Hydroxyamino Acids

Fluorination of alcohols by sulfur tetrafluoride is limited to those containing
highly acidic hydroxy groups. The reactivity of sulfur tetrafluoride with many
alcohols is dramatically increased, and the chemoselectivity improved, by
employing liquid hydrogen fluoride as a solvent. (6) On the other hand, the
reactivity of sulfur tetrafluoride with carbonyl compounds and carboxylic acids
is not concomitantly increased, and thus the sulfur tetrafluoride-hydrogen
fluoride combination is a selective fluorinating system for alcohols. Hydrogen
fluoride plays roles as both a catalyst and a solvent in the transformation of
hydroxy amines and hydroxyamino acids into fluoroamines and fluoroamino
acids, respectively. This procedure has been termed fluorodehydroxylation. (6)
The method consists of reacting sulfur tetrafluoride with these alcohols in liquid
hydrogen fluoride solution at low temperature, usually at —78°, and
atmospheric pressure. In amino acids the amino group is protonated by
hydrogen fluoride and thus protected against the electrophilic reagent. In the
absence of this protection, the amino groups react with sulfur tetrafluoride to
form iminosulfur difluorides. The results obtained with free amino acids
indicate th ere is no need to protect the carboxylic acid groups. Several
examples orodehydroxylation are given in Egs. 1-4. (6, 7)

C H,CHOHCH(NH,)CO,H —“"» C¢H;CHFCH(NH,)CO,H

—7° 1
(65%) @)
HOCH,CH(NH,)CO,H -S—E‘T‘;‘—F-r FCH,CH(NH,)CO,H @)
(51%0)
CH,OH CH,F
HOCH OH FCH OH
e SF,, HF N
| —w | (3)
N

(52%)



(CH3);NCH,CH,0H CI- —*=%, (CH,),NCH,CH,F CI-

(4)
(75%)

A comparison of conventional fluorination by sulfur tetrafluoride with
fluorodehydroxylation is shown in Table 1. (7, 8)

Table 1. Conventional Fluorination with SF4 versus
Fluorodehydroxylation

Reaction

Product

Under

Conventional Reaction Product in
Substrate Conditions* Fluorodehydroxylation®
CeHsCHO CsHsCHF> No reaction
CsHsCOCH,NH» — No reaction
H2NCH,CO2H H>.NCH,CF3; No reaction
HOEH.CH(NH2)CO-H No useful  FCH,CH(NH;)COH

reaction

®The reaction was carried out at 50-200° in a sealed system.
®The reaction was run in liquid HF solution at —78° and atmospheric pressure.

The mechanism of the reaction appears to involve initial generation of a
leaving group at the alcoholic carbon atom. (7) This is followed by fluorine
substitution that is mechanistically dependent on the structural type: Syl
reactions of compounds that form carbonium ions easily, and Sy2 reactions of
compounds with primary and secondary alkyl groups that usually require direct
displacements (Egs. 5-8).

SF, + HF — SF} + HF; (5)



ROH + SF¥ —— ROSF, + H* (6)

ROSF, + HF —— ROSF} + HF; (7)

ROSF; + F~

RF + SOF, (8)

Evidence for the Sy1-type mechanism is provided by the following two
examples. Fluorodehydroxylation of the diastereomeric benzylic alcohols
d-ephedrine (7) and pseudoephedrine (8) afford, in 100% yields, the same ~2 :
1 mixture of 1-phenyl-1-fluoro-2-(methylamino)propanes. (7) This implies that
bond breaking precedes bond making in those precursors that form

HO NHCH,
CﬁHf,' ridl s 'CH3

H H
) \. NHCH,

CEH,CI{F—<— -CH;

HQ  NHCH, / Y

H-- >—{--CH,
CeHj H

carbonium ions easily. Another example that involves a carbonium ion
intermediate is the formation of 4-fluoropiperidine (9) on fluorodehydroxylation
of both 3- and 4-hydroxypiperidines. (7)

— )

A positive charge at position 3 of the protonated piperidine ring would be
destabilized relative to one in the 4 position because the charge in the 4
position would be one additional bond away from the positively charged

nitrogen; hence a migration to this position is expected.



Evidence for an Sy2 displacement is based on the results of
fluorodehydroxylation of L-threonine (10) and its C-3 epimer L-allothreonine
(11). In both

CH; NH, F NH, CH;, NH,
H——C—H . H-7‘—'T-H + He—p—=H
HO CO,H CH, CO,H F CO,H
"» 92% (inversion) 89/ (retention)
HO NH, CH;_ NH, F NH,
Himetemif] et Himefioea 4 Pttt
CH, CO,H F CO,H CH, CO,H
u 78 % (inversion) 22% (retention)

reactions a mixture is formed in which the major product is the one with an
inverted configuration at C-3; threonine and allothreonine afford inverted
products in yields of 92 and 78%, respectively. (7)

2.1.1.3. Hydroxyesters and Hydroxyacids

In the reaction of dialkyl tartrate 12 with sulfur tetrafluoride, one or two hydroxy
groups can be substituted by fluorine, depending on the fluorination conditions.
At 25° one hydroxy group in diethyl tartrate is replaced by fluorine, whereas at
100°, dietm, o'-difluorosuccinate is formed. (9) The ester 13 is unstable and

readily eli tes hydrogen fluoride when stored or distilled under vacuum.

% C,H,0,CCHFCHOHCO,C,H,
C,H;0,CCHOHCHOHCO,C,H; {4::4}

; "™ ¢,H,0,CCHFCHFCO,C, H,
14
(38%)
H CO,H
HDEC\F<F

NaHCO.
14 ,-ﬂ"‘"H 15
oeggl 3%

HO,CCHFCHFCO,H

16

(59%)



Treatment of 14 with sodium bicarbonate solution gives fluorofumaric acid (15),
whereas acid hydrolysis affords a , o'-difluorosuccinic acid (16).

The mechanism and stereochemical outcome of this reaction have been
studied in detail. (10, 11) Treatment of dimethyl(+)-L-tartrate (17) with sulfur
tetrafluoride at 20° gives fluorosulfite 20 in 98% yield. (11) The first
intermediate is believed to be the cyclic compound 18, which is converted by
an Sy2 reaction into anion 19 with inversion of configuration at one of the chiral
carbon atoms. Loss of fluoride ion then results in the formation of fluorosulfite
20. Cleavage of the latter by hydrogen fluoride gives the fluoroalcohol 21 in
97% yield. Further treatment of fluoroalcohol 21 with sulfur tetrafluoride in the
presence of hydrogen fluoride proceeds by way of intermediate 22 to give
dimethyl meso- a, a "-difluorosuccinate (23) with retention of configuration at
the second chiral center.

(IJ(}zCH; i (I:o,cm (I:'DZCH;
H—tlj—DH . H—(IZ—DHSF 1 F—tl:—H
_:-i' i"".-. e K 3 —
HO—C—H . o—c—H FQ 40 C—H
F—>~0
CO,CH, | CO,CH, CO,CH, |
17 18 9
(lrozcrl,, (!ZDJCH3
] = F—{IZI—H - F—f|:-H
“-eh F§0,—C—H il HD—?—H
CO,CH;, CO,CH,
0 21
(98 %) (97%)
i cI:O,CH; (|203CH3
SERHE, F\\ E=t—H —HF, —SOF, F_(]:_H
F;S‘—D—‘ C—H F—(ll—H
F
}I_é’ | CO,CH;
| CD;CH:’_ o)
- 7%

Similarly, dimethyl meso-tartrate (24) is converted by sulfur tetrafluoride into a
racemic mixture of dimethyl D- and L- a, a "-difluorosuccinates. (10)



SF, | +
H—C—O0H ™™ H—(l';—-F F—C—H
CO,CH, CO,CH, CO,CH,
D L

The reactions of a -hydroxy acids with sulfur tetrafluoride have not been
investigated extensively. It is reported that glycolic acid reacts with sulfur
tetrafluoride at 160° to form a mixture of 1,1,1,2-tetrafluoroethane (48%) and
fluoroacetyl fluoride (18%). (2) However, it has been shown that the second
product of this reaction is trifluoroethanol rather than fluoroacetyl fluoride. (12)
At 60°, 2,2,2-trifluoroethyl fluorosulfite is formed as the major product.

‘® » CF,CH,F + CF,CH,OH

HO,CCH,0H —*=: (30%) (48%)
®— CF,CH,F + CF,CH,0H + CF,CH,0,SF
(26%) (5% (42%)

The carboxyl group is probably converted into a fluoroformyl group, and the
alcohol group is converted into the trifluorosulfite with the formation of
intermediate 25. One fluorine atom of the trifluorosulfite group is then
transferred to the carbonyl carbon, leading to a cyclic intermediate 26. The

i F
F\S/F
RCHOHCO,H —=— | /I ‘)
) F\R
RCH—C—F RCH —w::F2
L b =]

RCH(O,SF)CF,

latter isomerizes to the trifluoroalkyl fluorosulfite. The formation of the
fluorosulfite thus requires the presence of hydroxy and carbonyl groups
adjacent to each other. This is confirmed by the reaction of alcohol 27 with



sulfur tetrafluoride, in which a fluorosulfite is not obtained but rather
substitution of the hydroxy group by fluorine occurs, accompanied by
elimination of hydrogen fluoride. (12)

CF,CH,CHOHCF, —=— CF,CH,CHFCF, + CF,CH=CHCF,
n

The formation of trifluoroethanol in the reaction of glycolic acid with sulfur
tetrafluoride at 160° can probably be explained by protonation of the ester
oxygen in the trifluoroethyl fluorosulfite 28 by hydrogen fluoride with
subsequent elimination of thionyl fluoride.

CF,CH,0,SF —H, [CF;.,CHZ(?SGF F-] —— CF,CH,OH + SOF,
k]
H

2.1.1.4. An Alternative Method for Direct Replacement of Hydroxy Groups by
Fluorine

Substitution of one of the fluorine atoms in sulfur tetrafluoride by a
diethylamino group gives diethylaminosulfur trifluoride (DAST)". (13, 14) This
reagent is particularly useful for fluorination of alcohols. (15) The reaction

{Csz}zNSQHa]a + SF, —Sle-& (C,H;),NSF; + FSi(CH,),
DAST (84%)

of DAST with alcohols to replace the hydroxyl group with fluorine appears to be
a general reaction, offering the following advantages compared with sulfur
tetrafluoride: fluorinations of alcohols with the less reactive DAST are more
selective, with fewer rearrangements or eliminations. In addition, DAST is a
less volatile liquid, easy to work with and reactions under pressure are not
necessary. However, dehydration reactions may occasionally predominate (14,
16)

OH F

DAST

—78 1o — 50° : (Ref. 14)

(70%) (30%2)



in DAST fluorinations, and there are reports of explosions. (17, 18)

2.2. Aldehydes and Ketones

2.2.1.1. 1,2-Dicarbonyl Compounds

The reaction of perfluoro-2,3-butanedione with sulfur tetrafluoride proceeds by
an unusual route to give perfluorobutylene glycol 2,3-orthosulfite in quantitative
yield. (19) However, unfluorinated aliphatic a -diketones afford the
corresponding tetrafluoroalkanes as the major products. (20)

2CF,COCOCF, + SF, —2:2b, CF:‘* CFa
(100%)
CH,COCOCH; ——— CH;(CF,);CH; + CH,CF,COCH,
(18%) 3%
+ (CH3CF3CFJ,U + jid 0,5\
F~}_€-F
{z%} 1% (7% @%)
C,H,COCOC,H; —=:— C,H,(CF,),C,H; + C,H,CF,CF=CHCH,

D 43%) (27%)
The yields of these tetrafluoroalkanes are greatly improved in anhydrous
hydrogen fluoride. (20)

CH;COCOCH; 5> CH,(CF,),CH,
(80%)

2.2.1.2. 1,3-Dicarbonyl Compounds

The reaction of enolizable 1,3-dicarbonyl compounds with sulfur tetrafluoride
has not been well studied. A 1,3-diketo steroid (29) with a fixed Z configuration
at the enolic double bond reacts with sulfur tetrafluoride in anhydrous benzene
to give the B -fluoro- a , B -unsaturated ketone 30 and a minor product 31
containing a phenyl group at the 8 position. (21) The 17-acetoxy diketone 32,
with an E configuration at the enolic double bond, gives three products under
the same conditions. (21)



OAc
SF. CgHy
TOOm temp, 3 Shr
O on

1 (R = F, 65-70%)
3 (R = C4Hs, 25%)

Ac
0
H !
2 OAc OAc
I ?
L, FC.. 4

HC=C ] R '

H H
EI k) M (R=F, 20%)

(30-35%) 35 (R =CgH,, 73

These results demonstrate that both types of B -diketones behave formally like
vinylogous acids, with substitution of the enolic hydroxy group of the most
stable tautomer by fluorine (i.e., 30 and 34). Under the specific reaction
conditions used, no further fluorination of the second carbonyl group takes
place.

Fluorination of acetoacetic esters leads to products that depend on the a
-substitution pattern. (22) For example, ethyl acetoacetate reacts with sulfur
tetrafluoride at 100° to give ethyl 2-butynoate, cis- and
trans-3-fluoro-2-butenoic esters, and ethyl 3,3-difluorobutanoate. (22, 23)



CH,COCH,CO,C,H; ——*— CH,C=CCO,C,H;

100

(38%)
+ CH,;CF=CHCO,C,H; + CH,CF,CH,CO,C,H;
(cis, 16%,; trans, 5°%) (367)

Ethyl a -ethylacetoacetate, which cannot be converted into an acetylene, gives
the cumulene ester 36. (22) The formation of cumulene 36 results from proton
abstraction from the intermediate alkoxytrifluorosulfurane 37. Sulfur
tetrafluoride fluorination of ethyl a , a-diethylacetoacetate does not afford
unsaturated compounds but gives ethyl 2,2-diethyl-3,3-difluorobutanoate in
31% vyield. (22) In the presence of anhydrous hydrogen fluoride, however, all
the preceding acetoacetates yield the corresponding B , B -difluoroderivatives
in high yields. (22)

CH,COCH(C,H,)CO,C,H; ——=— CH,=C=C(C,H,)CO,C,H;

100°
]
(33%)
+ CH;CF,CH(C;H,)CO,C,H; + CH;CF=C(C;H;)CO,C,H,
(22%) (cis, 13%,; trans, 6%)
F—SF
I 3 =HF, —50F
H {)) i T
o |

D CHi_C=C(C1H5)C01C2 H5
=7

CH;COC(C,H;),C0O,C,H; —— CH,CF,C(C,H;),C0,C,H;
(31%)

CH,COCR'R?*CO,C,H; —%<™% CH,CF,CR!R?CO,C,H;
(76855

2.2.1.3. Abnormal Reactions

The diphenylperfluorodiketone 38 gives the normal fluorination product on
treatment with sulfur tetrafluoride, whereas its lower homolog 39 forms a cyclic
ether 40 instead. (24)



CsH3CO(CF;);COCsH; 5 CgH;(CF;)CeHs
= (767%)
F. O F

C¢H;CO(CF,),COC;H;, —+, cﬁﬂ,ﬁcﬂﬂs
k. F, F,

FZ
40

(80%2)

Fluorination of quinizarin (41) gives rise to not only the hexafluoro compound
42, but also the heptafluoro compound 43 as the two principal products. (25)

O OH
D OH
(4'3‘}3] (lT'.’faJ

Sulfur tetrafluoride fluorination of 4-protoadamantanone yields a
rearrangement product, 1,2-difluoroadamantane. (26)

(93%)

2.2.1.4. An Alternative Method for Replacement of Carbonyl Oxygen by
Fluorine

A convenient reagent for replacement of the carbonyl oxygen of aldehydes and
ketones with two fluorine atoms is DAST. Several examples are shown in the
accompanying equations. (14, 27)



DAST, CCI,F
—

CH,CH,CHO - CH,CH,CHF,
(95%)
CeHs;CHO 28, CoHCHF,
(15%)
(n-C;H,),CO0 —==5 (n-C3H,),CF,
(68%)
o
‘ DAST
1147, 72 br

"*CO,CH,4

(547%)

This reagent is particularly useful for fluorinating aldehyes and ketones that are
sensitive to acidic conditions. For example, pivaldehyde can be fluorinated by
DAST in a nonpolar solvent such as pentane or fluorotrichloromethane. (14)
Other fluorination methods result in rearrangement or trimerization.

t-C{H,CHQ_—="0>  1-C4H,CHF,
(88%)

2.3. Carboxylic Acids

2.3.1.1. Aliphatic Carboxylic Acids

Aliphatic carboxylic acids react with sulfur tetrafluoride at low temperatures to
give 1,1,1-trifluoroalkanes as well as the unexpecteda ,a, a’,
o'-tetrafluoroalkyl ethers. (28-30) The yields of tetrafluoroalkyl

RCO,H —¥*+» RCOF —>— RCF; + (RCF,),0

ethers depend primarily on their stability in the reaction medium because they

HF

(RCF,),0 —X RCOF + RCF,



are subject to protolytic decomposition by hydrogen fluoride.

A mechanism for the formation of both 1,1,1-trifluoroalkanes and a, a, a’, a
"-tetrafluoroalkyl ethers has been proposed. (31) Support for this mechanism is

e F|
R—(|3=0 + SF3;7 — R— —\&)—SFZ

F

m—{)+

—%» RCF;* ——— RCF; + HF

R—{|2=D + ROF,t —— R—(F—D—CFZR

F F
— ", (RCF,),0 + HF

provided by the observation that a , a -difluorocarbocations are trapped by
p-xylene or mesitylene in the reactions of chloroacetic and dichloroacetic acids
with sulfur tetrafluoride. (32) The yields of gem-difluoroethylarenes range from
3 to 27%.

RCO,H + ArH —=— RCF; + ArCF,R + ArCOR
R = CH:CI, CHCI:

The synthesis of a prostaglandin bearing a trifluoromethyl group at C-16 is
based on an intermediate obtained by fluorination of a carboxylic acid with
sulfur tetrafluoride. (33)

n-C,H,CR(CO,C,H;)CO,H =, 4.C,H,CR(CO,C,H)CF;
(R = H, CH,) (42-447)
(C,H;0),P(O)CH,COCR(CF;)C,Hgy-n




2.3.1.2. Aromatic Carboxylic Acids

In the sulfur tetrafluoride fluorination of para-substituted benzoic acids, the
yields of the respective benzotrifluoride derivatives increase with increase in
the electron-withdrawing character of the substituent. (34)

p-XC,H,CO,H —+FF, 5.XC¢H,CF,

160°, 6 hr
X OCH, CH; H Br C1 F CF; NO;
Yield (%) 8 12 16.5 24 24 25 61 66

In the presence of an excess of hydrogen fluoride, the yields are substantially
increased even under milder conditions. (35)

p-XC4H,CO,H =", 5XC4H,CF;

X OCH, CH, H Cl NO,
Reaction temperature 120-140° 120-140° 100-110° 90-100° 80°
Yield 55 80 93 70 92

Hydroxybenzoic acids are also smoothly fluorinated by sulfur tetrafluoride in
hydrogen fluoride solution to give good yields of the corresponding
hydroxybenzotrifluorides. (36) An exception is salicylic acid, which resinifies
under the reaction conditions. However, it is possible to fluorinate
acetylsalicylic acid and then convert it to o-trifluoromethylphenol.

p-HOC(H,CO,H ——o—> p-HOCGH,CF,
80%)

m-HOCgH,CO,H = m-HOC4H,CF,
(15%)



0,H CF,
OH ’@,cm
5F,. HF
—_—
25°, 15 hr
O,N O,N

(73%)

CO,H CF,
1. 5F,, HF, 25°, 15hr i
Q 1 m i @
OAc OH

(20%)

The fluorinated salicylic acids are of interest as anti-inflammatory agents, (37)
and sulfur tetrafluoride fluorination of aromatic carboxylic acids is the method
of choice for introducing the trifluoromethyl substituent.

CO,H CF,
COC4H, COC:H,
§F,
100°, 8 hr
AcO AcO
CF,
COC¢H,
D 1. hydrolysis .
2. 00,, K,CO,, 200°
HO
CO,H

Recently, immunosuppressant agents have come into prominence because of
their use during organ transplant operations. Some novel quinoxaline
derivatives containing the trifluoromethyl moiety are useful as immune
regulatory agents. (38) The synthesis of one of them,
10-(trifluoromethyl)-dibenzo[a,c]phenazine, is based on sulfur tetrafluoride
fluorination.



CO,H CF,

Cl Cl
SF,, HF
—
150°, 16 hr
NO, NO,
1. liguid NH,
2. H,/Pd-C

3. 9, 10-phenanthrensquinone

2.3.1.3. Furancarboxylic Acids

Furancarboxylic acids react with sulfur tetrafluoride to form the corresponding
trifluoromethyl derivatives. (39, 40) An exception is furantetracarboxylic acid,
which gives the bicyclic 1,1,3,3-tetrafluorofurofuran

CF, CF,

HO,C  CO,H ~

1007, 7 hr; 115°, 5 hr
"{ '\ 115% 5 h %)

5F,
m CF,. CO,H

(70%2)
44 instead of tetrakis(trifluoromethyl)furan.
0O~ _0
HO,C CO,H
8F,, HF / \
HO,C co,H "*" |Foc COF
O
FZ FZ
s / \
CF; CF,;
L]

(547)



An excess of sulfur tetrafluoride in hydrogen fluoride can convert
furancarboxylic acids to highly fluorinated products. For example,
2,4-furandicarboxylic acid gives
2,5-difluoro-2,4-bis(trifluoromethyl)-2,5-dihydrofuran in 36% yield at 75-80°.
(41)

HO,C CF,
= 8l
@\C(},H R FNo” CF,
(36%)

2.3.1.4. Polycarboxylic Acids

The reaction of sulfur tetrafluoride with alkanedicarboxylic acids 45 is more
complicated than reported earlier and can afford simultaneously
bis(trifluoromethyl)alkanes 46, linear and cyclic a, a, a’, a'-tetrafluoroethers
47 and 48, and small amounts of polyethers 49. (42) The cyclic

HO,C(CH,),CO,H —**s FCO(CH,),COF
45
[] —— CF3(CH,),CF, + [CF5(CH,),CF,],0
45 47

CF /-'(CH l)n‘\
_l_
1--..____‘_0..___.--"

48

CF, + CF,[(CH,),CF,0],CF,(CH,),CF,
49

(n = 1-4)

ethers constitute the major products of the reactions with
alkane-1,2-dicarboxylic acids. They are also formed in the reactions with
alkane-1,3-dicarboxylic acids, but not with 1,1- and 1,4-dicarboxylic acids.



HO,CCH,CO,H

HO,C(CH,),CO,H
HO,C(CH,),CO,H

HO,C(CH,),CO,H

CO,H

cis

[]

5F,
130°, 3 hr

CF;CH,CF; + (CF;CH,CF,),0

(70%) (1255
SF, i’ ":
120°, 3 hr Fz F: + CFa(CH;};CFg
(20%)
(36%)
+ [CFa(CHﬂzCFz]zD
(8%
SF
—_— CFI{CH:);CF; -+ O
607, 3 hr 78%) E, o F,
(9%
+ [CF;(CH,);CF,],0
A
ﬂf_’:‘m CF;4(CH;),CF;
(81%)
¥ CF,
. (I
sl CF,
2
(70%) (3%

Sulfur tetrafluoride fluorination of the sterically hindered
1,2,3-benzenetricarboxylic acid gives 2,6-bis(trifluoromethyl)benzoyl fluoride.
In the presence of hydrogen fluoride, 1,2,3-tris(trifluoromethyl)benzene
becomes the major product. (43) However, fluorination of
1,2,3,4-benzenetetracarboxylic acid affords

CO,H

CF,
COF

SF, CF,
CO,H 4;;,f:

CF,

SF,, HF CF
CO,H m 3

CF,
(71%)



4,7-bis(trifluoromethyl)-1,1,3,3-tetrafluorophthalan in the presence or absence
of hydrogen fluoride. (43)

CO,H CF,
,H 2
SF,, HF
310°, 10 br
CO,H F
2
CO,H CF,
(9070)

Reaction of naphthalene-1,4,5,8-tetracarboxylic acid with sulfur tetrafluoride
forms dianhydride 50 quantitatively, which does not react further even under
drastic conditions. In an excess of hydrogen fluoride, an octafluoro product 51
is isolated in 80% yield. (44)

O
i L]
(1003}
HO,C
51
(80%)
2.4. Esters

In contrast to benzoic acids, methyl benzoates react with sulfur tetrafluoride
only at temperatures above 300°. (1) However, like the acids, the methyl
esters react with sulfur tetrafluoride in the presence of excess hydrogen



fluoride at moderate temperatures to give the benzotrifluorides in good to
excellent yields. (45)

CeHsCO,CH; — = CgH;CF,
(45%)

p-O,NC¢H,CO,CH, —2=— p-O,NC4H,CF;
92%)

Perfluoroacyloxy-substituted methyl benzoates react with sulfur tetrafluoride at
75-80° in the presence of hydrogen fluoride to afford the corresponding a , a
-difluoro ethers of benzotrifluorides in reasonable yields. (45)

p-R;CO,C¢H,CO,CH; —="— p-RgCF,0C4H,CF,

75-80°, 16 hr
RF H.CEFT H{C Fl}d- H-C4Fg H{C Fz }ﬁ H-CEF] 3
Yield (%) 52 65 70 62 68

Hydrogen fluoride is the most effective catalyst for the synthesis of highly
fluorinated ethers by sulfur tetrafluoride fluorination of the corresponding
esters. Th e of reaction is higher when hydrogen fluoride is used as a
solvent rather than in catalytic amounts. (46)

SF,, HF

H-C1F15C02CH1C2F5 150°, 15 hr

H'CBF 1 TDCHQCIFs
(927%)

2.5. Lactones

The replacement of carbonyl oxygen by two fluorine atoms in lactones leads to
fluorinated heterocyclic compounds. When y -butyrolactone is treated with
excess sulfur tetrafluoride at 160°, the isolated product is, however, the
unexpected 1,1,1,4-tetrafluorobutane. At 130° and with only one equivalent of
sulfur tetrafluoride, the main product is y -fluorobutyryl fluoride. (47)



F{CHZ]3CF3
Iﬁﬁ‘ 12 hr (90%)
w’
1307, B br F[CH:}ECOF

(807%)

The y -butyrolactone ring is apparently opened by traces of hydrogen fluoride
that are usually present in sulfur tetrafluoride. In an excess of sulfur
tetrafluoride, the resulting y -fluorobutyric acid first gives y -fluorobutyryl
fluoride and then 1,1,1,4-tetrafluorobutane. In the absence of hydrogen
fluoride (sodium fluoride-treated sulfur tetrafluoride), y -butyrolactone does not
react with sulfur tetrafluoride even at 230-240°, whereas decomposition
occurs at higher temperatures. In anhydrous hydrogen fluoride, however,
1,1,1,4-tetrafluorobutane is obtained in high yield at 90-100°.

In contrast to y -butyrolactone, the six-membered lactide reacts with sulfur
tetrafluoride without ring opening. (47)

F,

m;: (su %*]

FHF
\I:Iz
F
“NOTF

160°, 10 [
(75%)

2.6. Amides and Imides

Polyfluorinated tertiary amines, which are commercially important as
evaporation coolants, hydraulic fluids, and potential blood substitutes, can be
prepared in high yields as sole products by treating amides or imides with
sulfur tetrafluoride in the presence of hydrogen fluoride at moderate
temperatures. (48) For example, the amide 52 and the cyclic imide 53 are
completely converted into the amines 54 and 55 in 78 and 86% isolated yields,
respectively.



SF,.HF

C,F;sCON(CF;), —s  CgF,,N(CF,),
52 4
(78%)
F, F,
F, F;  sonr F2 OFZ
o T 12240 F, 1}4 F,
CsFs CeFs
53 ss
(86%)

Treatment of the linear imide 56 with sulfur tetrafluoride under relatively mild
conditions gives products resulting exclusively from acyl — nitrogen bond
fission. The azaolefin 57 is extremely moisture sensitive and hydrolyzes to the
amide 58 in solution or neat. (48)

8F,, HF A
56
(713%)
58

[]

The differences in reactivity and the products formed from the cyclic imide 53
and the linear imide 56 may be due to a preferred preliminary reaction between
imide 56 and hydrogen fluoride to afford amide 58, which subsequently is
converted to azaolefin 57 in a relatively facile reaction.

2.7. Acid Anhydrides

Acid anhydrides are converted by sulfur tetrafluoride to acyl fluorides and
under extreme conditions to trifluoromethyl compounds. (2) In several
instances an ether is obtained from an anhydride. In hydrogen fluoride solution,
perfluorooctanoic anhydride reacts with sulfur tetrafluoride to afford only
perfluorooctanoyl fluoride (59). (46) This result is attributed to cleavage of the

(C,F,5C0),0 —*= C,F;COF

100°, 40
)

(714%)



anhydride to an acyl fluoride—acid mixture by hydrogen fluoride, followed by
sulfur tetrafluoride conversion of the acid to the acyl fluoride.

Cyclic anhydride 60 gives the normal product, the cyclic ether 61. (46)

F, F,

F, F,  se.wF FzOFz
o e o F:
] [1]

(8472

2.8. Carbonates

Although several fluorinated anesthetics are in clinical use today, all have
disadvantages and possible hazards. Recent attention has been focused on
using fluorinated ethers, such as fluorinated 1,3-dioxolanes, as volatile
anesthetics. These compounds can be prepared by sulfur tetrafluoride
fluorinations of cyclic carbonates. (49)

F
(o == L or
F——0
I:I Cl 0>
F
5F,. HE FI #

Br Br.
L= == T
Br F O

Cl.__o Cl.__o Cl__o Cl_ _o
IO>:D S L}Fz + I OF, + \E‘D>Fz
cl cl F~ 0
6l 63 2] &5

In the fluorination of 4,5-dichloroethylene carbonate (62), the ratio of the
products depends on the hydrogen fluoride: sulfur tetrafluoride ratio. When the



ratio is greater than 1:1, 4-chloro-2,2,5-trifluoro-1,3-dioxolane (64) is the major
product.

2.9. Oxiranes

Monoaryloxiranes or unsymmetrical dialkyl- and diaryloxiranes react with
sulfur tetrafluoride to give geminal difluoro compounds with the migration of
alkyl or aryl groups. (50, 51)

CGH,>& =25+ C¢HsCH,CHF,

a @1%
D 5F,, MaF
AW Sraas  CsHsCH(CHF,;)CO,CH,
CeHs CO.CH, @719

Fluorination of triphenyloxirane and tetraphenyloxirane by sulfur tetrafluoride
at 20° leads only to isomerization of the starting materials. (51) This reaction
course is evidently due to steric hindrance to the fluorination process.
Trimethyloxirane forms 2,2-difluoro-3-methylbutane in 18% vyield. (52)

o -
(CeHo) L G (C¢Hs);CHCOCH

|;£\\ %, iC,H,CF,CH,
(18%)

Monoalkyloxiranes give mainly polymerization products even at low
temperatures. However, 1,2-difluorodecane can be isolated in 10% yield from
sulfur tetrafluoride fluorination of octyloxirane in dilute methylene chloride
solution. (52) (Ethoxycarbonyl)oxirane also gives a vicinal difluoro product,

n-CgH "
® ”;f'\_\ Lo, n-CgH,,CHFCH,F
H (10%)

ethyl 2,3-difluoropropionate. However, trans-2,3-bis(ethoxycarbonyl)oxirane
does not react with sulfur tetrafluoride even at 200°.



O SF,, NaF
A W" FCH;CHFCG;C;Hs
CO,C,H i
2%-2415% (53%}

The mechanism of the fluorination of oxiranes leading to vicinal difluoro
compounds is proposed as shown. (52)

/&\ — S, |RCH—CHR'—O—SF,
o \ ' ’L
F~-SF,

~S0F,

—» RCH—CHR'-0>-SF, RCHFCHFR’

N (F|

F--SF,

2.10. Chlorides, Bromides, and lodides

Sulfur tetrafluoride fluorination of organic chlorine, bromine, or iodine
compounds often occurs only at relatively high temperatures. However,
1-chloro-, omo-, and 1-iodoadamantanes react with sulfur tetrafluoride
under comparatively mild conditions to give 1-fluoroadamantane in high yields.
(53) At 200°, 1-bromoadamantane or 1,3-dibromoadamantane gives a

5F,

B5-140"
3-8 hr

(X = Cl, Br,and I) HERQ

mixture of 1,3-difluoroadamantane and 1,3,5-trifluoroadamantane. (54)

Addition of two fluorine atoms to olefinic double bonds has been accomplished
by using lead dioxide in the presence of sulfur tetrafluoride or hydrogen
fluoride. (1) An exception is the reaction of cis- or trans- a ,  -dichlorostilbene
with lead dioxide and sulfur tetrafluoride or hydrogen fluoride. (55) The cis
isomer undergoes dehydrocyclization with the formation of



9,10-dichlorophenanthrene, and the trans isomer is converted into
1,2-diphenyltetrachloroethane.

a O
5 / _Pb0,, SF,, or HF | SF,. or HF
/_\ CH:Ch
CsHj CeHs (39-42%)
CH; Cl
0 SFxHE,  CyHCCl,CCL,CeHy
y - (39-44%)

The free-radical nature of these reactions has been established by electron
spin resonance (ESR) experiments. (55)

2.11. Amines

Benzonitrile-N-sulfide (67) is the first example of a molecule containing a
coordinate covalent bond between elements of the fifth and sixth groups in
which the element bearing a formal negative charge is less electronegative
than the element bearing a formal positive charge. A novel generation of
benzonitril sulfide is by the rare 1,3-elimination of two molecules of
hydrogen fleetide from N-benzyliminosulfur difluoride (66), which is prepared
by reacting benzylamine with sulfur tetrafluoride. (56) Benzonitrile-N-sulfide
cannot be isolated but can be trapped by either dimethyl
acetylenedicarboxylate or maleic anhydride to form dimethyl
3-phenylisothiazole-4,5-dicarboxylate (68) or
cis-3-phenyl-4,5-isothiazoline-4,5-dicarboxylic acid anhydride (69).
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CgHg, BO°

D (20%5)

Reaction of 2-amino-2-trifluoromethyl-1,3-dioxolane (70) with sulfur
tetrafluoride affords 2-trifluoromethyl- A ?-oxazoline (72), as well as the
expected (2-trifluoromethyl-1,3-dioxol-2-yl)iminosulfur difluoride (71). (57) The
ratio of

NH, N—SF1
e = T e

these products depends on the bases used. With trimethylamine, the reaction

gives exclusively iminosulfur difluoride 71, whereas the reaction using sodium

fluoride affords a mixture of iminosulfur difluoride 71 and oxazoline 72 in a ratio
of about 1:1.



The formation of oxazoline 72 can be explained in terms of cyclization of the
ring-opened intermediate 74 formed by electrophilic attack of sulfur
tetrafluoride at the dioxolane oxygen of the hydrogen fluoride salt 73 of
dioxolane 70.

E{} NH, -HF [ XHI -HF FsE‘an-)f'“ﬁH
er, s, X

7 0~ “cF,
T4

N

2.12. Boron, Phosphorus, and Silicon Compounds
The reaction of sulfur tetrafluoride with tris(dimethylamino)borane affords a
high yield of sulfonium tetrafluoroborate salt 75. (58)

[(CH,);N],B —¥2%:, [(CH,),N],SBF;
75

[]

Sulfur tetrafluoride converts iminotriphenylphosphorane 76 to iminosulfur
difluoride 77. Similarly, bis(aminotriphenylphosphorane) 78 gives
bis(iminosulfur difluoride) 79. (59)

(CéHs);P=NCeH; ——— F,S8=NC¢H; + (C¢Hj;);PF,
T6

m

[(CeHs);PNHCH,13*2C1" —“» (F,S=NCH,), + (C¢H)sPF,
TS ™

(73%)

Aryloxytrimethylsilanes react readily with sulfur tetrafluoride to give products
that depend on the nature of the aryl group and on the relative amounts of
reactants. (60) For example, p-trifluoromethylphenoxytrimethylsilane is



converted to bis(p-trifluoromethylphenoxy)sulfur difluoride by one equivalent of
sulfur tetrafluoride, whereas phenoxytrimethylsilane gives phenoxysulfur
trifluoride. With 0.5 equivalent of sulfur tetrafluoride, phenoxytrimethylsilane
affords bis(phenoxy)sulfur difluoride instead.

SF

p-CF3C¢H,OSi(CH;); —r“— (p-CF;C¢H40),SF; + (CH,),SiF
SF..1 C¢H,OSF; + (CH,),SiF
C¢H,OSi(CH,);
SF,.03@~  (C¢H0),SF; + (CHj),SiF

As mentioned on page 328, treatment of diethylaminotrimethysilane with sulfur
tetrafluoride yields DAST. Similarly, reaction of sulfur tetrafluoride with
(dimethylamino)trimethylsilane gives rise to tris(dimethylamino)sulfonium
trimethyldifluorosiliconate, which is a source of organic-solvent-soluble fluoride
ion of high anionic reactivity. (60a) Fluoride ion from this salt has been used to
displace other halogens. (60a)

3(CH,)SiN(CH;), —E=, [(CH,),N1,8 F,Si(CH,); + 2FSi(CH,),
(T1-T8%)

[]

2.13. Miscellaneous Reactions

Fluorination of adamantane by sulfur tetrafluoride at 60, 100, and 200° gives
monofluoro-, difluoro-, and trifluoroadamantanes, respectively. (54) In the
presence of hydrogen fluoride at 140°, adamantane affords
tetrafluoroadamantane.

R
5F,
R? R’
Rz

60° R=F, R!'=R?=R¥}=H
100° R=R'=F, R*=R*=H
200° R=R!'=R*=F, R:*=H
HF,140° R=R!=R?=R?=F



Bis(trifluoromethyl)trioxide (80) is a convenient source of both trifluoromethoxy
and trifluoromethylperoxy groups; its reaction with sulfur tetrafluoride yields
cis-tetrafluorobis(trifluoromethoxy)sulfur (81) and
cis-tetrafluoro(trifluoromethoxy)(trifluoromethylperoxy)sulfur (82). (61) The
photolytic

CF,000CF, ——* _ (CF,0),SF, + CF;00SF,OCF,
B

T0-72°, 12 hr
81 8
(21%) (46 7)

reaction of trifluoromethyl hypochlorite with sulfur tetrafluoride also provides
the octahedral sulfur compound 81 in high yield. (62)

CF,0Cl —=", (CF,0),SF,

25°, 24 hr
81

(90-95%)

Sulfur tetrafluoride converts diphenyl disulfide into phenylsulfenyl fluoride,
which dimerizes to give thianthrene. (63) Reaction of the piperidide of
p-toluenesulfinic acid

SF

S
S

with sulfur tetrafluoride affords piperidinosulfur trifluoride and p-toluenesulfinyl
fluoride. (64)

(  NSOCH,CHyp —=— (  NSF; + p-CH;CH,SOF
(65%) (10%)

Treatment of hexafluorodimethylnitroxide with sulfur tetrafluoride at room
temperature gives an almost quantitative yield of
bis(hexafluorodimethylaminooxy)sulfur tetrafluoride. (65)



(CF;);,NO —*— [(CF,),NO],SF,

Sulfur tetrafluoride reacts with either diaryl tellurides or diaryl ditellurides to
give diaryltellurium difluorides. (66) Phenylstibonic acid, diphenylstibinic acid,

(RCeH,), Te

(RCgH,),TeF,
{77-92%)
(RCeH,),Te,

R = H, p-OCH,

and triphenylstibine oxide are converted by sulfur tetrafluoride to
phenylantimony tetrafluoride, diphenylantimony trifluoride, and
triphenylantimony difluoride, respectively. Similarly, triphenylantimony
bis(trifluoroacetate) forms triphenylantimony difluoride. (67)

C¢H SbO(OH), ——+2 __, (C4H,SbF,

2, 65-T0°, 6 hr
(86%)
(C¢H),SbO(OH) ——+— (C¢H,),SbF,
(98%)
(CsHs)sSbO “+— (CgHs);SbF,
(94%)
(CeHs)sSH(0,CCFy), ——=— (C¢Hs);SbF,

-

(92%)

2.14. Polymers
Fluorination of polymers by sulfur tetrafluoride is a method of modifying their
properties. The reaction of poly(vinyl alcohol) with sulfur tetrafluoride at 20°
leads to substitution of the associated (via hydrogen bonding) hydroxy groups
by fluorine atoms. (68) The properties of the fluorinated poly(vinyl alcohol)
derivatives differ considerably from those of the original polymer. They react
very slowly with formic, acetic, and chloroacetic acids. They have better
resistance to alkalis and do not dissolve in water or organic solvents. In
addition, when the fluorine content is greater than 10%, the polymer stops
burning when removed from a flame.



Sulfur tetrafluoride fluorination of poly(acrylic acid) at 20-220° affords a
fluorinated polymer with a total fluorine content of 50-52%, (69) The heat
resistance of the fluorinated polymer is increased.

Polyacrylonitrile fibers are fluorinated by sulfur tetrafluoride at 180°. Elemental
analysis of the fibers indicates that about 30% of the nitrile groups are
converted to CF,N = SF;, groups. The fluorinated fibers show increased
hydrophilic properties without a decrease in strength, and their flammability is
decreased. (70)



3. Experimental Conditions

3.1.1.1. Properties (1)

Sulfur tetrafluoride is colorless in the gaseous, liquid, and solid states. It is
thermally stable up to 500° but is hydrolyzed rapidly and exothermally by
aqueous media at all pH values. Some of the physical properties of sulfur
tetrafluoride are summarized here:

Melting point -121.0+£0.5°
Boiling point -38°

Density at —73° 1.9191 g/mL
Density at T (170-200 K) 2.5471 - 0.00314T
Vapor pressure (mm) at T (160-224 K), 8.8126 — 1381/T
log P

Critical temperature 91°

Caution: Sulfur tetrafluoride and hydrogen fluoride are toxic and corrosive
chemicals that should be handled with utmost care in a well-ventilated fume
hood. Gloves and safety goggles should be used. Instructions of the suppliers
for the safe handling of these reagents should be observed. First-aid treatment
of hydrogelﬂmride burns has been described. (71)

Sulfur tetrafluoride can be handled in a well-dried Pyrex glass apparatus up to
about 30° with only nominal attack. Stainless steel, copper, and nickel are all
inert to sulfur tetrafluoride at both ordinary and elevated temperatures.

Reactions with sulfur tetrafluoride are generally carried out in stainless steel or
Hastelloy -lined shaker tubes. Liquid or solid reactants are placed in the shaker
tube under a nitrogen atmosphere, the head is screwed into place, the tube is
cooled to solid carbon dioxide temperature, the nitrogen is removed with a
vacuum pump, and gaseous reactants (HF, BFs, SF4, etc.) are condensed in
the shaker tube. Sulfur tetrafluoride (17.5 mmol/mL at —78°) can be condensed
into a graduated tube immersed in a dry ice—acetone bath and then introduced
to the reaction vessel. After having been heated for the prescribed period, the
shaker tube is allowed to cool. If the gaseous products are of interest, they are
condensed in an evacuated stainless steel cylinder at liquid nitrogen
temperature; otherwise, excess sulfur tetrafluoride and volatile byproducts are
vented from the tube. Liquid or solid products are recovered when the tube is
opened, and pure products are obtained by the usual processes of distillation,



chromatography, recrystallization, or sublimation. When necessary, hydrogen
fluoride is removed from the crude mixture by pouring the crude mixture into
either (1) water and recovering the product by filtration, extraction, or steam
distillation or (2) a suspension of sodium fluoride ( NaF + HF — NaHF,) in an
inert solvent such as methylene chloride, followed by filtration and fractional
distillation. Sometimes removal of hydrogen fluoride from a solid or
high-boiling liquid is accomplished by vaporizing the hydrogen fluoride and
absorbing it in solid sodium fluoride or sodium hydroxide. Hydrogen fluoride
can also be trapped with aqueous calcium hydroxide solution to precipitate
innocuous calcium fluoride, which can be disposed of easily.

Some of the experimental procedures, as taken from the original literature, are
vague in describing reaction vessels used in the experiments. Suggestions of
this author that are inserted into those procedures are italicized in
parentheses.



4. Experimental Procedures

4.1.1.1. 3-Fluoro-L-alanine (Fluorination of an Amino Acid in Liquid Hydrogen
Fluoride) (7)

The flow diagram of the apparatus has been described but has been modified
so that the fluoroxytrifluoromethane or fluorine cylinder is replaced by a sulfur
tetrafluoride cylinder. (72) L-Serine (1.05 g, 10 mmol) was dissolved at —78° in
20 mL of anhydrous liquid hydrogen fluoride in a poly(chlorotrifluoroethylene)
(Kel-F) reactor. Sulfur tetrafluoride (1.2 mL, 2.27 g, 21 mmol) was condensed
into this solution, which was allowed to remain at —78° overnight. Nitrogen was
introduced into the reactor until all hydrogen fluoride was evaporated from the
reactor, and with the aid of a water aspirator the hydrogen fluoride was
continuously flushed down the drain. (The hydrogen fluoride should be trapped
with solid sodium hydroxide or aqueous calcium hydroxide solution.) The
residue was taken up in concentrated hydrochloric acid, and the solution was
evaporated to dryness in vacuo. This procedure of dissolution in hydrochloric
acid and evaporation was repeated three times. The resultant hydrochloride
was dissolved in 2 mL of water and 5 mL of 2-propanol, cooled to 0°, and
treated with 0.81 mL of pyridine. Crystallization afforded, in two crops, 543 mg
(51%) of 3-fluoro-L-alanine. A small sample recrystallized from water had mp
167-168°.

4.1.1.2. Diethyl a -Fluoro- a -hydroxysuccinate (Fluorination of a Hydroxy
Ester) (9)

Diethyl tartrate (3.4 g, 16.5 mmol) was kept at 25° with sulfur tetrafluoride

(3.9 mL, 7.4 d 68.5 mmol) in an autoclave (one can use a 100-mL
stainless-steel or Hastelloy-lined vessel capable of containing 20 atm of
pressure) for 60 hours. The gaseous substances were released from the
autoclave. The residue was extracted with ether. The ether extract was kept
over sodium fluoride for 24 hours, and was then distilled, giving 1.5 g (41%) of
diethyl a -fluoro- a -hydroxysuccinate, bp 144-145° (15 mm).

4.1.1.3. 2,2,2-Trifluoroethanol (Fluorination of a Hydroxy Acid) (12)

A mixture of 7.6 g (0.1 mol) of hydroxyacetic acid and 43.2 g (23 mL, 0.4 mol)
of sulfur tetrafluoride was heated in an autoclave (one can use a 300-mL
stainless-steel or Hastelloy-lined vessel capable of containing 50 atm of
pressure) at 160° for 8 hours. The autoclave was cooled, and the gaseous
products were passed through traps containing 20% potassium hydroxide
solution and collected in a rubber chamber (one can use a Kel-F vessel),
yielding 3 g (30%) of 1,1,1,2-tetrafluoroethane, bp —26°. The liquid from the
autoclave was mixed in a quartz flask with 10.5 g (0.25 mol) of anhydrous
sodium fluoride, and the products were distilled without heat under a vacuum
of 50 mm. They were collected in a receiver cooled to —40° and distilled at
atmospheric pressure to give 4.8 g (48%) of 2,2,2-trifluoroethanol, bp 73-74°.



4.1.1.4. 17 B -Acetoxy-5-fluoro-B-homo-A-norandrost-4-en-3-one (Fluorination
of an Enolizable 1,3-Dicarbonyl Compound) (21)

A solution of 17 3 -acetoxy-5-hydroxy-B-homo-A-norandrost-4-en-3-one (1 g,
2.89 mmol) in anhydrous benzene (150 mL) was placed in a glass
hydrogenation vessel connected on one side to a sulfur tetrafluoride cylinder
and on the other side, by means of a reduction valve, to an aspirator. A gentle
stream of sulfur tetrafluoride was bubbled through the solution, and the
progress of the reaction was monitored by thin-layer chromatography. After
about 3 hours the gas supply was stopped and the closed vessel was shaken
for another 30 minutes. The mixture was flushed with nitrogen, diluted with
ether-benzene, washed with ice-cold saturated sodium bicarbonate solution
and water, dried over sodium sulfate, and evaporated under vacuum. The
crude product was purified by column chromatography on silica gel to give 17
B -acetoxy-5-fluoro-B-homo-A-norandrost-4-en-3-one (579 mg, 60%) after two
recrystallizations from methylene chloride—ether, mp 156-157°.

4.1.1.5. 3,4,5-Tris(trifluoromethyl)nitrobenzene (Fluorination of a
Polycarboxylic Acid) (73)

In a stainless-steel autoclave (capable of containing 90 atm of pressure) with a
capacity of 70 mL was placed 3 g (11.7 mmol) of
5-nitrobenzene-1,2,3-tricarboxylic acid. After the autoclave had been
evacuated and cooled with liquid nitrogen, 15 g (8 mL, 139 mmol) of sulfur
tetrafluoride and 10 g of anhydrous hydrogen fluoride were condensed into it,
and the mixture was heated at 250° for 50 hours. After cooling, the gaseous
products were released from the autoclave, 25 mL of 25% aqueous ammonia
was added zand the mixture was heated at 170° for 1.5 hours. The product was
extracted pentane and was purified on a column of aluminium oxide to
afford 1.6 g (42%) of 3,4,5-tris(trifluoromethyl)nitrobenzene, mp 53°.

4.1.1.6. (Trifluoromethyl)benzene (Fluorination of an Ester) (45)

A 100-mL stainless-steel autoclave (capable of containing 50 atm of pressure)
fitted with a needle valve was charged with 4 g (0.03 mol) of methyl benzoate
and 15 mL (15 g, 0.75 mol) of anhydrous hydrogen fluoride. Then 16.2 g

(8.7 mL, 0.15 mol) of sulfur tetrafluoride was condensed into it. The autoclave
was heated at 75-80° for 16 hours and then cooled, and the volatile products
were released. The reaction mixture was poured onto ice, and the products
were extracted with ether. The ether extracts were washed with 5% sodium
carbonate solution and water and dried over magnesium sulfate. The ether
was evaporated, and the residue was distilled to afford

(trifluoromethyl)benzene (2 g, 45%), bp 101-103°, nb'1.4145,
4.1.1.7. 1,1-Difluoro-2-(4-nitrophenyl)ethane (Fluorination of an Oxirane) (50)

A mixture of (4-nitrophenyl)oxirane (3.3 g, 20 mmol) and sulfur tetrafluoride
(2.5 mL, 4.6 g, 42.5 mmol) was kept in an autoclave (one can use a 100-mL



stainless-steel or Hastelloy-lined vessel capable of containing 15 atm of
pressure) at 85° for 3 hours. The gaseous products were released, the residue
was dissolved in ether, and sodium fluoride was added to the ether solution.
After 2 hours, the sodium fluoride was removed by filtration and the ether was
evaporated. The reaction product was extracted with hot hexane. Removal of
the hexane gave 1.78 g (47%) of 1,1-difluoro-2-(4-nitrophenyl)ethane, mp 55°.

4.1.1.8. 9,10-Dichlorophenanthrene (55)

A quartz reactor was charged with cis- a , B -dichlorostilbene (2.5 g, 0.01 mol),
lead dioxide (2.4 g, 0.01 mol), and 40 mL of methylene chloride or carbon
tetrachloride. The reactor was cooled to —50° technical sulfur tetrafluoride

(3 mL, 5.4 g, 0.05 mol) was slowly added, and the mixture was stirred for 1
hour; the temperature was raised to —20°, and the precipitate was removed by
filtration at room temperature. Anhydrous sodium fluoride (10 g) was added to
the filtrate, and the mixture was left for 4-5 hours. The mixture was filtered, the
filtrate was evaporated under vacuum, and the residue was treated two or
three times with 20-30 mL of boiling hexane. The combined hexane extracts
were evaporated to a volume of 5 mL and slowly cooled, the mixture of
substances that had deposited was removed by filtration, and from this solid
the cubic crystals of trans-stilbene were selected manually. The remaining
acicular crystals of 9,10-dichlorophenanthrene were recrystallized from
hexane to give 0.96-1.03 g (39-42%), mp 159-160°.

4.1.1.9. N-(Benzylimino)sulfur Difluoride (Fluorination of an Amine) (74)
Benzylamine (36 g, 0.34 mol), sodium fluoride (28 g), and trimethylamine
(100 g) were placed into a dried flask with a condenser maintained at —75°.
The flask v\écooled to —45°. Sulfur tetrafluoride (30 mL, 56.7 g, 0.525 mol)
was added over a period of 1 hour. The solution became yellow and a
precipitate formed. The reaction mixture was stirred at —45° for 2 hours and
then allowed to warm to room temperature to evaporate trimethylamine and
any excess sulfur tetrafluoride. All gases exited the experiment through a trap
containing an aqueous solution of sodium hydroxide. The residue was distilled
directly from the reaction vessel to give 30 g (52%) of N-(benzylimino) sulfur
difluoride, bp 30-35° (10~ mm).

4.1.1.10. Diethylaminosulfur Trifluoride (14)

A solution of diethylaminotrimethylsilane (96 g, 0.66 mol) in
fluorotrichloromethane (100 mL) was added dropwise to a solution of 40 mL
(measured at —78°, 0.72 mol) of sulfur tetrafluoride in fluorotrichloromethane
(200 mL) at —65 to —60°. The reaction mixture was warmed to room
temperature and then distilled to give 88.9 g (84%) of diethylaminosulfur
trifluoride as a pale yellow liquid, bp 46—47° (10 mm).

4.1.1.11. cis-Tetrafluorobis(trifluoromethoxy)sulfur (62)



Sulfur tetrafluoride (0.3 mL, 0.54 g, 5 mmol) was condensed into a 150-mL
quartz vessel followed by 1.2 g (10 mmol) of trifluoromethyl hypochlorite. (75)
The mixture was allowed to warm to 25° and was photolyzed for 24 hours with
a Hanovia utility ultraviolet quartz lamp (310-1000 nm). After this period the
remaining material was vacuum distilled, and
cis-tetrafluorobis(trifluoromethoxy)sulfur was collected in a trap at —78°. The
yield was 1.25-1.32 g (90-95%)).

4.1.1.12. Difluorodiphenyltellurium (Fluorination of a Telluride) (66)

A moderately fast stream of sulfur tetrafluoride was passed through a boiling
solution of diphenyl telluride (2.8 g, 10 mmol) in dry benzene (40 mL) in a
two-necked 100-mL quartz flask for a period of 30 minutes. The contents of the
flask were cooled, the solvent was evaporated under vacuum, and the residue
was crystallized from petroleum ether to give 2.8g (87%) of
difluorodiphenyltellurium, mp 152°.



5. Tabular Survey

The following tables list the reactions of sulfur tetrafluoride reported from 1972
through 1982. Substrates are listed according to the functional group
undergoing reaction as follows: Tables I, “Alcohols”; I, “Aldehydes and
Ketones”; Ill, “Carboxylic Acids”; IV, “Acyl Halides”; V, “Esters”; VI, “Lactones”;
VII, “Amides and Imides”; VIII, “Acid Anhydrides”; IX, “Carbonates”; X,
“Oxiranes”; Xl, “Chlorides, Bromides, and lodides”; Xll, “Amines”; Xlll, “Boron,
Phosphorus, and Silicon Compounds”; and X1V, “Miscellaneous Compounds”.

A compound that has two or more different functional groups that undergo
reaction appears in each appropriate table. Thus a hydroxy acid will appear in
Table | (“Alcohols”) if its hydroxyl group is replaced by a fluorine atom and in
Table Il (“Carboxylic Acids”) if its carboxyl group is converted into CF; or COF.

Within each table, compounds are arranged by their empirical formulas
according to the order of increasing number of carbon atoms and then in the
order of increasing number of hydrogen atoms.

All reactions were carried out in sulfur tetrafluoride as the solvent unless

otherwise specified. Yields are reported whenever available; a dash signifies
that yields were not reported.
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A chapter on fluorinations by DAST and related reagents is in
preparation.
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Reductions by Metal Alkoxyaluminum Hydrides

Jaroslav Malek, Institute of Chemical Process Fundamentals, Prague, Czechoslovakia

1. Introduction

Since the discovery of the reducing properties of diborane (1939), (1) alkali metal
borohydrides (1943), (2-5) and alkali metal aluminohydrides (1946) (6) by H. I
Schlesinger, H. C. Brown, W. G. Brown, and co-workers, considerable effort has been
expended to enhance the versatility and selectivity of these widely used hydride reagents.
Whereas diborane exhibits medium reaction (7, 8) large differences exist between sodium
borohydride and lithium aluminum hydride. In contrast to the reducing action of sodium
borohydride, limited originally to aldehydes, ketones, and acid chlorides, lithium aluminum
hydride readily attacks almost all reducible groups. (9-21) The first progress in bridging
this gap in reactivity can be traced to the availability of reagents that are easily prepared
by addition of Lewis acids such as boron and aluminum halides to sodium borohydride
and lithium aluminum hydride; in this manner diborane, (4, 7, 22) chloroaluminum
hydrides, (23-28) and aluminum hydride (6, 16, 21, 25-27, 29-32) have been made
accessible as reducing agents. Parallel development led to sodium alkoxyborohydrides (4,
8, 18-21, 33, 34) with generally higher reactivity than the parent hydride and to
alkoxyaluminum hydrides, (21, 30, 32, 35-101) with markedly lower reactivity and
increased chemoselectivity. On the other hand, the reducing capability of sodium
borohydride (102-104) and lithium aluminum hydride (27, 104, 105) has been enhanced
by the use of metal salt—hydride systems. A large number of other complex metal hydrides
have gained pmportance as selective reducing agents: lithium aluminum hydride—nitrogen
base compl , (27) sodium cyanoborohydride, (106-109) lithium cyanoborohydride,
(1120) sulfurated sodium borohydride, (111) zinc borohydride, (112, 113)
diisobutylaluminum hydride, (114-117) alkylaluminum compounds (118) such as
triisobutylaluminum, (117) and tri-n-butyltin hydride. (119, 120) Sterically hindered
organoboranes such as lithium tri-sec-butylborohydride (L-Selectride) exhibit excellent
selectivity in reduction reactions. High asymmetric induction can be achieved with some
chiral organoboranes. Lithium triethylborohydride (Super-Hydride) is a selective and
exceptionally powerful reducing agent. (8, 47, 121-129) These complex metal hydrides
often provide better regio- and stereoselectivities than those achieved with
alkoxy-substituted hydrides; nevertheless, the alkoxyhydrides are readily available and
continue to be widely used as reducing agents.

The properties of complex metal hydrides, including metal alkoxyaluminum hydrides, and
their use in organic synthesis have been compared in a large number of papers, reviews,
and monographs. (46, 129-144) Tables that indicate the choice of the most appropriate
hydride agent for selective reductions of polyfunctional compounds have been published.
(8, 21, 121, 134, 139) Asymmetric syntheses involving the use of chiral metal
alkoxyaluminum hydride complexes have been reviewed. (145-152)



The purpose of this chapter is to present a critical review of reductions of the following
compounds by metal alkoxyaluminum hydrides, alkoxyaluminum hydrides, and chiral
metal alkoxyaluminohydride complexes: hydrocarbons, peroxides, ozonides, halogen
compounds, unsaturated alcohols, aromatic alcohols, ethers, 1,2-oxides, aldehydes,
ketones, quinones, acetals, and ketals. The literature is covered through December 1981.
Important papers that appeared through September 1982 are also reviewed. Some
reactions relating to other than reducing properties of these hydrides are included for
completeness. The emphasis is on the scope, limitations, and synthetic utility of the
hydrides in reduction reactions and on the optimum conditions for their application as
reducing agents. Currently accepted views of reaction mechanisms are discussed.
Comparisons with reductions by other complex metal hydrides are limited to the most
important transformations of the functional groups.



2. Mechanism

2.1. Nature and Behavior of Metal Alkoxyaluminum Hydrides

Despite appreciable synthetic information accumulated during the last quarter
century on reductions of organic substrates by metal alkoxyaluminum hydrides,
little is known about the details of these processes. Lack of knowledge
concerning the composition and structure of the reducing agents and their
stability and the exact nature of the hydride—substrate complex or
hydride—solvent species is an obstacle to a precise description of the reaction
mechanism.

Of the great number of metal alkoxyaluminum hydrides, only a few are stable
and have an exact composition. The formulas MAIH; _4(OR)x (M = Li, Na;

x = 1-3) used throughout the text for simplicity reflect the molar ratio of the
parent complex metal hydride and alcohol and define composition only in
special cases. The decreased stability of some metal alkoxyaluminum
hydrides is due mainly to disproportionation; its extent and mechanism vary
with the hydride type. Essentially the same stereoselectivity observed in
reductions of cyclic ketones by LiAlH, and by lithium sec-alkoxyaluminum
hydrides 1 (x = 1-3) (Eqg. 1), where R is isopropyl, sec-butyl, or cyclohexyl, has
been explained by rapid disproportionation to form the tetraalkoxides 2 and the
parent hydride, which is the effective reducing agent. (39, 43, 153-155)
Although a

4LiAlH, _ ﬁRJx —— (4 — x) LiAlH, + x LiAl(OR), 1)
1 2

great number of examples confirm this conclusion, (153-158) others deny its
general validity. (155) A remarkable increase in the strength of
aluminum-alkoxyl bonds has been achieved by complexing LiAIH, with
amino-substituted sec-alcohols. The high enantiomeric excess (e.e.) obtained
with the chiral LiAlH,—(—)-N-methylephedrine-3,5-dimethylphenol (1:1:2)
(159-161) and LiAlH4—(—)-N-methylephedrine—N-ethylaniline (1:1:2)
complexes (162, 163) confirm their resistance to disproportionation, which
would lead to a decrease or even loss of complex chirality. (164, 165) The
relationship between the hydride structure and stability is, however, very
delicate, since reaction conditions used for the hydride preparation in situ can
become a controlling factor; the
LiAIH,—(2S,3R)-(+)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol complex
exhibits reverse stereoselectivity depending on age or thermal treatment of the
reagent, presumably as a result of an intrinsic structure reorganization. (166,
167)



An example of a highly stable lithium aryloxyaluminum hydride is the chiral
LiAIH4—(S)-(-)-2,2'-dihydroxy-1,1"-binaphthyl-ethanol (1:1:1) complex, which is
capable of inducing essentially complete enantioselectivity in reductions of
some prochiral ketones. (168, 169) By contrast, the intermediate lithium
aryloxyaluminum hydride arising from the reaction of LiAlH, with the hindered
2,4,6-tri-tert-butylphenol undergoes disproportionation to yield the tricoordinate
bis(2,4,6-tri-tert-butylphenoxy)aluminum hydride (3) as the major product (Eq.
2). (170, 171) Similar disproportionation of

LiAlH, + 3ArOH > » LiOAr + AIH(OAr), + 3H,
. (@)

Ar = 2,4,6(t-C,Hg)sCoH,

LIAIH(OCH3)s (158, 172) and LIAIH(OC4Ho-t)s, (157, 173, 174) which would
lead to formation of AIH(OCHz), and AIH(OC4Hs-t),, respectively, appears to
be ruled out on the basis of IR and NMR spectra of the hydride solutions. (51,
175-178) Recently, LIAIH(OCHzs)3 has been concluded to undergo total
disproportionation, producing LiAlH, as the kinetically dominant reducing
agent; (179, 180) however, this conclusion leaves unexplained the remarkably
great difference in stereoselectivity encountered in some reductions with
LiAIH(OCHg); and LiAlH4. (51, 154, 173, 181, 182) The monoalkoxyhydride
LiAIH3(OC4Hg-t) formed by disproportionation is supposed to participate in
those LIAIH(OC4Ho-t)3 reductions of ketones that proceed at a high rate. It has
been suggested that mass transfer affects the product distribution in these
reactions. (183)

On the basgf spectral studies, hydride disproportionation according to Eq. 3
is assumed to apply in the reaction of LiAIH, with an equimolar amount of
ethanol in tetrahydrofuran, forming LiAlH, and LiAIH(OC,Hs)s as the most
stable lithium ethoxyaluminum hydride. Both LiAlH; and LIAIH(OC,H5s)3

3LiAlH, + 3C,H,OH ——%1, 3LiAlH,(OC,H,)

3
— LiAIH(OC,H,), + 2LiAlH, ©

also result, although in a different molar ratio, from the reaction of LiAlH4 with
two equivalents of ethanol. Use of the parent hydride and ethanol in a 1:3 ratio
affords LiAIH(OC,Hs); as the sole product; (176) (see, however, Refs. 175,
184, and 185). The course of the latter reaction in diethyl ether is less
straightforward. (43-45, 186, 187)

New evidence on the nature of metal alkoxyaluminum hydrides has emerged
from ebullioscopic molecular weight and conductance measurements. When
compared with LiAlHa4, LIAIH2(OCHz), and LiIAIH(OCHz3)s in tetrahydrofuran



display substantially higher degrees of molecular association, which increases
sharply with the hydride concentration. (178, 188) Chain-like structures
involving methoxy or methoxy — hydrogen bridge bonds has been proposed
for lithium methoxyaluminum hydrides. (188) In contrast, LIAIH(OC4Ho-t)3 (178,
188) appears to occur, like LIAIH{OCH(CgHs)2]s, (188) as a monomeric
compound over a wide range of concentrations. For NaAlH,(OCH,CH,OCH3).,
a monomeric structure has been suggested in which the four ethereal oxygen
atoms are coordinated to the sodium atom. This coordination may be
responsible for the markedly higher solubility of the hydride in aromatic
hydrocarbons compared to NaAlH,. (133, 137) Among the simple mono- and
dialkoxyaluminum hydrides, AlH3; _x(OR)yx (x = 1-2), which form mostly
polymeric aggregates, only the 2-propoxy, tert-butoxy, and 2-methoxyethoxy
derivatives are dimers or trimers soluble in ethers and aromatic hydrocarbons.
(88, 89, 94, 95, 99, 100, 158, 189, 190) The views on hydride association as a
factor influencing the stereochemistry of metal alkoxyaluminohydride
reductions are not unambiguous. (51, 178, 183, 188) The equivalent molar
conductance of LIAIH(OCHs); (2.32 mho/cm? at 0.1 M) is much greater than
that of LIAIH(OC4Ho-t)3 (0.0124 mho/cm? at 0.1 M) and indicates considerably
greater solvation of the former hydride. The greater solvation and thus higher
steric requirements of LIAIH(OCHs;); could be responsible for its greater
stereoselectivity compared to LIAIH(OC4H,-t); in some ketone reductions; (51,
154, 173) however, these patterns can change with the solvent used. (153)
Stereoselectivity of reductions with metal alkoxyaluminum hydrides depending
on the solvent type has frequently been interpreted in terms of greater or less
hydride solvation. (167, 180, 181, 183, 191-195) For instance, a complete
reversal of stereochemistry has been observed by using

NaAlH,(O H,OCHj3), in benzene and in tetrahydrofuran as the solvent.
(196) This hydride forms 2:1 and 1:1 solvates in which the hydride: solvent
ratio varies with the solvent type and the initial hydride concentration. (72,
197-199) The larger substituent alkoxy derivatives of LiAlH, appear to exist as
ion pairs and triple ions in tetrahydrofuran. (188) Recent studies on the
solvation effect suggest that complex hydrides present as solvent-separated
ion pairs favor attack on cyclic ketones from the least hindered side of the
carbonyl group. (51) Differences in the stereoselectivity of reductions with
LiAIH(OC4Hg-t)3 in alkyl-substituted tetrahydrofurans having various steric
requirements have been explained by complexing or steric hindrance to
complexing of the lithium cation. (194) The results of experiments with some
complexing agents appear to support this explanation. (200)

TABLE A. Preparation and Properties of some Metal Alkoxyaluminum
Hydrides




Hydride Method of Preparation Remarks? References
LiAIH3(OCHy) LiAlH; + CH30OH Disproportionates® 43, 175,
176, 184,
185
LiAIH2(OCH3)2 LiAIH4 + 2 CH30OH Stable® 175, 176,
188
LIAIH(OCHg)3 LiAlH4 + 3 CH;OH Temporarily 43, 46,
stable* 175-177,
185, 188
LiAIH3(OC2Hs) LiAIH4 + C2HsOH Disproportionates 176, 184,
185
LiAIH,2(OC,Hs), LiAIH4 + 2 C,HsOH Disproportionates 175, 176,
184-186
LIAIH(OC2Hs)3 LiAIH4 + 3 CoHsOH Stable® 176
LiAIH3(OC4Hg-t) LiAIH,4 + t-C4HoOH Disproportionates' 179, 180,
184, 201,
202
LiAIH2(OC4Ho-1)2 LiAIH4 + 2 t-C4HoOH Disproportionates® 153, 179,
201, 202
LIAIH(OC4Ho-t)3 LiAIH4 + 3 t-C4HOH Stable" 37, 40, 51,
178, 179,
183, 188,
D 202, 203
NaAlH2(OCHg), NaAlH4 + 2 CHsOH Disproportionates 176
NaAIH(OCHj3)3 NaAlH; + 3 CH3;0OH Stable 176
NaAIH(OC;Hs)3 NaAlH; + 3 C,HsOH Disproportionates 58, 176
NaAIH(OC4Ho-t)3 NaAlH, + 3 t-C4HoOH Stable 58, 176
NaAlH3;(OCH,CH,0OCH3) NaAlH; + CH3OCH,CH,OH Disproportionates' 72
NaAIH2(OCH,CH,0OCHj3), NaAlH, + 2 Stable’ 72,176,
CH30OCH,CH,0OH 204
NaAIH(OCH,CH,0OCHgs); NaAlH,; + 3 Stable 176, 190
CH3OCH,CH,0OH

®For opposite views on the stability or disproportionation of the hydrides, see footnotes al

®See Ref. 188.

‘See Refs. 43 and 180.

See Refs. 158, 172, and 180.
°See Refs. 43-45 and 175.
'See Refs. 40, 183, and 188.



9See Refs. 40, 43, 188, and 203.

"See Refs. 157, 173, 174, 180, and 201.
'See Ref. 176.

ISee Ref. 190.

2.2. Single-Electron and -Proton Transfer Steps

The reduction of organic compounds by simple and complex metal hydrides
has generally been considered to follow a polar mechanism. (134) Numerous
examples now indicate involvement of radical intermediates in the hydride
reduction of organic substrates. Radical anions have been suggested to occur
in reactions of some diaryl ketones, (204-207) diarylalkanes, (204, 206) and
diarylalkenes (208) with NaAIH,(OCH>CH>OCHz3), at elevated temperatures.
Anthracene reacts with this hydride in aromatic hydrocarbon solutions to form,
as confirmed by electronic absorption spectra, a blue radical anion, a green
dianion, and an orange monoanion depending on temperature and age of the
solution. Under forcing conditions, the intermediate species is trapped
predominantly as the derivative 4 (Eq. 4). (205) Triphenylmethane undergoes
a

CH, CH,
Q00 = QUL
1407
NN (4)
D CH, CH,
Fl
(58%)

similar transformation (Eqg. 5). (204) Although the mechanism of the reductive

NaAlH,{OCH,CH,OCH,);

(CéHs),CH MO, (CgHy);CCH,
(9852

(5)

methylation reaction is not known, isolation of ethylene glycol in the latter case
(Eq. 5) suggests that it likely involves a cleavage of the carbon — oxygen
bond in the methoxyl group of the hydride molecule. (204, 206)

Formation of radical intermediates (4—-80%) in reactions of diaryl ketones (209,
210) and polynuclear aromatic hydrocarbons (210, 211) with LiAlH,, lithium
tetrakis(N-dihydropyridyl)aluminate, NaAlH,, and other metal hydrides in
tetrahydrofuran at ambient temperature has recently been evidenced by EPR
spectra. Single-electron transfer is also operative in the reaction of complex
metal hydrides with some heterocyclic nitrogen compounds. Most effective is



LiAIH,(OC4Hog-1),, which reacts with 2,2  -bipyridine to form the radical
intermediate in 27% yield. The reaction has been proposed to proceed by way
of the radical pair 5, which gives either the reduction product 6 or

ArH + LiAlH,(OC,Hgyt), — [(ArH)"(LiAIH,(OC,H,-1),*]

e

[(ArH)*, Li*, AIH(OC Hq-1), + H-] Ar:-l 7, Li*, AIH(OC Hy-t),
- -
[(ArH)", Li*, AIH(OC H,-1),] Arlf ,D
7
-
ArHD, ArH = 2,2-bipyridine

9

undergoes dissociation to afford the relatively stable radical anion 7.
Identification of 7 by EPR spectra and formation of both 8 and 9 as products of
decomposition with deuterium oxide support this mechanism. An analogous
mechanistic scheme has been suggested for the reaction of LIAIH(OC4Ho-t)3
with 1,10—pﬁanthroline and isoquinoline. (212)

The radical anion 10 generated by abstraction of hydrogen from
LIAIH(OC4Hg-t)3 (Egs. 6 and 7) reacts rapidly with n-propyl halides at low
temperature to form n-propyl radicals (Eg. 8). (213)

t-C,Hy,O0C Hq-t B, 2t-CH,0" (6)

-C,HyO- + AI"H(OC,Hyt); — Al*(OCHy-1); + t-C;HsOH 7y

10 + ﬂ'CaHjx ——r ﬁIX(DC‘;Hg'r); + ﬂ"CaHT'

X=0Cl,Brl ®



2.3. Intramolecular Hydride Transfer

The reduction of some functionalized organic compounds by complex metal
hydrides follows an intra- rather than intermolecular mechanism. In a typical
example, the reaction of a -allenic alcohols (2,3-alkadien-1-ols) 11 with
LiAIH3(OCHz3) in tetrahydrofuran or with LiAlH4 in diethyl ether involves
formation of an alcoholate and an intramolecular hydride transfer to the

OH
\'cﬂc—CHclrf e
g R T
11 s
Al—O
j 7 N
X H
1la
X H
~ H,0
D e N [
~¢ U D OH
%“C\/l( NC=CHCH (Ij'f
“\'\. !4 - 2 \
12% 13
(10%)
ln,o X = H, CH,0
\ /
C=CHCH=C
/ N\
(28-80%)

sp®-carbon atom closest to the functional carbon giving the complex 12a,
which on decomposition affords homoallylic alcohols (3-alken-1-ols) 13.
Alternatively, intramolecular hydride attack at the allene central carbon atom
and nucleophilic substitution of the hydroxyl group by a hydride ion, as shown
by the structure 12b, leads to 1,3-alkadienes 14. Unlike LiAlH4, which
produces the diene hydrocarbons 14, LIAIH(OCHz)s favors the formation of
alcohols 13. Both hydrides behave similarly in the partial reduction of a
-vinylallenic alcohols (2,4,5-alkatrien-1-ols), and the OAIH, group thus appears
to be a better leaving group than OAIH(OCHy). (214)

In the reduction of B -allenic alcohols (3,4-alkadien-1-ols) 15 by LiAIH3(OCHj3)
and LiAlH,4, intramolecular hydride transfer involves formation of the cyclic
complex 16; this can be protonated at two sites (arrows) to



OH 4
N e et
20 Al—O
o SN
X H
H,0 16
H,;0
OH OH
% | | | N\ | i ]
CH~CH=C—C—CH— —CH~CH—C—CH—
4 | 7 |
17 18
(43-849%) (14-55°%)
X = H, CH,0

give either 3-alken-1-ols 17 or 4-alken-1-ols 18, presumably depending on the
relative stability of the corresponding intermediate carbanions. (214)

Intramolecular hydride transfer by way of the relatively stable intermediate
complex 19 between an amino group and a complex metal hydride has been
suggested to explain the essentially exclusive formation of trans-2-amino
alcohols 20 from primary and secondary 2-aminocyclohexanones. The finding

H N—R NHR
CﬁHs _— CGHE
H
o OH
9 o1l
(~100%)
R = H, alkyl

that reduction of tertiary 2-aminocyclohexanones proceeds with markedly
decreased stereoselectivity is consistent with this idea. (215, 216) However,
formation of an intermediate complex involving a nitrogen — aluminum bond
and intramolecular hydride transfer has been suggested for the reduction of
2-(N,N-dimethylamino)cyclohexanone by NaAlH,(OCH,CH,OCHs3),. (217, 218)

Cinnamyl alcohols 21 react with LiAIH2(OCHs), in 1,2-dimethoxyethane to form
phenylcyclopropanes 22 at elevated temperatures. The relatively high



CHCH,CH,0Al

R
CH=CHCH,0H Hﬂ

R

22
R = H, F, CH,0

Fil

24

Hammett reaction constant, (219) the strong acceleration caused by the 3
-phenyl substituent in the formation of 1,1-diphenylcyclopropane from 3
-phenylcinnamyl alcohol with LiAlH4 (220) or NaAlH,(OCH,CH,0OCH5;), (221)
and the stereochemistry of ring closure in reduction of a - or 8
-methyl-substituted cinnamyl alcohols, (219, 222) all support the formation of
carbanions 23 in the transition state and disfavor the concerted mechanism via
24 22.(219)

2.4. Hydri ddition to a, B -Unsaturated Carbonyl Compounds

The formatfeH of an allylic alcohol (charge-controlled process, 1,2 addition), a
saturated ketone, or a saturated alcohol (frontier-orbital controlled process, 1,4
addition) in the reduction of conjugated carbonyl compounds by complex metal
hydrides has been suggested to depend on the hardness and softness of the
reactants defined in terms of coefficients of the lowest vacant molecular orbital
(MO). (223) According to MO calculations and consideration of the fact that
only orbital factors are operative, the 1,4 addition of a complex metal hydride to
2-cyclopenten-1-one should always be more favored than that to
2-cyclohexen-1-one. (224) In a, B -unsaturated carbonyl compounds such as
cinnamaldehyde, conjugation with the phenyl group increases the
frontierorbital control and renders the conjugated system more prone to 1,4
addition. (225) However, the course of reduction of conjugated carbonyl
compounds is also significantly influenced by the nature of the metal hydride.
According to Pearson's concept of soft and hard acids and bases, (226, 227)
the hard metal hydrides should add preferentially to the 2 position and the soft
metal hydrides to the 4 position of the conjugated system of a -enones.
(223-225) As shown in Table B, this prediction agrees well with the
representative experimental results of reductions by complex metal hydrides



arranged in the order of increasing softness
[ LIAIH(OCHg)s < LIAIH(SC4Ho-t)3].

TABLE B. Percentage of 1,4 Addition of Complex Metal Hydrides to
a-Enones *©

Ketone LTMA® LAH® LTTMA® LTBA® LTTBA'

Uﬂ 5 22 56 78 95
Ggﬂ' 9.5¢ 86 95 ~100° ~100
249" ~100°— ~100° —

®The ketones were added to the hydride in tetrahydrofuran and reduced at 0°; see Ref. 224.
b—f LTMA = LIAIH(OCHzy)s; LAH = LiAIH4; LTTMA = LIiAIH(SCHy)s;

LTBA = LIAIH(OC4Hqy-t)3; LTTBA = LiAIH(SC,He-t)s.

9See Ref. 22

"Calculation was based on the ketone consumed.

Frequent exceptions to preferential 1,4 addition of LIAIH(OC4Hoe-t)3 to a
-enones have been reported to result from other factors. 1,2 Addition (74—78%)
(p =0.79) predominates over 1,4 addition ( p = 0.60) in the reduction of
3-benzylidene camphors 25 by this hydride. (229) In another example, the a
-enone

CHC,H,R CHCsH,R

R = H, m-F, p-CH,, p-CH,0



26 is reduced by LIAIH(OC4Ho-t)3 to the equatorial allylic alcohol. (230)

0S0,CH, 0SO,CH,4

O HO .

2 (~100%)

The mechanism suggested for the 1,2 addition of LIAIH(OC4Hg-t)3 to a -enones
such as 27 involves presumed formation of the intermediate 28, which on
decomposition yields the allylic alcohol 29. The 1,4 addition of the same
hydride presumably proceeds with predominating hydride attack at the C-5
position (99%) to give the enolate 30, which affords the saturated ketone

O {I C,,H;D);MO 9
n
(t- 4H90}3A10 H D'; H D; H
% k)

31 (R =H) (83%) as the major product. (231, 232) Reduction of the a -enone
27 by LIAID(OC4Ho-t)5 gives the deuteriated ketone 31 (R = D) in high yield
(80%); (233) (see also Ref. 232). Since the ketone 31 (R = H) reacts readily
with LIAIH(OC4Ho-t)3 to give the saturated alcohol 32 (73%), the ketone 31
must not be formed until after decomposition of the enolate 30. The saturated
alcohol 32 (16%) is assumed to arise from intramolecular attack on the enolate
30 or its keto tautomer by LIAIH(OC4Hq-t)3. (231, 232)



2.5. Stereochemistry and Mechanism of Aldehyde and Ketone
Reductions

2.5.1.1. Acyclic Carbonyl Compounds

In the area of acyclic stereochemistry, the greatest effort has been devoted to
understanding asymmetric induction in additions of achiral organometallic and
complex hydride reagents to chiral aldehydes and ketones. Three models
were developed to correlate the results of addition reactions of an acyclic
carbonyl group attached to the asymmetric center (1,2-asymmetric induction).

The “open-chain model” 33 was proposed by Cram and co-workers (234, 235)
to explain and predict the formation of the predominating diastereomer in
noncatalytic (kinetically controlled) reactions of aldehydes and ketones
carrying nonpolar groups. According to this model, the ketone will react
preferentially in conformation 33 in which the carbonyl group is flanked by the
smallest (Rs) and medium-sized (Rw) substituent, and the carbonyl double
bond is attacked by the reagent R  Z from the less hindered side to form
predominately the threo diastereomer 34 (R, denotes a large nonpolar
substituent). (134, 148)

Rs, 0] R R
Ru‘7_< = Z0H
Ry R R

The “dipolar model” (35 or 36) was suggested by Cornforth and co-workers
(236) to account for the stereochemical course in the nucleophilic addition
reactions of aldehydes and acyclic ketones in which a halogen atom is on

Z
Rr.-"'" ~
O
R, 0
Rs:.;‘\, <
ClIé- R

the asymmetric center adjacent to the carbonyl group. The substrate is
considered to react largely in the trans dipolar conformation 35; steric
hindrance then operates to favor the approach of the reagent R Z from the



less hindered side (36). (148)

The “cyclic model” 37 was introduced by Cram and co-workers (235, 237) for
additions to aldehydes and ketones carrying a hydroxyl, alkoxyl, or amino
group (X) on the asymmetric center alpha to the carbonyl group. Formation of
the predominating diastereomer 38 is significantly influenced not only by

77/ ;
X 0 J X OH
R’L‘>_< + er = X 0 —_— RL‘HRE
Rg R RL") f\ R R
Rs R k]

the substrate structure, but also by the reagent and reaction conditions.
Reversal of the stereochemistry encountered often in this system has been
explained by competition with the dipolar or open-chain models. (148, 238) In
the reduction of substituted a -ketols 39 with LiAlH,4, LIAIH(OCHz3)s,
AIH(C4Hg-i)2, or Al(C4Hq-i)3, the predominant diastereomer was the erythro diol
40, as predicted by Cram's cyclic model. However, the degree of
stereoselectivity could

HO . HO OH HO OH
R R R“HR* + Ri'H'H
R? R? R? H R? R?
» D erythro threo

40
R!,R? = CH,, n-CsH,,, i-C3H,, -CyHy, C¢H,; R? = H, CH,

be correlated with the ketol structure only in reductions with the monomeric
Al(C4Ho-i)3 in toluene. Cyclopentanoid half-chair conformations 41a and 41b
(237) have thus been suggested to rationalize the dependence of the
stereoselectivity on the effective bulk of the more associated reagents;
surprisingly,

l~ N
A g
O o)
RL ——c.a RS
Ra Rg RL R3

dla 41b



even this modification of Cram's cyclic model does not accommodate the
variations in stereoselectivity characterizing reductions of phenyl-substituted a
-ketols. Essentially the same conclusions hold for the formation of diols 40
from the corresponding a -diones (Rl + R? =R = n-CsHyy, i-C3Hz, t-C4Ho, CeHs).
(239, 240) On the other hand, reductions of a -asymmetric 3
-dimethylaminopropiophenones 42 show a regular increase in stereoselective
formation

0
CaH.-.)J,\.{\N(CHm
H R
42
H_ OH HO _H
C5H5/1_1$<I;\N(CH3)2 + CGH,,/H$<R\N(CH3)2
erythro threo

Percentage of erythro Alcohol®

I:I R LiAlH, LiAIH(OCHag)s LIAIH(OCHe-t)s
CHs 60 54 53
CeHsCH, 64 79 85
CeHs 94 98 95

%Only one isomer of the racemic pair is shown; reactions were run in tetrahydrofuran at hydride
concentrations of ~0.45 M and at 0°; the yields of isomeric alcohols are normalized to 100%.

of the erythro alcohol with increasing relative bulk of the substituent R

(CH3 < CgHsCH3 < CgHs) (see p. 89 in Ref. 148). However, replacement of the
dimethylamino group in ketones 42 by a piperidyl group decreases the
stereoselectivity, particularly when R is methyl or benzyl, and leads in some
reactions to a reversal of the stereochemistry. (241)

In the model suggested (242, 243) for steric control of 1,3-asymmetric
induction in additions to acyclic ketones (e.g., 43), the carbonyl group is placed



between the two least bulky groups on the adjacent carbon atom and the
reagent R Z approaches preferentially over the smallest group (Rs) attached
to the asymmetric center to form the predominant diastereomer 44. A complex
steric

H H RZ JH

\ N
S’ \f_é“ g Sl
th/ o / HRf' -

course may occur in these systems. (241, 244, 245) For instance, the
reduction of 3-alkyl-substituted threo-1,2,3-triphenyl-1-propanones 45a—-45c
gives the threo-erythro diastereomers (TE) 46a—46c¢ as major products, in
accordance with either the Cram 1,3 or 1,2 rule of asymmetric induction.
However, the reduction of erythro ketones 45a-45b to the erythro—erythro
alcohols (EE) 46a—46b is

; L
CeH;CHCHCOC,H CHyCHCHCHC,H,
CeH;, CeHj
4 %

[]

LiAIH, LiAIH(OC4He-t)3*

Diastereomer ratio,”

Ketone R TE-46:TT-46
threo-45a CHs 78:22 70:30
-45b C,Hs 80:20 64:36
-45¢ i-C3H7 72:28 61:39
Diastereomer ratio,’

EE-46:ET-46
erythro-45a CHj 79:21 83:17

-45b  CyHs 72:28 70:30



-45¢c  i-C3H7 25:75 45:55

®Reactions in diethyl ether at room temperature.
®The diastereomer yields were normalized to 100%.

consistent only with the Cram 1,2 rule, but not with the 1,3 rule. In contrast,
formation of the erythro—threo alcohol (ET) 46¢ as the predominating
diastereomer in the reduction of the erythro ketone 45c conforms only to the
Cram 1,3 rule. In these cases LiAIH(OC4Ho-t)3 leads, with one exception, to
increased formation of the minor diastereomer. Introduction of several models
of the transition state was necessary to rationalize the contrasting effects of
the size of substituents R on the stereochemistry. (246)

A more generalized rationalization aimed at predicting not only the major
diastereomer but also the degree of stereoselectivity in reactions of aldehydes
and ketones with complex metal hydrides (or organometallic reagents) has
been proposed. (247, 248) This rationalization emphasizes the involvement of
essentially reactant-like transition states, the importance of torsional strain
(Pitzer strain) (249) involving partially formed bonds, and (in contrast to Cram
(234) and Karabatsos (250)) the dominant role of transition-state interactions
between the entering nucleophile (R Z) and the achiral group (R) attached to
the carbonyl carbon atom. In the presence of polar effects, the preferred
transition state will be the one that allows maximum separation between R Z
and the electro-negative group (R., Ry, or Rs). The stereochemical course of
metal hydriEreductions of acyclic ketones is predicted by considerations of
transition-state conformations 47-49, which differ in the extent of steric
interactions (indicated by arrows). In the absence of polar groups, the major
diastereomer is formed by way of the preferred, relatively least strained
conformation in transition state 47. Increase in the size of R introduces greater
steric strain into the conformation 48 and leads to decreased formation of the
minor diastereomer and

0 o) o)
i Ry Rs | Ry i
R, mR'z R'Z--- ' R, R*z-f Ry
R Rs R"’HR Rs R
47 48 49

thus to increased stereoselectivity. Similarly, increased size of either R or
complex metal hydride R Z will destabilize conformation 49 in favor of 47 and
cause the same effect. In reductions of ketones, where R is an alkyl and Ry a
strongly electronegative group, the most stable and preferred conformation for
the transition state is represented by the structure 49. The variations in the



effective size of complex metal hydrides, and presumably also in their
capability of complexing with the substrate, can lead to dramatic changes in
stereoselectivity, as illustrated by reductions of the racemic y , d -epoxy ketone
50. (251)

The effort to establish models consistent with experimental results continues
with theoretical treatment of asymmetric induction in acyclic systems. (252-254)
The ab initio calculations of various transition-state geometries for addition of

; " ~OH
Q!
e W
trans-51
L
50
R = p-CH,OC,H,
R.. o SHcoH, :[u R

D cis-81

Metal Hydride Ratio trans-51: cis-51
NaBH,* (room temp) 50:50
LiBH(C4Hg-s)3" (room temp) 50:50
LiAIH4" (0°) 25:75
LIAIH(OC4Hg-1)3" (0°) 20:80

LiAIH4—diamine® (-78°)° 8:92

®Reaction in methanol.
PReaction in diethyl ether.
‘(de)-2-(o-Toluidinomethyl)pyrrolidine.



nucleophiles to nonpolar and polar carbonyl compounds provide support for
the model 47-49; according to these calculations, the most stable
transition-state conformations in this model have the lowest relative energies,
as a result of antiperiplanarity between the new bond being formed
(nucleophile—carbonyl carbon atom) and the a -C —R_ bond. (255, 256)

2.5.1.2. Cyclic Ketones

Since Barton's stereochemical analysis of the reduction of substituted
cyclohexanones by NaBH, and LiAlH,, (257) several rationalizations have
been suggested to account for the predominating axial attack on a relatively
unhindered (conformationally flexible) ketone to form the equatorial alcohol
and the predominating equatorial attack on a relatively hindered
(conformationally rigid) ketone to give the axial alcohol as the major isomer.
Dauben and co-workers (258, 259) have introduced the concept of “product
development control” (product-like transition state) for reductions of
unhindered cyclohexanones and of “steric approach control” (reactant-like
transition state) for reductions of hindered cyclohexanones. The latter concept
has really never been questioned; arguments have been advanced for and
against “product development control.” (148, 154, 156, 260-270) The
rationalizations by Chérest and Felkin (283-286) and Anh and co-workers
(287-289) have found wider acceptance (134, 148, 269) than others. (51, 154,
173, 261, 269-282) According to the Chérest-Felkin interpretation, which is
based on premises analogous to those suggested for open-chain ketones,
(247) the stereochemistry is governed by the net difference between the steric
strain in the transition state 52, leading to the equatorial alcohol 53 and the
torsional stgain in the transition state 54, which yields the axial alcohol 55.
Increase inm effective size of the axial substituent at C-3 and/or C-5 will raise
the steric strain in 52 (R = alkyl), favoring the transition state 54 and hence
formation of the axial alcohol 55. The same effect would be attained by
increasing the effective bulk of the hydride reagent. Use of the proper reducing
agent can lead to profound changes in the stereochemical balance. Whereas
eclipsing effects are likely to predominate in the



strain
Torsional
strain R H
; f-QM@\OH
53
R
OH
t-C,H, -
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R'Z = entering complex metal hydride
R = hydrogen or alkyl group

NaBH. and|LiAIH, reductions of 9-oxolongifolene (56) to form the
thermodynamically more stable a alcohol 57a as the major product, bulk steric

Metal Hydride Ratio 57a:57b

LiAIH, 76:24
NaBH4 76:24



NaA|H2(OCH2CH20CH3)2 18:82

effects seem to determine the stereochemistry of reduction with
NaAlH,(OCH,CH,OCHg3),, favoring formation of the less stable 3 isomer 57b.
(290) A more complicated but illustrative example is provided by the reduction
of 3-alkyl bicyclo[2.2.2]-2-octanones 58. Unlike LIAIH(OC4Ho-t)3, which attacks
ketones 58a-58d from the less hindered side (kr:kn < 1) to

rans cis

Ratio trans: cis (kr:kn)

Ketone R LiAIH4 LiIAIH(OC4Ho-t)3*

D 58a CH; 50:50 25:75
58b C,Hs 68:32 30:70
58c i-CsH7 72:28 40:60
58d t-C4Hg 15:85 5:95

®Approximate values calculated from log(kr/k) as a function of substituent R. (293)

form predominately the cis alcohols, LiAlH4 approaches the ketones 58b-58c
preferentially from the more hindered side (kr:kn > 1) and gives the trans
alcohols as the major products. These patterns change only in the LiAIH,
reduction of the tert-butyl ketone 58d. (291-294) The gradually increasing
trans:cis (kr:kn) ratio for both hydrides as the methyl is replaced by ethyl or
isopropyl groups has been interpreted to arise from an anisotropic inductive
effect of the alkyl groups. Increased steric hindrance of a tert-butyl group at
C-3is responsible for the sudden fall of kg in the reduction of ketone 58d. (293)
It is noteworthy that the above effect of alkyl substituents can also be
rationalized by the “twist angle approach” to the stereoselectivity of reduction



of substituted cyclic ketones. (295)

Anh's concept of antiperiplanarity of the C-2 and C-6 axial hydrogens in the
reduction of cyclohexanones represents a modification of the Chérest—Felkin
model. According to this concept, the flexibility of the ring and hardness of the
nucleophile should be considered in addition to steric and torsional factors to
explain the competing axial and equatorial approaches of nucleophiles to
cyclohexanones. (287-289)

The recently postulated generalized model of “charge-transfer stabilization of
the transition state” derives from the consideration that “the feature of the
transition state critical for stereoselectivity is the existence of a low-lying

vacant orbital “tassociated with the o bond being formed in the reaction. The

stereochemistry of nucleophilic addition to cyclohexanones is thus determined
by steric hindrance, which favors the equatorial approach, and by electron

*®
donation from the cyclohexanone o cc and o cy bonds into the “torbital

facilitating the axial approach, because the carbon — hydrogen bonds are
better electron donors.” (296) The predominance of the more hindered
approach of LiAlH4 in the case of ketones 58b and 58c (293) is in accordance
with this model. (296) The change in stereoselectivity of the reduction of
4-halogen-substituted 2-adamantanones 59 by LIAIH(OC4Ho-t)3 (295)
correlates adequately

syn

HO

OH

anti trans cis

X Ratio trans:cis

F 53:47
H 50:50
Cl 45:55
Br 43:57



| 34:66

with a net change of charge density in the o cc bond as the fluorine atom is
replaced by other halogen substituents; (296) interestingly, the same trend in
stereoselectivity is predicted by the “twist angle approach.” (295)

The LiAIH(OC4Ho-t)s reduction of 1 3 -cyano-10-methyl-trans-3-decalone (60)
gives a greater proportion of the equatorial alcohol (97%) than is afforded by
the unsubstituted ketone 61 (91%). (297, 298) In agreement with the model

979 919, 859
//\E : -téo /-/\f_: : .'*éﬂ //.,E : " E;,O
3y 99 15%
60 61 62

prediction, the electron-withdrawing cyano group at C-1 decreases the value of
€ (0 cc) and the resulting decrease in the stabilization energy SEeq then
enhances the axial approach. The presence of the electron-donating methyl
group at C-1 in the ketone 62 causes an opposite effect leading to a decreased
formation of the equatorial alcohol (85%). (296-298)

Since the tron-donating power of the o cc bond is lower than that of the o
cs bond, ttf@quatorial hydride approach to a 3-thiacyclohexanone should be
greater than that to an analogous carbocyclic cyclohexanone. (296) This
prediction has been verified, for instance, by reductions of ketone 63, which
undergoes predominantely (8 attack by several hydrides, giving a greater
proportion of the 17a a alcohol 64. On the other hand,

0 OH OH

Metal Hydride Ratio 64:65



LiAIH, 81:19

LIAIH(OC4Ho-t)3 73:27
NaBH4 71:29
LIAIH(OCHg)3 67:33

NaA|H2(OCH2CH20CH3)2 26:74

NaAlH,(OCH,CH,OCH?3;), evokes a predominance of a attack and leads to a
reversal of the stereochemistry and to preferred formation of the 17a 8 alcohol
65, which is usually the major product of the complex metal hydride reductions
of the carbocyclic analog. (299)

The consideration that electron donation from the molecules solvating the

transition state would raise the value of =(?t)and thus enhance the equatorial

approach to cyclohexanones might explain many examples of the solvent
effect on stereochemistry. (296) A typical example is given by the hydride
reductions of 3,3,5-trimethylcyclohexanone in various solvents (Table C).

OH
_+_
Zb\ou

trans cis

TABLE C. Effect of Solvents on the Stereoselectivity of Reduction of
3,3,5-Trimethylcyclohexanone

Percent
Metal Hydride Solvent of 66  Reference
NaBH,4 t-C4HoOH 55 300
i-C3H7OH 56—-64 154, 300,

301



C2HsOH 63—-67 300

CH30H 80-94 154, 300
NaA|H2(OCH2CH20CH3)2 CeHe 57 191
(C2Hs)20 57 192
Tetrahydrofuran 68 192
LiAIH4 (C2Hs)20 55-71 51, 153,
154, 183,
302
Tetrahydrofuran 74-83 51, 153,
180
LIAIH(OCHg3)3 (C2Hs)20 75 153
Tetrahydrofuran 85-98 153, 154,
180
LIAIH(OC4Hg-t)3 2,2,5,5-Tetramethyl-tetrahydrofuran— 55 194
CeHe
CesHs 60-63 194
(C2Hs5)20 73 153, 183,
194
Tetrahydrofuran 88-96 153, 154,
178, 180,
200, 261,
263, 303

Mechanistic analysis taking into account the Hammett reaction constant (p ),
kinetic isotope effects (kn/kp), and activation parameters ( A H¥, A S%)
determined for reductions by various hydride reagents (Table D) had led to the
conclusion that the NaBH4 reductions of cyclohexanones involve a product-like
transition state. In contrast, the LIAIH(OC4Hoq-t)3 reductions involve a
midpoint-like, and the LiAIH4 reductions a reactant-like transition state. (269,



270, 303, 304) Variation of the transition-state structure with the nature of the
reducing agent follows from these considerations. (269, 270, 303) A
four-center cycloaddition mechanism has been suggested for the
LiAIH(OC4Ho-t)3 reductions of cyclohexanones; (303, 304) (see, however, Ref.
308).

TABLE D. Thermodynamic Parameters for Reduction of Ketones

AH? A St
Metal Hydride p  kukp  (kcal mol™)(cal K™ mol™)
NaBH, 3.06* 0.6-0.7°°5.5-11.0" —36 to —48""
b
LIAIH(OC4Hg-t)3 2.1320.95%" 6-8%* —33t0 —42% %!
h
LiAIH," 1.95" 1.3-1.4™ 10° -26°
NaAlH, — - 17.5 -5
AlHz* " 0.89 — — —
A|2H3(OCH2CH20CH3)39’0.34 —_— 155 -14
p

®This is the va&hed for reduction of acetophenones.
"See Ref. 305.

“This is the value for reduction of alkyl cyclohexanones.

‘See Ref. 306.

°See Ref. 307.

'See Ref. 301.

9This is the value for reduction of benzophenones.

"See Ref. 308.

'See Ref. 304.

The value of ky/kp equal to 0.70-0.79 (20.08) has been found for the highly hindered
cyclohexanones. (309)

“See Ref. 303.

'See Ref. 310.

™This is the value for reduction of 2,4,6-trimethylbenzophenones,
2,2 -dimethylbenzophenone, and 2,2 -diethylbenzophenone.
"See Ref. 179.

°See Ref. 311.

PSee Ref. 312.



2.6. Asymmetric Reduction of Carbonyl Compounds

The high degree of sensitivity of asymmetric reductions of prochiral aldehydes
and ketones by chiral lithium alkoxyaluminum hydride or deuteride complexes
to changes in the substrate structure, reducing agent, and reaction conditions
generally makes it difficult to rationalize the stereochemical outcome of these
reactions. (148) The following examples illustrate at least some of these
complexities. Reversal in the stereochemistry has been noted in the reduction
of alkyl mesityl ketones by the LiAlH,—(—)-quinine (1 : 1) complex; (313, 314)
the change in the configuration of alcohols 67, where R is isopropyl or
tert-butyl has been explained by loss of coplanarity of the benzene ring and the
carbonyl group. The same explanation evidently holds for the reversal of
stereochemistry in reductions of isopropyl phenyl ketone and tert-butyl phenyl
ketone by this hydride complex; whereas the former ketone is converted into
the (R) alcohol, the latter gives the (S) enantiomer in excess. (314) By contrast,
the asymmetric reduction of both ketones by
LiAIH,—(2S,3S)-(-)-1,4-bis(dimethylamino)-2,3-butanediol produces only the
(S) alcohols (315) and that by the “fresh”
LiAIH,—(2S,3R)-(+)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol reagent
gives predominantly the (R) alcohols. (166, 167) The

o) i
e —
—_—
67
R CH; CyHs5i-CsH7 t-CaH9g

Configuration of 67 R) ® (S (5
Enantiomeric excess, % 41-45— 20 27

reasons for this behavior, which has been encountered in many other
reactions, are not obvious and require further exploration. Changes in solvents
bring about a reversal in the expected stereochemistry of reductions with the
LiAIH,—(-)-quinine (316) and the “aged”



LiAIH,—(2S,3R)-(+)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol
complexes; (167) replacement of diethyl ether by tetrahydrofuran in an
asymmetric reduction by LiAlHs—(—)-N-methylephedrine—N-ethylaniline causes
an 87% decrease in enantioselectivity. (162) Nonetheless, some chiral
complex hydrides show systematic behavior and can be utilized for
configurational correlations. For instance,
LiAIH,—3-O-benzyl-1,2-cyclohexylidene- a -D-glucofuranose (1:1) (68a) reacts
uniformly with ketones to form (S) alcohols whereas the ethanol-modified
complex (1:1:1) 68b gives systematically (R) alcohols in excess. The

R = C,H,CH,

68a:R" = H

68b: R’ = C;H,0
suggested model for the transition state accommodates convincingly the
experimental results. (317-319) The kinetics of the asymmetric reduction of
meta- and paja-substituted benzophenones by
LiAIH,—1,2:575-di-O-isopropylidene- a-D-glucofuranose (1:1) indicate absence
of any marked polar substituent effects. (320)

A comparison of the effect of various functional groups on the asymmetric
induction in reductions of ketones 69 shows that the enantiomeric excess of
the major isomer decreases in the following order:

OCH,(n = 3) > OCH,(n = 2) > N(CH,),(n = 2) > SCH,(n = 1-3)
> C,Hy(n = 1-3) > OCH,(n = 4) > N(CH,),(n = 1).

Li™, 1
_ [D..sf'* "'\\
C,H,CO(CH,),Y LiATH(OR®), (|;l /Y
P —(CH,),
CeH;

— C4H,CHOH(CH,),Y

R* = (= )-menthyl



This trend parallels the decrease in the base strength and the coordinating
capability of the functional groups, but it also reveals a clear dependence of
enantioselectivity on the distance of the carbonyl from the functional group
(except for the nonpolar SCH; and C;Hs groups). The results have been
interpreted in terms of a cyclic transition state with lithium cation complexing
the carbonyl oxygen, (321) as suggested for reductions by achiral complex
metal hydrides. (51, 322, 323)

The effect of functional groups more or less remote from the carbonyl group of
the substrate on the asymmetric reduction has some analogy in a similar effect
of the structure of ligands used to modify LiAlH4. This effect of substituents
relatively distant from the site of ligand complexation with the hydride
aluminum atom has been documented by comparing the asymmetric induction
in ketone reductions with complexes of LiAIH, with (—)-quinine (CHsO group at
C-6) and (-)-cinchonidine (H at C-6) or (+)-quinidine (CHsO group at C-6) and
(+)-cinchonine (H at C-6). (313, 316, 324, 325) Systematic examination of the
structural and stereochemical relationships in both substrate and chiral ligand
has led in some reactions to a high degree of chiral induction and
configurational unambiguity. (159-162, 168, 169, 326-330) Two examples
illustrate this strategy. In the aminodiol 72 the weak (S)-directing induction of
the (R)- a -methylbenzyl unit at nitrogen operates against the strong
(R)-directing induction of the (S,S)-alcohol groups and the reduction of
acetophenone with the LiAIHs—72 (1:2) complex gives the (R) alcohol in only
low e.e. On the other hand, the (S) configuration at all three asymmetric
centers of aminodiol 73 leads to a substantial increase in the

enantiosel ity and formation of the (R) alcohol in high e.e. (330)

Another approach utilizes the high degree of chiral recognition inherent in
some conformationally rigid ligands; a typical example is the 1,1'-binaphthyl
moiety in (S)-(-)-2,2"-dihydroxy-1,"-binaphthyl (331) and

(R)-(+)-2,2 -dihydroxy-1,1 -binaphthyl. (332) Nonetheless, a careful
structure stabilization of
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the LiAlHs—chiral diol complex is necessary. Whereas reduction of
acetophenone by LiAIH,—(R)-(+)-2,2'-dihydroxy-1,1"-binaphthyl (1:1) [(R)-74a]
proceeds presumably with almost complete disproportionation of the reagent,

(R}-T4

aiR = H
b:R = CH,0
eiR = C;H,0



Reagent Temperature (°C) (R)-1-Phenylethanol (e.e., %)

(R)-74a 30 2
(R)-74b 30 73
(R)-74c 30 64
—20 77
78 90

modification by methanol or ethanol to form the (R)-74b and (R)-74c
complexes, respectively, enhances the stability of the reagent and brings
about a high degree of enantioselectivity, which increases with decreasing
temperature. (168) This temperature effect is in agreement with the rule that
the proportion of the major isomer in the product increases with decreasing
temperature and that raising the temperature increases the proportion of the
minor isomer. (157, 162, 266, 271, 333) Most of the experimental results of
reductions with the (R)-74 complexes can be rationalized on stereoelectronic
grounds. In the kinetically controlled asymmetric reduction of acetophenone
with the reagents (R)-74b or (R)-74c, the methoxyl or ethoxyl oxygen has the
highest bay of the three oxygen atoms attached to aluminum and acts as
the bridgingatom

(R) (R)
O O CH,
\ .-Li \ l,-Li
oAl Al g LT

(0] .
L] .-"C"""-.l
H;{' \ =0
R

7%
R = CH,,C;H;

in the chair conformation of the intermediate six-membered cyclic complex.

Existence of strong steric hindrance in the transition state 75 favors the

transition state 76, which leads, in accordance with experimental results, to

formation of (R) alcohol as the predominating enantiomer. (168)



3. Scope and Limitations

3.1. Reactions of Hydrocarbons

3.1.1.1. Reduction of Carbon — Carbon Double Bonds

In the presence of bis(cyclopentadienyl)titanium dichloride as the catalyst,
AIH(OR); (R = CHgs, i-C3Hy, t-C4Hy) transforms 1-octene into the
hydrometalation product, but at a substantially lower rate than
bis(dialkylamino)aluminum hydrides. (334) On the other hand, the
effectiveness of NaAlH,(OCH,CH,OCHs); in the catalytic hydroalumination of
terminal alkenes and internal alkynes is comparable with that of LiAlH4,
NaAIH4, LiAlH(CH3)3, NaAIH(CH3)3, LiAle(NRz)z, or NaAle(NRz)z. (335)
NaAlH2(OCH,CH,OCH?3), is a reagent of choice for transforming
dicyclopentadienylzirconium dichloride into the hydride ( n ®>-CsHs)2Zr(CH ,
(336-339) which has been used for preparation of various C-1 functionalized
alkanes by way of hydrozirconation of terminal or internal alkenes. (336, 340,
341) For instance, 1-octene (or cis- or trans-4-octene) can thus be converted
to 1-bromooctane (Eg. 9). (336) A similar procedure has been

L (w*-CyH,y) 201y,
MaAlH :['D‘CH ICH ;DCH;};

(96 %)

applied to hydrozirconation of acetylenes yielding functionalized alkenes. (342)
Reaction o':chlopentadienylzirconium dichloride with the hydride and a
long-chain rnal alkene in situ followed by iodination leads almost
exclusively to an 1-iodoalkane (Eq. 10). (338, 339)

1. {rr’-{',, H; ), ZrCl;,
MNaAlH (OUHCH;OCH,);.

n-Cy4HzCH=CHC  Haon — "o n-CyoHgl  (10)
(74%)

The asymmetric reduction of 6-methyl-6-phenylfulvene by the chiral
LiAIH4—(-)-quinine reagent (Eq. 11) is the first step in the preparation of

CGHE * CISH.':

(11)



optically active titanocene complexes. (343) The exo double bond in
6,6-dimethylfulvene is not reduced by LIAIH(OC4Ho-t)3. (344)

The reduction of methyltropylium perchlorate with LIAIH(OC4Hq-t); affords a
mixture of 1-, 2-, and 3-methyltropylidenes free of the 7-isomer (Eg. 12), in
contrast to reductions with LiAlH4, NaBH,, or diphenylstannane. (345)

Oloo: —3-O-0)

(53%) (23%) (21%)

Reaction of NaAlH,(OCH,CH>OCHs), with the n >-cyclohexadienyl complex 77
(M =Rh, Ir) under forcing conditions represents one step in the selective
reduction of benzene to cyclohexene involving regeneration and recycling of
the initial complex. (346)

[°-Cs(CHy)sIM e [1%-Cs(CHy)sIM {j

m (56-837%)

0 2
CyHy

(z92%)

The lithium alkoxyaluminohydride resulting from interaction of LiAlH4 with
2-(2-ethoxyethoxy)ethanol reduces acenaphthylene to acenaphthene in high
yield. (35)

3.1.1.2. Reduction of Aryl-Conjugated Double Bonds with Methylation
NaAlH2(OCH,CH>0OCH?3;), reduces double bonds with selective methylation at
the more highly arylated carbon atom. The methyl group originates from the
hydride methoxyl group. For example, 1,1-diphenylethylene (78, R = H)

[(CeHs),CHCH,R]
— (CeHy),C(CH,)CH,R

(CeHs),C=CHR
TR



and 1,1,2-triphenylethylene (78, R = C¢Hs) are converted into
2,2-diphenylpropane and 1,2,2-triphenylpropane, respectively, in excellent
yields by reaction with this hydride at 140-180°. Reduction of
6,6-diphenylfulvene at 80° gives isomeric 5-(diphenylmethyl)cyclopentadienes;
at higher temperatures 5-(1,1-diphenylethyl)cyclopentadienes are formed (Eg.
13). Reductive cleavage

(13)

MNaAlH,(OCH,CH,OCH,),
80° . 175

of carbon — carbon bonds occurs in the reductive methylation of the diene 79
with NaAlIH2(OCH2CH>OCHz3), in p-cymene: 2,2-diphenylpropane along

(CﬁHs)lc=CHCH=C(C5H5}2
™

—® 5 (CeHs),C(CH,), + (C4Hy),C(CH,)C,H;
(50%) (6%

with a minor amount of 2,2-diphenylbutane and polymer are formed rather than
the expected 2,2,5,5-tetraphenylhexane. (208)

3.1.1.3. Methylation of Aryl-Activated Alkanes with NaAIH,(OCH,CH,OCHy3),
Alkanes such as triarylmethanes or condensed aromatic hydrocarbons
containing vated methylene groups can be methylated by reaction with
NaAlH2(OCH2CH,OCH?3).. In the reaction of diphenylmethane, the
dimethylated product is accompanied by a minor amount of
1,1-diphenylcyclopropane (Eqg. 14). (204, 206) 1,1-Diphenylpropane reacts
with the same hydride to

C¢H;  CzH,
(CoHy),CH, —ABOMMOMY:, (¢ H),OCH), + /N (14)
(72 %) (20%3)

give 2,2-diphenylbutane as the sole product. Another course of reaction is
observed when the methoxyl groups in the hydride are replaced by ethoxyl
groups (Eg. 15). (204) These reactions, particularly the reductive methylation
and



CeH;  CeHs
» (C¢Hs),CHC,H; + (15)
(34%4) (58%3)

NaAlH,{OCH,CH,0C,; H, )y
p-Cymene, 177"

(CGHS}ECHZ

monoethylation, which proceed with high regioselectivity, are useful
alternatives to reductive alkylation by lithium in ammonia and alkyl halides (347)
or to methylation by LiAlH,4 in methyl ethers. (348-351)

3.1.1.4. Isomerization and Dehydrogenation of Aromatic Hydrocarbons

B -Methylstyrene isomerizes to allylbenzene (25%) in a base-catalyzed
reaction with NaAlH;(OCH,CH,OCH3),. (352)
S-Cis,s-Cis-9,9¢:9¢,9%-Terfluorenyl (80) is isomerized, presumably by way of
the 9-sodium derivative, to s-cis,s-trans-9,9¢:9¢,9%-terfluorenyl (81) (23%) as
the major product on treatment with

NaAIHz(OszCH20CH3)2 in benzene; LiAlH4 gives the isomer 81 in 36% yield.
Reverse isomerization of 81 to 80 (13%) by NaAlH,(OCH,CH>OCH?3); is
attributed to the high basicity of the hydride; in this case, LiAlH, gives only a
small amount of 9,9¢-bifluorenyl. (353, 354)

NaAlH,(OCH,CH,OCHp3;), can act as a dehydrogenating agent capable of
transforming, for instance, the 1,3,5(10),7-estratetraene derivative 82 into the
conjugated 1,3,5(10),6,8-estrapentaene 83. (355-357)

OH
ot ee

CH,0 2 .:



3.2. Reduction of Peroxides and Ozonides

1,3-Octadiene polyperoxide is reduced by NaAlH2(OCH,CH,OCH5), to
3,4-dihydroxy-1-octene, 1,2-dihydroxy-3-octene, and 1,4-dihydroxy-2-octene
as the major products. Ascaridole, a transannular terpenic peroxide, reacts
readily with the same hydride to give 1,4-dihydroxy-p-menthene (84) in 93%
yield; (358) LiAlH,4 affords only 47% of the diol 84, (359) and NaBH, does not

OH

HO C,H.-i
B4

react with the peroxide. (360) Sensitized photooxidation of a furan derivative
followed by hydride reduction produces an unsaturated diol (Eg. 16). (361,
362)

| CH,0H
/\/ECHZOH

1. O (Rose Bengal) . \ (16)
7 NaAlH (OCH,CH,OCH,),

Ozonolysis of a mixture of 2,4-phytadiene (85) and 3,5-phytadiene (86) and
subsequent reduction of the crude ozonides by NaAIH,(OCH,CH,OCHz3),
leads to (3R,7R)-3,7,11-trimethyl-1-dodecanol (85a) and
(2R,6R)-2,6,10-trimethyl-1-undecanol (86a). (363) Hexamethylcyclobutene
ozonide undergoes reduction by
LiAIH4—(-)-1,4-bis(dimethylamino)-(2S,3S)-2,3-butanediol to



R
B B5a
HO-_-R
SR
8 Rba

yield meso- and dI-3,3,5,5-tetramethyl-2,5-hexanediol in a 40:60 ratio; LiAlH,
gives both products in a ratio of 91:9. (315) Ozonolysis of (+)- A
_ambreinolide

(87) and reduction of the ozonide by NaAlH>(OCH,CH,OCH?3;), produces
(+)-8,11-dihydroxydrimane (88) in 85% overall yield; racemic 87 affords 87% of
racemic 88“64)



3.3. Reduction of Halogen Compounds

Two areas of application of metal alkoxyaluminum hydrides can be
distinguished in the great number of reactions with halogenated polyfunctional
compounds: (a) preservation of the carbon — halogen bond with reduction of
one or more functional groups by a less reactive and more selective
alkoxyhydride and (b) reductive displacement of halide by using an
alkoxyhydride with higher reducing power than LiAIH,.

The reducing capability of LIAIH(OCHzs); for haloalkanes is comparable with
that of LiAlH4 only in reductions of 1-iodoalkanes. Hydrogenolysis of
1-bromooctane is substantially slower, and that of 1-chlorooctane is
incomplete even after 24 hours with use of the former hydride; LIAIH(OC4Ho-t)3
is far less reactive than LiAIH(OCHzs); and does not react with 1-chlorooctane
(365) or benzyl chloride. (40) The inertness of the carbon — chlorine bond
toward lithium tert-butoxyaluminum hydrides (365) at ambient or lower
temperatures permits selective reduction of the carbonyl group in
chloroaldehydes. (40, 366) The capability of sodium alkoxyaluminum hydrides
and alkoxyaluminum hydrides to transform 1-chloro- and 1-bromoalkanes into
alkanes increases in the series

NaAlH(OC,Hg),**%3
< NaAIH[OCH,CH,N(CHj,),],%¢’
< Al,H4(OCH,CH,0CH,),**®
< NaAlH,(OCH,CH,0CH,),%?133:369.370
< Naﬂj_lH,l[OCHZCHEN[CHﬂ;};,”‘
< NaAIH(OCH,)(OCH,CH,0CH,;),*"?
< NaAlH(OH)(OCH,CH,0CH,), .>"?

A chloromethyl group is readily reduced to a methyl group by
NaAlH2(OCH,CH,OCH?3),; for instance, reductive dechlorination of
1,3-dihydro-1,3-bis(chloromethyl)benzo[c]thiophene 2,2-dioxide (89) by this
hydride in refluxing benzene gives the 1,3-dimethyl derivative 90 in 91% yield.
(373)

R
SO,

R
#9:R = CH,CI
9:R = CH,



The reactivity of NaAlH2(OCH>CH,OCHz3), in the dehalogenation of
bromoalkanes, a , w -dibromoalkanes, benzyl chloride, (370) ortho-substituted
benzyl bromides, and o-xylylene dibromide at 65-135° has found an
interesting application in a novel type of carbon — phosphorus bond
formation (Eq. 17). (374-379) The procedure gives products in only moderate
yields, but it is experimentally simple compared with other methods. (374, 375,
379)

O 1. MaAlH,(OCH,CH,OCH,),, O

" %;mvarsnadditim} ”

P i + C.H.PCH,C.H

2.

CsHsPX AT 615 2\stls

| } (17)

CH, CH,

(52%)
X = H,CH,0

NaAlH(OH)(OCH2CH20CH3)2 and NaAlH(OCH3)(OCH2CH20CH3)2 are both
more powerful than NaAlH,(OCH,CH,OCH5); in the reductive displacement of
alkyl halides; a rapid reaction of 1-bromoheptane with these hydrides affords
about 98% of n-heptane. (372)

Secondary alkyl halides are usually less reactive than the primary halides.
Reduction -bromoheptane by NaAlIH,(OCH2CH,OCHz3), gives 64% of
n-heptane pared to 81% obtained from 1-bromoheptane under identical
conditions. (369, 370)

Selective reduction of a carbonyl group in polycyclic fluoro, (380) chloro, (381,
382) and bromo ketones (383-388) with LIAIH(OC4Hq-t)3 has found wide
synthetic application. The attractive feature is the preservation of the bromine
configuration on the ring in cyclic a -bromo ketones, contrasting with
epimerization of the bromine atom in the presence of NaBH, or other hydrides.
(383, 384, 387, 388) Treatment of 3 a
-bromo-1-methyl-cis-bicyclo[4.4.0]-2-decanone with LIAIH(OCsHo-t)3 thus
produces the corresponding 3 a -bromo-2 a alcohol free of the 3 3 -bromo
isomer. (389)

NaAlH2(OCH,CH,OCHz3), reduces gem-dihalocyclopropanes in refluxing
benzene to give preferentially anti or trans monohalides accompanied by
variable quantities of the corresponding hydrocarbons. (390-392) Reduction of
the tricyclic monobromide 91 by NaAIH,(OCH>CH>OCH5) in diethyl ether



gives more than 80% of 1,8-methanonaphthalene (92). (393) However,
debromination of trans-2-bromo-1-benzylsulfonamidocyclohexane (93) by the

H R
X
C : Br
‘Q NHO,SCH,Cg¢H;,
91:R = Br o3
92:R = H

same hydride is accompanied by removal of the sulfonyl group (352) and
yields cyclohexylamine. (394)

In the reduction of vicinal dihalides, hydrogenolysis competes with elimination.
Treating of 1,2-dibromoheptane with NaAlH,(OCH>CH>OCHj3), produces
1-heptene (74%) as the major product along with 2-bromoheptane (16%) and
n-heptane (3%); reduction of 1,2-dibromocyclohexane yields 42% of
cyclohexene. (370)

Chlorobenzene is inert toward AIH(OC2Hs),, AIH(OC4Hg-n),, (87)
A|2H3-(OCH2CH20CH3)3, (368) NaAIH(OC2H5)3, (54)
NaAlH[OCH2CH2-N(CH3)2]3, (367) or NaAI2H4[OCH2CH2N(CH3)2]3. (371)
LiAIH2(OC2Hs)2, LiAIH4, and NaAlH2(OCH2CH,OCHz3), are effective reagents
for replacing fluorine atoms by hydrogen in trichlorotrifluorobenzene. (395)
Reduction of p-bromotoluene in refluxing tetrahydrofuran with LiAlH4 or
LiAIH2(OCH3)} produces 7% and 59% of toluene, respectively. Use of the latter
hydride in e of LiAlH, under otherwise identical conditions for reduction of
8-bromo-1-naphthylmethanol increases the yield of the debrominated product
from 19 to 77%. 396a The generally low rate of dehalogenation of aromatic
halides can be markedly improved by using NaAlH,(OCH,CH,OCHs3),, (370,
397, 398) or even better, NaAIH(OCH3)(OCH,CH,OCHz3), at elevated
temperatures. Reduction of bromobenzene by the latter hydride in refluxing
xylene (1 hour) yields 99% of benzene, (372) whereas LiAlH, gives only 24%
of benzene at 100° for 24 hours; 396a reduction of 3-bromochlorobenzene
with NaAIH(OCH?3)-(OCH,CH,OCH?3), affords 94% of chlorobenzene. (372)
The yields of dehalogenated products in LiAlH4 reductions can be increased by
using either homogeneous hydride solutions in tetrahydrofuran 396b or
ultrasonic waves and heterogeneous hydride—halide mixtures. 396c In the
presence of catalytic amounts of bis-(phenylcyano)palladium dichloride,
NaAlH2(OCH,CH,OCH?3), reduces 1-chloronaphthalene nearly quantitatively
to naphthalene; fluorobenzene gives only 12% of benzene. The
bis(benzylcyano)palladium dichloride-assisted reduction of bromobenzene and
chlorobenzene by NaAlH,(OCH,-CH,OCHz3), yields approximately 100% and
52% of benzene, respectively. (397, 399) By comparison, the LiAlHs— NiCl;



complex effects essentially quantitative conversion of chlorobenzene to
benzene. (400)

NaAlH2(OCH,CH,OCH?3); is a reagent of choice for converting
1,1-difluoroalkenes RR'C = CF; (R = alkyl, C¢Hs; R* = H, CH3) to monofluoro
derivatives RR'C = CHF (predominantly trans) in 78-96% yields. (401) The
relatively high stability of the chloroallyl group toward LIAIH(OCHjs)3 at low
temperatures makes it possible to reduce the keto group ina -(
-chloroallyl)deoxybenzoin with high stereoselectivity. (402, 403)

Whereas reduction of bromoalkynes RC = CBr [R = CgHs, CH3;0CHa,
(C2H5)2NCH2, CH; = C(CH3), HOCH,;, CH; :CHC(OH)(CH3), (CH3)2C(OH),
(CH3)2C(OH)CHg] by LiAlH4 gives mixtures of the debrominated alkynes,
alkenes, and alkanes, the LiAIH,— AICl; complex produces 40—-60% of the
trans alkenes RCH = CH; NaAlH,(OCH,CH,OCH5), gives the alkynes RC =
CH as the major products. (404) Reduction of (R)-(+)-2-bromo-3-decyne with
LiAlH, yields 3-decyne (75%) along with small amounts of 2,3-decadiene;
LiAIH(OCHzs); gives, in addition to 23% of 3-decyne, 54% of nearly racemic
2,3-decadiene, and AlH; affords (S)-(+)-2,3-decadiene (25—-74%) in 45-53%
enantiomeric excess. (405)

Complex hydrides useful for the reductive displacement of organic halides
have been discovered; their effectiveness has been compared in several
papers and reviews. 121,122,130,134,365,396b,406—410 Lithium
triethylborohydride (“Super Hydride”) arising from interaction of
LiAIH(OC4Hte=)s with triethylborane reduces simple primary alkyl bromides
such as 1- ooctane completely in 2 minutes; allylic and benzylic bromides
are reduced almost instantly. Bromocyclooctane gives 99% of cyclooctane.
Nearly the same effect can be achieved by using lithium hydride in the
presence of catalytic amounts of triethylborane; bromocyclohexane thus gives
95% of cyclohexane, and bromocycloheptane yields cycloheptane almost
quantitatively. (365, 411)

The complex formed from LIAIH(OCHzs)s and copper(l) iodide reduces primary
alkyl chlorides; primary and secondary alkyl bromides; neopentyl, allyl, vinyl,
cycloalkyl, and aryl bromides; and 9,9-dibromobicyclo[6.1.0]-nonane to the
corresponding hydrocarbons in 85-100% yields; the reactions are complete at
room temperature in less than 2.5 hours. Although chlorides require longer
reaction times and an excess of the reagent, hydrocarbon yields >90% are
obtained. (412)

The complex LiCuH(C4Hq-n) reacts with 2-bromononane, 1-bromoadamantane,
or 1-bromonaphthalene to give the corresponding hydrocarbons in 70-95%
yield and does not attack the ester group in bromoesters. (413)



3.4. Reactions of Active Hydrogen Compounds

Primary, secondary, and tertiary alcohols, thiols, phenols and primary or
secondary amines react rapidly with LIAIH(OCHz)s (30, 46) and
NaAlH2(OCH.CH,OCH3)2 (72, 133, 191, 361, 372) with evolution of the
theoretical amount of hydrogen. In contrast to 1-hexanethiol, benzenethiol
evolves very rapidly one equivalent of hydrogen in contact with
LIAIH(OC4Ho-t)5. (30, 414)

3.4.1.1. Reduction of Unsaturated Alcohols

The rate of hydrogen liberation and formation of alcoholates in reactions of a
-allenic, B -allenic, and a -vinylallenic alcohols with LiAIH3(OCHs) and LiAIH,
appears to coincide with the overall rate of reduction; primary and secondary
alcohols react more rapidly than the tertiary and sterically hindered alcohols.
The course of partial reductions of a -allenic alcohols (2,3-alkadien-1-ols) by
these hydrides (see pp. 9-10) depends on the structure of the starting alcohol
and the nature of the hydride used. An example of stereospecific reaction
forming a homoallylic alcohol (3-alkenol) exclusively in the trans configuration
along with stereoisomeric dienes is given by Eq. 18. (214)

CH,;CH=C=CHC(CH,),OH _LiAIH,(OCH,)

CH,CH=CHCH,C(CH,),0H + CH,CH=CHCH=C(CH,), (18)
trans (43 %) (347%2)

a —Vinylalleg alcohols (2,4,5-alkatrien-1-ols) undergo partial reduction by
LiAIH3(OCHzs) or LiAlH4 to yield 3,5-alkadien-1-ols (0—70%) and
1,3,5-alkatrienes (29-81%). Two examples of stereospecific reactions in this
series are: (214)

(CH,),C=C=CHCH=CHCOH(C4H,)CH, —=,
(CH,),C=CHCH=CHCH,COH(C4H,)CH,
cis (47%) (19)
+ (CH,),C=CHCH=CHCH=C(C4H,)CH,
(51%)

1-C4HoC(CH;)=C=CHCH=CHCOH(CH)C,;Hyt — "

t-C4HyC(CH;)=CHCH=CHCH=C(CH,;)C H,-t

3-cis, 5-cis,7-trans

(20)



In the reaction of B -allenic alcohols (3,4-alkadien-1-ols) with LiAlH4 or
LiAIH3(OCHz3) (see p. 10), no polyene hydrocarbons are formed as byproducts.
(214)

NaAlH2(OCH,CH,OCHs3), reduces a -acetylenic alcohols to trans-allylic
alcohols with high selectivity. Addition of this hydride to (4S,
6R)-(—-)-6,10-dimethyl-2-undecyn-4-ol gives 84% of (4S,
6R)-(—-)-trans-6,10-dimethyl-2-undecen-4-ol free of the cis isomer; LiAlH, gives
the trans product in lower yield. (415) With the use of
NaAlH2(OCH,CH,OCH?3),, the cis-2-en-4-yne-1,6-diol 94 can be converted into
the cis-2-trans-4-diene-1,6-diol 95 isolated after deketalization in 69% yield.
(416)

C
S
2C~ CHCH,OH

C

OH
3

o

1. MaAlH,(OCH,CH,OCH,);. |
(inverse addition) CH

CyHy-THF, room temp, Shr /'C X,
[ Mo ' op CH  CHCH,OH

95

Asymmetric reduction of 2-alken-4-yn-1-ols by the LiAlH,—monosaccharide
complex 68a has been shown to give (R)-(—)- B -allenic alcohols 96 in excess.
(417-420) By contrast, (S)-(+)- B -allenic alcohols 97 predominate in the

H H R H
o) -
Ne=c=c *:c=c=c\
R’ (CH,),0H H (CH,),OH
% o7
R= ﬂlk}'l

enantiomer mixture resulting from the reduction of 2-alken-4-yn-1-ols with
LiAIHs-(—)—menthol (1:2). (421, 422)



trans- a -Vinylallenic alcohols (2,4,5-alkatrien-1-ols) are easily accessible in up
to 90% yields by contacting 4,5-alkadien-2-yn-1-ols with LiAIH3(OCHz) ;
1,3,5-alkatrienes are formed as byproducts. (423) This method has been used
for the preparation of a vinylallenic pheromone, trans-2,4,5-tetradecatrien-1-ol
(Eqg. 21). (424) Prolonged treatment of 4,5-alkadien-2-yn-1-ols with

n-CgH,,CH=C=CHC=CCH,0H

LiAlH(OCH;) ﬂ‘CﬂH] -;CH:C:CHCH:CHCHEDH (2 1)

THF, 707, 90 min
(809%)

LiAIH3(OCHz3) leads to 1,3,5-alkatrienes 98 as major products accompanied by
minor quantities of trans- a -vinylallenic alcohols 99; LiAlH, is less selective
producing mixtures of 1,2,3,5-alkatetraenes (vinylcumulenes) 100, trans- a
-vinylallenic alcohols 99, and 1,3,5-alkatrienes 98; (423) (see, however, Ref.
425).

OH
\\C CH CH—CHCH—C/ \C‘—‘C—CHCH—CHéf
Y - i "G T

LiAlH,{OCH / (60-70%4) (~20%)

OH
\"c C C_C(ij
i FEI AL

LiMR

~ rd
/CICHCH=C=C=C\+ 98 + 99
100 (~10%)  (~20%)
(40-50%2)

The transformation of 1,6,7-alkatrien-4-yn-3-ols by use of LiAlH, or
LiAIH3(OCHzs) can be similarly oriented to one of the three possible products by
proper choice of reaction conditions. As illustrated by Eq. 22,
3,4,9-trimethyl-2,7,8-decatrien-5-yn-4-ol



?H {EH_,,
CH3CH=t|:—r|:CECCH=C=CCH3

CH, CH,
?H (|:H3
LIAIH,(OCH,) : o o
THF. 705, 2he CHJCH—(I:_(I:CH—CHCH—C—CCH3
CH, CH,
(8232)
cH, cn, @
LiAIH (OCH,) . . = . »
e » CH_;,CH—{F—C—CHCH—CH CH=CCH,
CH,4
(702%)
g g
LiAlH, ) - PP .
(C.H, L0, 50°, 30 hr : CH3CH—(|3—C—C—C—CH“CH—CCH3
CH,
(6472

can be converted preferentially to the trans-tetraenol, to the unstable isomeric
tetraenes, or to isomeric pentaenes (divinylcumulenes). The method used for
the selecti duction of the triple bond in 1,6,7-alkatrien-4-yn-3-ols can also
be applied 0 the unsaturated homologs. Thus LiAIH3(OCHs) reduces
4,5,7-alkatrien-2-yn-1-ols to the fragile 2,4,5,7-alkatetraen-1-ols (Eg. 23), and
1,6,7,9-alkatetraen-4-yn-3-ols to 1,4,6,7,9-alkapentaen-3-ols (Eq. 24). (423)

OH

| | /
—CH=c—ti:=c=CHc-=—cc\ —_

THF | LiAlHOCH,)
(23)

| i
rd
—CH=C‘—'(I:=C=CHCH=CHC\

(45-62%)



OH
I |
—CH=C—(|3=C=CHCEC(I}—C=C\

THF | LiAIH,(OCH,)
(24)

OH
| L 4 2
—CH=c—tr:=c=CHr.:H=CH(|:—c=c\

(55-72%)

The partial reduction of 2,6,7-alkatrien-4-yn-1-ols by LiAlH4 and LiAIH3(OCHa)
constitutes a new approach to the 3,4,6,7-alkatetraen-1-ols ( B -diallenic
alcohols) (378%)); alternatively, 3,5,7-alkatrien-1-ols (0—75%) and/or
1,3,4,5,7-alkapentaenes (divinylcumulenes) (0—-60%) can be obtained as the
major products. Thus LiAIH3(OCHs) is a more suitable reagent than LiAlH, for
reductions of hindered 2,6,7-alkatrien-4-yn-1-ols to 8 -diallenic alcohols. The
factors that control the formation of 3 -diallenic alcohols, alkatrienols, or
divinylcumulenes are illustrated in Eq. 25. (426-428)

[]
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CH 3CH(|':=CCECC H =C{>

CH,
OH CH,
LiAlH,(OCH ;) L o _
THF, 807, 1.5-3 hr CHacH(IjHC—C—CHCH—C:O
CH,
(68 %2)
(25)
fI)H (FH;,
LiAIH,(OCH,) . . _
THF, 80°, 10 hr ’ CHJCH(I.:HC—CHCH—CHCH=<:>
CH,
(72%2)
CH,
LiAlH, . —C(IJ—C—C—C . o
ﬁhgl,o,w.zuhr v CHJCH—l =C=C=CH
CH,
(60%;)

The reduction of 2-alkene-4,6-diyn-1-ols by LiAlIH, gives 3,5,6-alkatrien-1-ols
(allenenols) as the major products and minor amounts of
3,4-alkadien-6-yn-1-ols (allenynols); LIAIH2(OCHs), and LiAIH2(OC2Hs). exhibit
higher selectivity and afford allenynols such as 101 in higher yield (Eg. 26).
The



t-C,H,C=CC=CCH=CHCH,OH

trans

—AROT,  1.C,H,C=CCH=C=CH(CH,),0H
1m (26)
(54%)
+ t-C,H,CH=CHCH=C=CH(CH,),0H
102

LiAIH,—2,3-butanediol complex is less active but shows higher selectivity in
giving 101 (14%) free of allenenol 102. (429)

The 2-alkene-4,6,8-triyn-1-ol 103 can be reduced by LiAIH2(OC;Hs), to yield
65% of a mixture containing 9% of dl-104, which is a racemic form of the
naturally occuring (R)-marasin (Eq. 27); even though the yield of dl-marasin

HC=CC=CC=CCH=CHCH,0H

13

ARG, HC=CCH=CHCH=C=CH(CH,),0H
+ CH,=CHC=CCH=C=CH(CH,),0H
+ HC=CC=CCH=C=CH(CH,),0H

104

(27)

(104) is low it is still 10 times as high as that obtained by the LiAlH4 reduction.
(429) Reac of 103 with the LiAlHs,—monosaccharide complex 68a produces
(R)-(-)-marasin (12%) (417, 420)

3.4.1.2. Hydrogenolysis of Aromatic Alcohols

Benzyl alcohols substituted in the ortho or para position by electron-donor
groups readily undergo hydrogenolysis on treatment with
NaAlH,(OCH,CH,OCHg3;), at 120-140° to give the corresponding ortho- or
para-substituted toluenes. The reactivity of the hydride often parallels or is
even higher than that of LiAlH,— AICl; or diborane in these reactions. (430-433)

MNahlH(OCH,CH,OCH,}),
Xylene, reflux, 7 hr . HDCE H4CH3

(95%)

p-H DCﬁ H4CHEDH

CH,0H CH,
MaAlH(OCH; CH,OCH, ),
Xylene, reflux, 10 hr E

C4H.CH,0 HO
OCH, OCH,
(66%)




Hydrogenolysis of 1-hydroxymethyl-2-naphthol (434) unexpectedly affords
di-(2-hydroxy-1-naphthyl)methane. (435, 436) 2-Aminobenzyl alcohol is
reduced by NaAlH2(OCH,;CH,OCHz3), to form o-toluidine (95%) at a rate more

CH,0H
OH OH

MaAlH (OCH ;CH,OCH,), "
Xylene, reflux, 2 hr .

than 30 times as high as that using LiAlH,. (431) Benzyl alcohols with a tertiary
amino group in the ortho or para position are less reactive than the
corresponding derivatives with a primary amino group. (431, 437) Benzhydrols
undergo rapid hydrogenolysis on treatment with NaAlIH,(OCH,CH,;OCHj3), at
elevated temperatures, but the hydrogenolysis product reacts further to form
hydrocarbons methylated at the benzylic carbon atom. (206-208) An
unexpected

MNaAlHOCH,CH,0CH,), .
p-Cymene, reflux, 15 hr F

(847%)

reaction course has been observed in the reaction of 3-phenyl-2-propen-1-ol
with LiAIH2(OCHjs),, which gives almost quantitatively phenylcyclopropane.
(219)

3.5. Reductive Cleavage of Ethers

Dialkyl ethers, alkyl aryl ethers, diaryl ethers, and cyclic ethers are usually
stable toward lithium and sodium alkoxyaluminum hydrides at temperatures
below 100°. However, cleavage of the ether linkage accompanies reduction
and hydrogenolysis of the aldehyde group in o-methoxybenzaldehyde and
p-methoxybenzaldehyde by NaAlH,(OCH,CH,OCHj5), at 140°; o- and
p-cresols are thus formed as byproducts (6—32%). p-Methoxytoluene alone
gives 8% of p-cresol under the same conditions.
3,4-Methylenedioxybenzaldehyde is reduced readily by this hydride at 70° to
give 98% of 3,4-methylenedioxybenzyl alcohol; however, a cleavage (21%) of



the methylenedioxy group was observed at 143°; (432) (see also Refs.
348-351).

NaAlH2(OCH,CH,OCH?3), is a useful reagent for debenzylation and
deallylation of aryl benzyl ethers and allyl aryl ethers at elevated temperatures.
The reaction is markedly enhanced by a vicinal methoxyl group (Eq. 28). The

CH,0
LI <

CH,0 NaAlH,(OCH,CH,OCH, ), _

Xylene, reflux, 6 hr

oH (28)
O OCH
OCH,CgHj5

(92%4)
OCH;

method is recommended for debenzylation and deallylation of phenolic ethers
that are labile to acid or catalytic hydrogenolysis, (433) it also provides a useful
alternative to the reductive cleavage of benzyl phenyl and allyl phenyl ethers
by LiAlH,4 in the presence of cobalt or nickel salts (see pp. 4546 in Ref. 27).
Moreover, LiAlH, in refluxing benzene or heptane is an effective reagent for
selective demethylation and debenzylation of methyl phenyl and benzyl phenyl
ethers that have at least one additional ether function in the vicinity of the
reaction site. (438)

Addition of pnlequimolar or even catalytic amount of triethylborane to a
solution of CTAIH(OC4Hq-t)5 in tetrahydropyran results in rapid formation of a
reagent, presumably a lithium triethylborohydride—aluminum tert-butoxide
complex, which is more effective than diborane or aluminum hydride in the
cleavage of some cyclic ethers. Methyl n-alkyl ethers are less reactive;

LiAIH{OC H,-
LAROCHh,  p.C,H,OH
{C3H,),B, 2F
(98 %)
OH
LiAIH(OC H 1),
- —_—— 3
{C3H,)yB, 25°

(97%)

diethyl ether, 2,2-dimethyltetrahydrofuran, tetrahydropyran, and oxepane
undergo the reductive opening slowly, and 4,5-dihydro-2-methylfuran or
anisole do not react at all. (439-442) Lithium
bis(2,6-di-tert-butylphenoxy)-aluminum hydride can effect reductive cleavage



of tetrahydrofuran to n-butyl alcohol on prolonged heating; lithium
diphenoxyaluminum hydride does not cleave tetrahydrofuran. (171)

3.6. Reduction of 1,2-Oxides

1,2-Butylene oxide, 1,2-cyclohexene oxide, and styrene oxide all react
relatively slowly with LIAIH(OC4Ho-t)3 (30) utilizing only 34, 7, and 9%,
respectively, of the hydride after 1 hour at 0°; (414) 1-methyl-1,2-cyclohexene
oxide requires 96 hours to attain 66% conversion. (30) Thus LIAIH(OC4Hq-t)3 is
less effective than LiAlH4, which reduces these oxides within 0.5-1 hour. (47,
443) This resistance of the 1,2-oxide ring toward LIAIH(OC4Hy-t); can be used
for selective reduction of the more reactive formyl or keto groups in the
presence of the 1,2-oxide group, (251) particularly in the alicyclic series.
However, an unusual cleavage of the 1,2-oxide ring has been reported by
Danishefsky and co-workers: (444) reduction of the aldehyde oxide 105 by
LiAIH(OC4Hog-t)3 gives the hydroxy ester 106 as the major product and only
lesser amounts of the expected lactone oxide 107. Formation of the compound
106 has been attributed to an intramolecular oxide opening by the intermediate
lithium alkoxide generated during reduction of the formyl group.

CH,0,CCH,
OHCL
0o —
CH,0,C *
H OCH,
105
L] & CH,0,CCH,
CH,CO,”” - TN
+ o)
CH;0.C. A~ "0H o© .
H OCH, H OCH,
106 107
46%) 0%

The reactivity of LIAIH(OCHz3)3, measured by the rate of hydride utilization in
reductions of 1,2-butylene oxide, 1,2-cyclohexene oxide, and styrene oxide,
lies between that of LIAIH(OC4Ho-t); and LiAlH,. (30, 46) An ester group can
thus be reduced selectively by LIAIH(OCHzs); in the presence of 1,2-oxide. (445)
In the reaction with (+)-carvone oxide, however, LIAIH(OCHs)s; behaves
similarly as LiAlH, and NaBH, and gives the hydroxy oxide 108, along with four
diols resulting from the cleavage of the oxide ring. (446)



Unsymmetrical 1,2-oxides are attacked by lithium or sodium alkoxyaluminum
hydrides and some other strong nucleophilic hydride reagents predominantly
at the least-substituted carbon atom to yield the more highly substituted
alcohol as the major product (see, e.g., p. 53 in Ref. 27, p. 103 in Ref. 134, and
p. 149 in Ref. 21a). (30, 46, 47, 443) NaAlH,(OCH,CH,OCH?3), yields a greater
proportion of the secondary alcohol than does LiAlH4 or LiBH4 in the reduction
of styrene oxide, 1,2-propylene oxide, and 1,2-butylene oxide. (447)
Reductions with LiAlH, are, however, strongly solvent dependent. For instance,
the ratio of 1-phenylethanol to 2-phenylethanol formed in the reduction of
styrene oxide changes from 79 : 21 in benzene (447) to 95 : 5 in diethyl ether
(448) and to 99 : 1 in tetrahydrofuran solution. (447) NaAlH2(OCH,CH,;OCHj3),
in boiling benzene gives both products in a ratio of 98 : 2, (447) and
LiAIH(OCHz3)s affords 97% of a product containing 99% of 1-phenylethanol and
1% of the primary alcohol. (46) The NaAlH,(OCH,CH>OCHs), reduction of
hydroxy 1,2-oxides 109, where R is an alkyl, cycloalkyl, aryl, or ethereal
substituentfalpha and/or beta to the oxide ring, produces almost exclusively
the 1,3 diolSTT10; 449a,449b,450a,450b thus the 1,3-diol 112a can be
prepared from

NaAlH,(OCH,CH,OCH,),
THF ’

RCH—CHCH,0H
0/

RCHOHCH,CH,0H + RCH,CHOHCH,OH
119

111a in greater than 99% isomeric purity. In contrast, diisobutylaluminum
hydride gives preferentially the 1,2 diols; the 1,3 diol 112a and its 1,2 isomer

OR! _NsAlH;(OCH,CH,0CH), RO

RO
\/‘\{l\/ THF, 20 \/\l/\/
O

Illa:R = C,H,CH, R' = H OH
111b:R = C.H,CH,. R' = CH, s

HIR R R = CeH,CH,,R! = H

OR!




can thus be obtained in a ratio of 7:93. 450b LiAlHg is substantially less
stereoselective. 449a,449b,450b The high regioselectivity of the
NaAlH2(OCH,CH>0OCH?3;), reductions appears to be determined by the
presence of the hydroxyl group alpha to the 1,2-oxide ring, since the 1,2-oxide
111b is recovered unchanged under the same conditions and the 1,2-oxide
111c gives almost exclusively the corresponding 1,2 diol. 450b

Nevertheless, the 1,2-oxide ring can be preserved by using
NaAlH,(OCH,CH,OCHp3;), at 0°; reductive cleavage of the proline moiety in
epoxyamides 113 (R, R* = alkyl, aryl) gives (2R,3S)- a , B-epoxyaldehydes

O‘ R! CHO
N-~CO:CH,
0 H

- (8

0)\*><R B H
114

R:I

114 in up to 85% chemical and high optical yields (84 to ~100% e.e.). (451,
452) 1,2-Cyclooctatetraene oxide is not reduced by either
NaAlH,(OCH,CH,OCHp3); in refluxing benzene or by NaBH, in methanol;
LiAIH4 produces a mixture of 3,5-cyclooctadien-1-ol and 2,4,6-octatrien-1-al.
(453)

As shown Ry fhe reduction of 8 -diisobutylene oxide, alkoxyaluminum hydrides
(100) are suBsStantially less reactive than the “mixed hydrides” (24, 100, 454,
455) but more reactive than LiAlH4; (100) the extent of oxide cleavage and the
product distribution have been found to be a function of the Lewis acidity of the
hydride reagent. However, increased Lewis acidity leads at the same time to
increased formation of 2,2,3,3-tetramethylbutanol (115) resulting from the
opening of the oxide ring and subsequent migration of the tert-butyl group (see
pp. 55-56 in Ref. 27); thus AlH3, HLAICI , and HAICI, give product mixtures
containing 5, 60, and 74% of the alcohol 115, respectively. (24, 100, 455) On
the other hand, complex hydrides that are weak Lewis acids, such as
AlH2(OC4Ho-t) and AIH(OC4Ho-t),, form the unsaturated alcohol 116 as the
major product. (100) Unlike LiAlH4, which gives the alcohol 117 (21%) as the
sole product, AlH; affords a product mixture in which the alcohol 118
predominates. (100, 455)



0]
P
E'C,q_Hg.CH _-_C(CH3J2 = f'C4HgC(CH 3]2CH 1'DH

115
116 117
+ t-C4H,CHOHC, H ,-i

Reduction of some alkene 1,2-oxides by NaAlH,(OCH,CH,OCHs), (447) or
LiAIH, (456) also effects carbon—carbon cleavage, forming minor amounts of
primary alcohols along with secondary alcohols as major products (Eq. 29).

O

/N
RCH——CH, —— RCHOHCH, + RCH,0H (29)
(1-5%)
R = H, CH,, C,H,

Whereas the reagent formed from LiAIH(OC,Ho-t); and triethylborane converts,
for example, 1-methylcyclohexene oxide to a mixture of the tertiary (90%) and
secondary alcohols (10%) (cis-2-methylcyclohexanol), LiBH(C:Hs)s gives
exclusively the tertiary alcohol. As a powerful nucleophile, the latter hydride
also reduc ighly hindered, labile 1,2-oxides rapidly and produces the more
highly substituted alcohols with high regio- and stereoselectivity. 129a,442,457

The LIAIH(OCHs)s — copper(l) iodide reagent reduces cyclohexene oxide
quantitatively to cyclohexanol. (412)

The reduction of styrene oxide, a -methylstyrene oxide, and
1,1-diphenylethylene oxide with diborane—boron trifluoride mixture at 0°
produces almost quantitatively the corresponding primary alcohols;
1-phenylcyclopentene oxide yields selectively the less substituted alcohol,
2-phenylcyclopentanol, as a mixture of the trans (82%) and cis (18%) isomers.
(458) The “mixed hydride” LiAlHs— (AICl3)s appears to be a less selective
reagent. (26, 448)



3.7. Reduction of Aldehydes

Simple saturated aldehydes are reduced by LIAIH(OCHs)s, (30, 46, 47)
LIAIH(OC4Ho-t)s, (30, 40, 47, 414) and NaAIH,(OCH2CH,0OCH3), (369, 459) at
0-30° as rapidly as by LiAlIH4 (30, 443) to the primary alcohols in high yields;
NaAIH(OC;Hs)3 gives lower yields. (54) The synthetic utility of
LiA|H2(0C4H9-t)2, (40, 366) LiAlH(OC4H9-t)3, and NaAle(OCH2CH20CH3)2
can be compared by their capability of reducing selectively the formyl group in
the presence of other reducible functions.

a -Chloroaldehydes can be transformed by LIAIH(OC4Hg-t); or
LiAIH,(OC4Hy-1), at low temperatures into the corresponding chloro alcohols
(Eqg. 30), (40, 366) cyanoaldehydes can be reduced to cyano alcohols (Eg. 31),
(460) and aldehyde lactones can be reduced to hydroxy lactones (Eq. 32).
(461, 462)

(|3H3 t-C4Hg_ HO\ D
LiAlH4(0C Hq-r); “ ;i
t-C,H,CCICDO m‘ (C\ C\ (30)
CH; <l H
07%)
NC(CH,),C(CH,),CHO 2222, NC(CH,),C(CH,),CH,0H e
(78%)

[]



LiAIH{OC, Hy-t)y
—_— T Ty
THF, 0°

(92%)

Reduction of the aldehyde ester 119 with the same hydride and the
subsequent treatment of the resulting hydroxymethyl ester with an Amberlite
resin leads

] b

: I LIAIH(OC, Hyet);,
] THF, —1F . O
2. Amberlite 105,
CHgDzCCH: : T CH,, reflux d 1

H‘O P'IG

112 120

(95%)

O
ol b5

to the dilactone 120. (462, 463) The aldehyde derivatives 121 and 122 both
undergo spontaneous reductive cyclization on treatment with LIAIH(OC4Ho-t)3
to give the trans-fused lactones 123 and 124, respectively. (444)



OHC.
LiAIH(OC H =1}y o
A THF, room temp Y
CH302CCH2 1 D :
i H
121 123
(63%)
OHC..
-...D LiAlTH{OC g H -1}y D ‘\\D
o THF, room temp | P
CH,0,CCHY o) |
Ill H
122 124
(61%4)

Reductions of a mixture of 1-hexanal and 2-heptanone (1:1) by
LiAlH[OC(C2H5)3]3, LiAlH[OCCH3(C2H5)2]3, LiAlH[OCC2H5(CH3)2]3, and
LiAIH(OC4Hg-t)3 proceed with excellent selectivity, giving 1-hexanol and
2-heptanol in a399.5 : £0.5 ratio (conversion *90%). (464) In a similar reaction,
LiAIH(OC4Ho-t)3 reduces a mixture of 1-butanal and 2-butanone to form n-butyl
alcohol and sec-butyl alcohol in a ratio of 99:1; NaBH, yields greater amounts
of the secondary alcohol (4%). (465) The above alkoxy hydrides (464) and
NaBH, (46(mare equally effective in reducing selectively benzaldehyde (*99%)
in the presemnte of acetophenone (attack £1%); LiAlH4, LiBH,4, and LiBH3(CN)
show lower selectivity and produce benzyl alcohol along with 9-31% of
1-phenylethanol. (465) High capability to reduce preferentially an aldehyde in
the presence of a ketone is also shown by sodium triarylborohydrides
(selectivity 93—99%) (466) and lithium di-n-butyl-9-borabicyclo[3.3.1]nonane
(selectivity 95%). (467)

Through the use of LIAIH(OC4Ho-t)3, the low reactivity of the a -enone grouping
can be utilized for transforming a -enone aldehydes essentially quantitatively
into a -enone alcohols (Eq. 33). (468)

LiAlH(OC,  Hy-1),
(inverse addition)
(C;H,),0, —65

(33)

CHO CH,OH



The formyl group in 3-oxo-p-menthane-2-carbaldehyde can be reduced
selectively with NaAlH(OCH2CH>OCHj3); to yield the ketol 125 as the sole
product; LiAIH4 gives a mixture of the allylic alcohols 126 and 127, and NaBH,4
affords the diol 128. (469)

CH,0H
O
125
(667)
NaAtH,tOCt:{;CH_,DCH,}, ;
\__CHO \__CHOH
O O
LiAlH;
(C3H )y O, room temp
NaBH,, CH,OH, : CH,0H i _.CH,
o +
OH
| 126 127
CH,0H (126:127 = 88:12)

OH

(81%)

Selective reduction of one formyl group in an aromatic dialdehyde such as
terephthalaldehyde can be achieved by reaction with a Merrifield polymer (P)
incorporating a vicinal diol function available for acetal formation. The
polymer-bonded acetal aldehyde is then reduced by NaAlH,(OCH,CH,OCH3),
to give the polymer-bonded acetal alcohol, which on hydrolysis yields



p-hydroxymethylbenzaldehyde (Eq. 34). Isophthalaldehyde can similarly be
transformed into m-hydroxymethylbenzaldehyde (8%). (470, 471)

CH,0CH,
NaAlH,(OCH,CH,OCH,);
CyH,, room temp

CH,OH

(34)

CH,OH

TR =L

(17%)

The p-toluenesulfonyl group can be cleaved in the reduction of aldehydes (Eq.
35). (472)

e
CIH5(|3CH2'DH (~100%)

LiAIH, C.H
CH, 1C.H4),0. —5° 28
“H T

C,H,CCHO

|
C,H, A LIAH(OC,Hq); (35)
B. NaBH, (i_‘;H ,OTs
0O
| + C,H.CCH,OH
CEHS 2 5 I 2

Cij CiHﬂ
A (407) (=)
B (72%) (15%)

The attempted selective reduction of a formyl group in the presence of an a
-keto ester function in the compound 129 by LIAIH(OC4H,-t); does not succeed
and gives only a mixture of epimeric diols 130. (473) Similarly, the



OHC. COCO,CH, HOCH CHOHCO,CH,

LiATH(OC, Hg“f:':
— N

2N

129 130
(7054

attempt to reduce selectively one formyl group in
4-amino-5-methoxyisophthalaldehyde by using LIAIH(OC4Hg-t)3 in
bis(2-methoxyethyl) ether gives a mixture of aldehyde alcohols in which
4-amino-3-hydroxymethyl-5-methoxy-benzaldehyde predominates (Eq. 36).
(474)

CHO
CH,O CHO
NH,
CHO CH,0H 6
LIATH{OC, Hyet), o
— 50¢
CH,O CH,0H CH,0 CHC
|:| NH, NH,
(57%) (12%)

Benzaldehydes substituted in the ortho or para positions by hydroxyl, alkoxyl,
or amino groups react with NaAlH(OCH,CH,OCHzs), to form either the
corresponding benzyl alcohols or cresols and toluidines in high yield,
depending on temperature. (430-432, 434, 475)



CH,0OH
NaAlH,(OCH,CH,0CH,); =
CoHy—(C3H4),0, 07

CH,O

CHO
CH,0
(87%)
CHO CH,
NaAlH,(OCH,CH,0CH,), |
Xylene, reflux -
HO HO

OCH, OCH,

(85%)
CHO
NaAlH (OCH,CH,OCH,);
Xylene, reflux '
OH

(94 %)
CHO CH,
MeAlH(OCHyCHyOCH, )y
Xylene, reflux i
N(CHj;), N(CH;),
95%)

4-Benzyloxybenzaldehyde undergoes a double hydrogenolysis on treatment
with NaAlH2(OCH,CH,>OCHg3), to form p-cresol. (433)

CHO CH,
MaAlH {(OCH,CH,OCH,);
C4H,CH,0 HO

(69%)




Chiral primary deuterio alcohols can be prepared by reacting aldehydes with
chirally modified lithium alkoxyaluminodeuteride reagents. Reductions of
benzaldehyde by the LiAlIDs—(-)-quinine (476) (Eq. 37, x = 1) and
LiAID4—(2S,3R)-(+)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol (167,
477, 478) complexes (Eq. 37, x = 2) give (S)-(+)-benzyl-1-d; alcohol in

CeH,CHO —:LADOR):, o 4 EHDOH 37)

2. H,0*

up to 43% e.e. With p-tolualdehyde, p-methylbenzyl-d; alcohol containing only
16% excess of the (S)-(+) enantiomer is obtained by use of the former hydride;
somewhat better enantioselectivity (20-32% e.e.) is achieved in reductions of
furfural and a-thienylaldehyde. (476) In reductions of aliphatic, alicyclic, and
aromatic aldehydes by the latter complex hydride the enantiomeric excess of
the corresponding (S)-(+)-1-deuterio alcohols varies between 15 and 66%.
(477, 478) (R)-(—)-Benzyl-d; alcohol (21% e.e.) can be prepared by reducing
benzaldehyde with the
LiAID4—1,4-bis(dimethylamino)-(2S,3S)-(-)-2,3-butanediol complex (Eq. 37,

x =1). (315)

A dramatic increase in the optical yields is achieved by using the
LiAIH,—(R)-(+)-2,2¢-dihydroxy-1,1¢-binaphthyl-ethanol reagent (1:1:1), which
reduces benzaldehyde-d; at —100° to form (R)-(—)-benzyl-d; alcoholin 82% e.e.
(168, 479)

3.8. Redu n of a, B -Unsaturated Aldehydes

Reductionm conjugated aldehyde by complex metal hydrides can afford
either an unsaturated or a saturated primary alcohol or a mixture of both.
Addition of 3-phenyl-2-propenal to NaAlH,(OCH,CH,OCHs), in benzene gives
97% of 3-phenylpropanol, and inverse addition yields 94% of
3-phenyl-2-propenol; (369, 459) in this case, the hydride resembles LiAlH, in
being capable of producing either alcohol. Inverse addition of
Al;H3(OCH,CH,0CHS3)3 to 3-phenyl-2-propenal gives 3-phenyl-2-propenol in
84% vyield; (368) LIAIH(OC4Ho-t) reduces the carbonyl group in
3-phenyl-2-propenal without affecting the carbon — carbon double bond. (30,
47, 414) On the other hand, the formyl group as well as the conjugated double
bond are attacked by LiAIH(OCHz3)3, producing 98% of 3-phenylpropanol; (30,
46, 47) NaAl,H4OCH,CH,;N(CH3),]3 reacts similarly. (371)

Aliphatic and alicyclic a,  -unsaturated aldehydes can be reduced to allylic
alcohols by LIAIH(OC4Ho-t)3 or NaAlH,(OCH,CH,OCH5;),. For instance,
reduction of 2-butenal by the latter hydride gives 97% of 2-butenol. (459) The
products obtained by cleavage of the triol 131 with lead tetraacetate are
reduced by NaAlH2(OCH,CH,OCHz3), to give the diene diol 132 along with



des-AB-ergost-22-en-8 [3 -ol. (480) The conjugated aldehyde 133 can be
converted by LIAIH(OC4Ho-t)3 to the unsaturated alcohol 134, an intermediate
in the synthesis of (R,S)-lyratol. (481) Reduction of the unsaturated aldehyde
lactol 135 by the same hydride in diethyl ether gives racemic genipin (136).
(482)

CH(CH,)CH=CHCH(CH,)C,H-i

CHCH,OH
CH,
1. PB{O,CCH,). )
2, NaAlH,(OCH,CH,0CH,);.
CH,, 5-20° H D"'
132
. (615%)
HO
131
CH(CH,)CH=CHCH(CH,)C,H-i
+
HO” “H
(92%)
D R OH
CH, H
133 R = CHO 1'5[
134: R = CH;OH CGECHE
13%: R = CHO

136: R = CH,OH

Asymmetric reduction of geranial-d; by the
LiAIH4—(S)-(—)-2,2¢-dihydroxy-1,1¢-binaphthyl-ethanol complex produces
(S)-(+)-geraniol-d; (Eqg. 38);



CDO

(38)

(SH+) (919,91 % ex)

the enantioselectivity in reductions of related terpenic aldehydes varies
between 72 and 88% e.e. (483)

The effectiveness of aluminum hydride, (30) diisobutylaluminum hydride, (117,
139) sodium cyanoborohydride, (106, 107, 484) and tetrabutylammonium
cyanoborohydride (484) in selectively reducing conjugated aldehydes to allylic
alcohols is well documented. (139) Exceptionally high selectivity is found in
reductions with 9-borabicyclo[3.3.1]Jnonane, which is capable of converting
2-butenal and 3-phenyl-2-propenal to 2-butenol and 3-phenyl-2-propenoal,
respectively, in 99% vyields. (8, 485) The inertness of nitro, halogen, epoxide,
carboxyl, ester, amido, cyano, and other reducible groups toward this reagent
makes it more selective when compared with other reducing agents, (8, 485)
including diisobutylaluminum hydride. (117)

3.9. Reduction of Alkyl and Aryl Ketones

Simple alkyl and aryl ketones such as 2-heptanone, 4,4-dimethyl-2-pentanone,
acetophenone, and benzophenone react with LIAIH(OCHz3)3, (30, 46, 47)
LIAIH(OCsHs)3, (30, 40, 47, 308, 414) and NaAlH2(OCH,CH,OCHy), (369,
459) very r ly at 0—-30° to form secondary alcohols, usually in excellent
yiE|dS; AlH(OC3H7-i)2, (87, 98) A|2H3(OCH2CH20CH3)3, (312, 368)
NaAlH3(OCHs3) , (59) and NaAl,H,JOCH,CH;N(CHs),]s (371) all are less
reactive, and NaAIH(OC,Hs)s requires several hours for an incomplete reaction.
(54) Competitive reduction of aldehyde—ketone mixtures by complex metal
hydrides reveals that ketones are reduced less readily than the related
aldehydes; (464-467) however, selective reduction of a ketone group in the
presence of an aldehyde group can be accomplished by masking the aldehyde
group by reaction with tert-butylamine, reduction of the ketone with
LiAIH(OC4Hg-t)3, and subsequent cleavage of the aldimine. (486) Use of
LiAIH(OC4Ho-t)3 makes it possible to reduce selectively a keto function in the
presence of ester, lactone, amide, (414) halogen, (381, 389) 1,2-oxide, (251,
414) O-alkyloxime, (414, 487) azide, (488) and cyano groups (Eq. 39). (414,
489-491)

i-C,HyCOC(CH,),CH,CN —2HOED: . ; ¢, H,CHOHC(CH,),CH,CN
(88%)

(39)



The 9-acetyl group in 7-deoxydaunomycinone (137) is attacked preferentially
by LiAIH(OC4Ho-t)3 leaving intact the 1,4-quinone moiety and giving

OH 0
" CH,
‘OH
O OH
OCH,
137

LIAITH(OC, Hy-1),
THF, room temp

(80%)

the epimeric tetrols 138. (492, 493) LIAIH(OC,Hs)s can be used to reduce
selectively a keto group in a keto diester (Eq. 40); LiAlH4 gives 48% of the
hydroxy diester. (494)

C,H,0,CCH(CH,)COCH(CH,)CH,CH(CH,)CO,C,H,

AROGHE, ,  C,H,0,CCH(CH,)CHOHCH(CH,)CH,CH(CH,)CO,C,H, (40)
(11%)

1-Acetyl- and 2-acetylnaphthalene are converted rapidly by
NaAlH2(OCH,CH,OCH?3), in refluxing benzene to the corresponding carbinols
(~96%); reaction of the latter ketone with the same hydride at 140° produces
2-ethylnaphthalene (37%) along with meso- and dI-2,3-bis(2-naphthyl)butane
(43%). (495) Aryl alkyl ketones and diaryl ketones substituted in the ortho and
para positions by hydroxyl or amino groups undergo hydrogenolysis by
NaAlH,(OCH,CH,OCHp3;), under forcing conditions to form the corresponding
cresols, toluidines, and hydroxy- or amino-substituted diarylmethanes,
respectively; high yields can be obtained even in cases where LiAlH, fails to
react at an acceptable rate. (431, 432, 437) Diaryl ketones and condensed
aromatic ketones such as benzophenone and 9-fluorenone undergo



hydrogenolysis and subsequent alkylation at the benzylic carbon atom on
treatment with NaAlH,(OCH>CH>OCHz3), (Eq. 41). (206, 207, 496)

CeHs CgH;

MaAlH{OCH,CHOCH,;); %
n-propylbenzene, 162° )

CeHsC(CH;),CeHy + (41)
(77°) (11 %)

Carbonyl groups in polymers are reduced by NaAlIH,(OCH2CH,OCHz3); in
toluene-N-methylmorpholine solution; poly(methyl vinyl carbinol) is thus
obtained from poly(methyl vinyl ketone) in 82% yield. (497) The same hydride,
LiAIH4, or NaBH4 transforms the terminal benzoyl group attached to a
polystyrene—divinylbenzene copolymer into the phenylhydroxymethyl group.
(498)

Typical asymmetric reductions of dialkyl, alkyl cycloalkyl, and alkyl aryl
ketones with chiral lithium alkoxyaluminum hydrides (499) are summarized in
Table E.

TABLE E. Asymmetric Reductions of Prochiral Ketones by Some
LiAlHs-Chiral Agent Complexes (Percent Enantiomeric Excess and
D Alcohol Configuration)

Chiral Agent®

Entry Ketone | m vV Ve VL VIE IX X XX
1 CHyCOCHs 0 — 45R)— 2(S) — — — 8(S) 14(S)— —
2  CHsCOCsHi 6(S) — — — — — — — 259)41S)— —
3 CHsCOCsHsn — 11(S)13R)— — — — — — 19— —
4  CHsCOCsHgi — 30(S)17(R)— 16(S)— — — — 20(S)— —
5 CHsCOCsHe-t  11(S)4(S) 19(R)— 12(S)—  28(R)21(S)— 21(S)— —
6 CHsCOCH,CsHgt— 19(S)4R) — — — — — 52S)— — —
7 CeHsCOCHs 48(R) 34(S) 71(R) 31(R) 42(S) 65(R) 75(R) 75(S) —  84(R) 88(S) —
8 CsHsCOC.Hs  42(R)38(S)46(R) —  44(S)62(R)— —  76(S)85(R) 90(S) 98(S)
9 CeHsCOCgH»-n 46(R)— — — — —  B62(R)59(S)— 89(R)—  100(S)
10 C¢HsCOCsHo-n 47(R)— — 36(R)47(S)— — — —  78(R)80(S)100(S)



11  CeHsCOCzHs,-i 25(R)— — —  27(S)43(R)30(R)20(S) —  17(R) 78(S) 71(S)

12 CgHsCOC4Hst 30(S)— — — 21S)— 36(R)28(R)— 31(S)— —

13 CeHsCOCsHe-i  34(R)18(S)— — — — — — — B4R)— —

14  CeHsCOCeHun  26(R)— — — 53()— — — — 1R — —

15  Mesity-COCH; 41R)— — — 75(8)— — — — — — —
®Agent:

| (-)-Quinine (313, 316, 324, 325, 500, 501)

Il 3-O-Benzyl-1,2-O-cyclohexylidene- a -p-glucofuranose (317, 318)

Il 3-O-Benzyl-1,2-O-cyclohexylidene- a -p-glucofuranose-ethanol (319)

IV (2R,3R)-(+)-1,4-Bis(dimethylamino)-2,3-butanediol (315)

V (2S,3S)-(-)-1,4-Bis(dimethylamino)-2,3-butanediol (315)

VI (4S,5S)-(-)-2-Ethyl-4-hydroxymethyl-5-phenyl-2-oxazoline (502)

VIl (2S,3R)-(+)-4-Dimethylamino-3-methyl-1,2-diphenyl-2-butanol(“fresh reagent”) (166, 167)
VIl (2S,3R)-(+)-4-Dimethylamino-3-methyl-1,2-diphenyl-2-butanol(“aged reagent”) (166, 167)
IX (2R,38)-(Dimethylamino-3-methyl-l,2-diphenyI-Z-butanoI(“fresh reagent”) (503)

X (1R,2S)-(-)-N-Methylephedrine-3,5-dimethylphenol (159, 160)

Xl (1R,2S)-(-)-N-Methylephedrine-N-ethylaniline (163)

XII (S)-(-)-2,2¢-Dihydroxy-1, 10-binaphthyl-ethanol (168)

Of the chiral LiAlH,—amino alcohol complexes, the reagent prepared by
complexing LiAlH4 with (+)-3-exo-phenylamino-2-exo-hydroxybornane reduces
alkyl aryl ketones to form secondary alcohols (26-43% e.e.) with (R)
configuration; (504) (S) alcohols (8—-87% e.e.) can be obtained by reducing
alkyl aryl ketones, aryl cycloalkyl ketones, and diaryl ketones with
LiAIH4—(2S,3S)-1,4-dipyrrolidino-2,3-butanediol. (505) Asymmetric synthesis
with only modest e.e. is observed with complexes of LiAlH4 with various chiral
monosaccharide derivatives, (317, 320, 506-508) secondary alcohols, (422,
509) and diols; (510, 511) thus LiAlHs—(+)-1-hydroxycarvomethol-ethanol



transforms acetophenone into the (R) alcohol in 24—-30% e.e. (511)

The LiAIDs—(—)-quinine complex reduces o-tolyl and p-tolyl phenyl ketone to
the (R) deuterio alcohols in 46-56% e.e. (476)

In the reduction of substituted aliphatic a -ketols 39 LIAIH(OCHs); and
particularly triisobutylaluminum show the highest stereoselectivity and give the
erythro and threo diols in ratios of 78:22 to 95:5, respectively. (239, 240)

Reduction of monosubstituted a -(phenylalkylamino)propiophenones (139a-b)
gives only erythro alcohols with any of LiAlH,, LIAIH(OC4Ho-t)3, NaBHa,
Al(OC3H7-i)3, or AICI(OC3H7-i), as the reducing agent. On the other hand, the
course of reduction of the disubstituted derivatives 139c—d depends on the
reductant; LiAlH4 reduces 139c to form a mixture of erythro and threo alcohols,
whereas a bulky hydride such as LIAIH(OC4Ho-t)3 gives exclusively threo
alcohols. (512)

CEHSCOCH{CHQNRR‘
139
R R*
aH — CH(CH3)C6H5
D bH — (CH2)1-4CeH5s
c CHs — (CH2)2-4C6Hs
d _CH2C6H5 - (CH2)1—4C6H5

Erythro alcohols are major products of reduction of
a-(acylamino)propiophenones (140) by various reducing agents. The
proportion of threo alcohol

C,H;COCH(CH,)NHCOR

140
R = alkyl, haloalkyl, aryl, (C4H,),CH, (C4H,),C

is influenced by the reducing agent, and the order of increasing effectiveness
is Al(OC3H7-i)3 ~ AICI(OC3H7-i)2 < NaBH4 ~ LIAIH(OC4Ho-1)s. (513) Unlike



NaBH,4, NaAlH,(OCH,CH,OCHp3;),, or sodium in n-propanol, LiAIH4 reduces
racemic isomethadone (141) with high stereoselectivity. (514)

C;HCOC(C4H,),CH(CH;)CH,N(CH,),

141

=A%, C,H,CHOHC(C4H,),CH(CH,)CH,N(CH,),
254R|2R A4S
(94%)

The reduction of normethadone (142) by the LiAlHs—cis-pinanediol-benzyl
alcohol complex produces predominantly (S)-(—)-normethadol. (515)

C,H;COC(CgH;),CH,CH,N(CH,),

142
e — CzHﬁCHDH(CﬁHs}:CH:CHzN(CH3]2
()(-)
(33% ee)

Alkoxyaluminum hydrides fail to reduce some highly hindered ketones. The
hindered ketones 143 and 144 can be converted into the alcohols by LiAlH4

E’s(CthC=D CsHs(CH,),C=0

W i

143

CsHs(CH,),C=0

144

or AlHs, but not by LIAIH(OC4Ho-t); or NaBH4. (516) The keto group in the
allophanate 145 is not affected by LIAIH(OC4Ho-t)3 nor by NaBH,. (517)
2,4,6-Trimethylacetophenone treated with NaAIH,(OCH>CH>OCHz3), under
forcing conditions yields only 10% of the alcohol; in contrast, LiAlH4 reduces
this



?H;OCH;

‘G CﬁHsﬁCHzl'ZDC.,Hg-r
o
145 146

ketone to the alcohol in 80% yield. (459) Unlike LIAIH(OC4Hg-t)3,
NaBH(OC3H7-i)s, or KBH(C4Hg-S)3, which do not react with 3 -ketosulfoximines
146, diborane gives the corresponding diastereomeric alcohols in high yield.
(518)

3.10. Reduction of Cyclic Ketones

3.10.1.1. Monocyclic Ketones

Reductions of simple alkyl cyclohexanones have been studied extensively,
and the stereochemical outcome of reductions has been tabulated in relation
to ketone structure, nature of the reducing agent, and reaction conditions (see
e.g., pp. 27-29 in Ref. 27; pp. 60-70 in Ref. 134; and pp. 119, 121, 123, and
135 in Ref. 148).
8,21a,47,51,124,136,153,154,173,261,263,269,272,301,303,519-524
Principal synthetic interest has centered on the reducing systems that enhance
formation of the thermodynamically less stable epimeric alcohol.

There has been relatively little investigation of reductions of substituted
cyclobutanones by metal alkoxyaluminum hydrides.
1,1,5,5-Tetpamethylspiro[2,3]hexan-4-one is reduced by LIAIH(OC4Hg-t)3 to
give nearlyledual proportions of the less stable alcohol 147a and its more
stable epimer 147b;

H

R} OH

147a: R = OH,R" = H(475%)
147h: R = H, R’ = OH (525%) 148

NaBH, and LiAlH, produce 147a and 147b in 43.3:56.5 and 36.2:63.8 ratios,
respectively. (525)

Formation of the less stable cis-2-methylcyclopentanol 148 in the reduction of
2-methylcyclopentanone increases on going from LIAIH(OC,Hs)s, (173) LiAlHy,
(51, 173, 526) NaBH4, (148) or LIAIH(OC4Hy-t)3, (~25%) (173, 520) to
LiAIH(OCHs)3(46%) (173, 520, 526) and lithium
dimesitylborohydride—bis(1,2-dimethoxyethane), (523) lithium
tri-sec-butylborohydride, (522) or lithium trisiamylborohydride (98—99%). (524)
In the reduction of 2-ethyl-, 2-isopropyl-, 2-cyclopentyl-, and



2-phenylcyclopentanone the proportion of the trans alcohol in the epimer
mixture decreases for the given sequence of substituents from 76—-81% to 59%
with LiAlH4 and from 71 to 52% with LiIAIH(OC4Ho-t)3; LIAIH(OCH3)3 gives the
cis alcohols as major products (60-76%). (526) Unlike NaBHa4, LIAIH(OC4Ho-t)3
and potassium tri-sec-butyl borohydride are highly selective in the reduction of
ketone 149 and give the 1 a alcohol 150 as the sole product. (527)

0 OH
Tl LiAIH{OC, H 1), 1 ot
“\_‘ THF
S
\ \
N—O N—
149 150

(95%)

NaAlH2(OCH,CH,OCH?3;), reduces the cyclic oxo group in the prostaglandin
methyl PGE, 15-acetate to give the PGF, 4 derivative 151a (R2 = CHs,
R? = CH3C0)(59%) along with a lesser amount of the B isomer

151a:R = OH,R' = H
151:R = H.R' = OH

R? = H, CHy; R? = H, CH,CO
151b (R? = CH3, R® = CH3C0)(30%). (528) However, lithium
tri-sec-butyl-borohydride reduces PGE; with excellent selectivity, yielding
PGF,(151a; R? = R® = H) free of PGF, 3(151b; R? = R® = H). (139)

The proportion of the less stable cis-2-methylcyclohexanol (89%) in the
product of a slow and incomplete reaction (69%) of 2-methylcyclohexanone
with lithium [neopentyloxy-bis(2,6-di-tert-butylphenoxy)]aluminum hydride (193)
can be raised to 99% by using lithium dimesitylboro
hydride-bis(1,2-dimethoxyethane), (523) lithium tri-sec-butylborohydride, (522,
524) or lithium trisiamylborohydride; (524) AIH(OC4Ho-t), produces the cis
epimer in only 56% yield. (178) 4-tert-Butyl-2,2-dimethylcyclohexanone is
reduced by LIAIH(OC4Ho-t); to give almost exclusively the stable trans alcohol.
(154, 262, 263) In the reduction of 2-isopropylcyclohexanone by various
complex metal hydrides, the yield of the trans alcohol varies between 48 and



84%; (218, 266) NaAlH,(OCH,CH,OCH?3), gives 65% of this product. (218)
2-Methyl-, 2-ethyl- and 2-n-butylcyclohexanone, or
2-isopropyl-5-methylcyclohexanone react with LIAIH(OC4Hoq-t)3 to give the
corresponding trans and cis alcohols in about 65:35 ratio. (51, 173, 259, 261,
303) The highest yield (60—64%) of the less stable cis-2-tert-butylcyclohexanol
with the use of lithium alkoxyaluminohydrides results from reductions of the
ketone with LIAIH(OCHy3)3 in tetrahydrofuran and NaAIH,(OCH,CH,OCHj3), in
benzene. (173, 459) LiIAIH(OC4Ho-t); does not react with
2-tert-butyl-5,5-dimethylcyclohexanone or
2-trimethylsilyl-5,5-dimethylcyclohexanone. (529)

In the reduction of 3-methylcyclohexanone, LiAlH4 (260) and LIAIH(OC4Ho-t)3
(261, 303) show essentially identical stereoselectivity and afford the more
stable cis alcohol in 85-87% yield. On the other hand, lithium
[neopentyloxy-bis(2,6-di-tert-butylphenoxy)]aluminum hydride gives an 85%
yield of the less stable trans epimer. (193) Reduction with lithium
trisiamylborohydride is again more effective, producing the trans alcohol
essentially quantitatively in 99.6% isomeric purity. (524)
(R)-(+)-3-Methylcyclohexanone undergoes reduction by LIAIH({OCHj3)3 to form
(1S, 3R)-(-)-3-methylcyclohexanol (68%) and (1R,
3R)-(—-)-3-methylcyclohexanol (32%). (503)

Whereas LiAlH4, (258, 260) NaBH4, (258) NaAlH,(OCH,CH>OCH?3),, (459) and
LIAIH(OC4Ho-t)3 (261, 303, 519) convert 4-methylcyclohexanone
predominantly to the more stable trans alcohol (75-85%), lithium

trisiamylbo dride gives a 99% yield of the cis epimer. (524) When
4—tert—butylmohexanone is reduced by hydrides of the general formula
LIAIH(OR)3, where R is 2,6-dimethylphenyl, 2,6-diisopropylphenyl, or
2,6-di-tert-butylphenyl, the percentage of the less stable axial
cis-4-tert-butylcyclohexanol in the epimer mixture increases from 21 to 72 to
85%, respectively. (193) The course of the reduction of
4-tert-butylcyclohexanone by lithium bis(2,6-di-tert-butylphenoxy)aluminum
hydride in tetrahydrofuran is strongly temperature dependent. Whereas the
reaction proceeds in a normal manner at 0°, forming 53% of the cis and 47% of
the trans alcohol, heating to reflux temperature gives the unchanged ketone
and n-butyl alcohol from the reductive cleavage of tetrahydrofuran. (171)
Reduction of the ketone with lithium
[neopentyloxy-bis(2,6-di-tert-butylphenoxy)]-aluminum hydride affords the cis
and trans alcohols in a 93:7 ratio. (193) Highest stereoselectivity is achieved
with lithium trisiamylborohydride, which produces the cis alcohol (99.4%
isomeric purity) in 98% yield; (524) the enzymatic reduction of this ketone
proceeds with only 95% stereoselectivity. (522) The LIAIH(OC4Ho-t)s reduction
of the cyano ketone 152 gives the diaxial cyano alcohol 153 as the sole
product. (530)



- -
L -

‘CN ‘CN
152 153

(83%)

2,6-Dimethylcyclohexanone, 3,3-dimethylcyclohexanone, and
3,3,5,5-tetramethylcyclohexanone are reduced by LIAIH(OC4Hg-t)3 to form the
corresponding cis alcohols in a proportion increasing from 46 to 89 to 95%,
respectively. (303) 3,5-Dimethylcyclohexanone reacts with LiAlH4 and
LiAIH(OC4Hy-t); to give the cis and trans alcohols in about 85:15 ratio, (154,
263) which changes to 53:47 by using LIAIH(OCHs)s. (154) Of the various
lithium alkoxyaluminum hydrides used to reduce 3,3,5-trimethylcyclohexanone,
(153, 155, 170, 178, 183, 191, 192, 275) only LIAIH(OCHz); (153, 154, 180) or
LIAIH(OC4He-t)3, (153, 154, 178, 180, 194, 200, 261, 263, 303) both in
tetrahydrofuran, and LIAIH(OCH,CH,OCH,CH,OC;H5)3; (531)
LIAIH{OCH(C4Ho-t)2]s; (155)
lithium[neopentyloxy-bis(2,6-di-tert-butylphenoxy)]aluminum hydride; (193) or
the LiAlHs—2,3-dimethyl-2,3-butanediol complex (183) afford the less stable
trans alcohpl 6 with 290% stereoselectivity; lithium tri-sec-butylborohydride
gives the same product in 99.8% isomeric purity. (522)

Comparable stereoselectivity is shown by LIAIH(OC4Ho-t); and LiAlH4 in
reductions of oxohydroxydicyclohexylmethanes. (158)



LiAIH(OC, H,y1),

OH OH
trans trans,trans (66 %) + cis,trans (34 %)
cis trans,cis (76 %) + cis,cis (24 %)
OH OH
LiATH(OC, Hyt)y
O OH
trans trans,trans (16 %) + trans,cis (24 %;)
cis cistrans (80 %) + cis,cis (20%)

4-Acetoxy-3,3,5-trimethylcyclohexanone undergoes reduction by
LiAIH(OC4Hg-t)3 producing the less stable axial alcohol monoacetate in 52%
yield. (532) A mixture of enantiomers results on reduction of
dl-cis-2-acetoxy-6-phenylcyclohexanone with the Mosher—Yamaguchi
complex. (151, 533, 534)

O OH
CeH; OAc CsH; OH

LiAlH, (2R 35H — H-dimethylaminc-
3-methyl-1,2-diphenyl-2-butanol

dl-cis (15,2R,35)-( +)-cis,cis (38, 46°%, e.e.) +
(1R 2R IR+ )-trans,trans (21, 725, e.e)

Whereas LiAIH4, NaBH4, and NaAIH,(OCH,CH,OCHj3), reduce
2-N,N-dimethylaminocyclohexanone to form predominantly the trans alcohol
(53-76%), (217, 218) lithium
bis(trans-2-N,N-dimethylaminocyclohexyloxy)aluminum hydride or NaAlH4
yield 56—64% of the cis epimer. (218) 2-N,N-Di-n-propylaminocyclohexanone
is reduced by NaAIH,(OCH,OCHs),, NaBH,, and LiAlH, to form the cis and
trans alcohols in 40 : 60, 25 : 75, and 10 : 90 ratios, respectively. (217) The
N-p-toluenesulfonyl derivative of 2-aminocyclohexanone is converted to the
trans alcohol (90%) by LiAIH(OC4Ho-t)s. 535a

(3R)-3-(p-tert-Butylphenylthio)-1-cyclohexanone can be transformed either into
the cis or the trans alcohol with essentially complete enantioselectivity by



A. LIAIH(OC,Hy-r)y, THF, —78°
B. KBH(C, Hgs)y, —100F

SCgH,C Hg-t-p

(3R)
OH OH
@ +
“SCH,C,Ho-t-p “8C¢H,C Hg-t-p
(15,3R) (1R3R)
A, (153R):(1R3R) = 98:2 (overall yield 85 %)
B, — =" = 8196 (— " " 98

using LIAIH(OC4Ho-t)3 or KBH(C4Hog-S)3, respectively, as reducing agents;
other complex metal hydrides are less stereoselective. 535b

3.10.1.2. Bicyclic Ketones

In the reduction of 3-oxobicyclo[3.1.0]hexanes 154, LIAIH(OC4Ho-t); produces
predominantly the less stable cis alcohols 155; LiAlH, is less stereoselective.
(536, 537)

LiAlH(OC, H 1),
el

154
R.R',R*R*R*R* = H,alkyl (78-99.5%)

Reduction of the a -methyl ketone 156 with LIAIH(OC4Ho-t)3 gives selectively
the endo alcohol 157. (538) In contrast the a -chloro ketone 158 reacts with the
same hydride to yield the exo alcohol 159 and its endo isomer in the ratio of
93:7.(381)



(58 %2)
HO
Cl
LiAIH{OC, Hy-1); .
H
159

The bicyclic ketone 160 is reduced by LIAIH(OC4Ho-t); to form the cis diol 161a
as the major product along with a lesser amount of the trans epimer 161b
(overall yield 88%). When the tosylate 161c is treated with potassium
tert-butoxide,

O H

H H
LiAIH(OC, Hy-1),
156 157

O
Cl
H

158

OSi(CH,),
OH
0 | R
—_— “‘~R1
|
H |:| H
160 161a: R =0OH,R'=H

161b: R = H,R' = OH
I6lc: R=0Ts,R'=H

2-oxo-trans-bicyclo[4.1.0]heptane (162) is obtained in 83% yield; if the
rearrangement is carried out in the presence of KAIH(OC4Hq-t)3, the ketone
162 undergoes reduction to give the trans alcohol 163a and its cis epimer
163b ina 67 : 33 ratio. (539)

162 163a: R =0H.R'=H
163b: R = H, R = OH



The steric course of ketone reductions in the trans-bicyclo[4.1.0]heptane
series depends on the ketone structure and nature of the reducing agent.
(-)-2-Isocaranone (164) reacts with LIAIH(OCHz3)s to give (+)-2-neoisocaranol
(165a) and (-)-2-isocaranol (165b) in a ratio of 96 : 4; LiAlH4 affords a reverse
proportion of the alcohols 165a and 165b (33 : 67). Reduction of (-)-caranone
(166) with aluminum isopropoxide produces the epimeric alcohols (86%),
(-)-2-caranol (167a) and (+)-2-neocaranol (167b), in a ratio

164: R = CH,,R' = H 165: R = CH,,R' =H,R* = OH,R* = H
166: R = H,R" = CH, 165b: R = CH,,R' = H. R = H,R* = OH
16Ta: R = H.R' =CH,,R* = OH. R = H
167h: R = H,R' = CH,, R* = H, R® = OH
of 21 : 79; in contrast, LiAlH4 or LIAIH(OCHs;)3 yield the same epimers (86%) in
an 88 : 12 ratio. (540) (—)-4-Isocaranone (168) is reduced by LIAIH(OCHs); to

give (+)-4-neoisocaranol (169a) and (—)-4-isocaranol (169b) (overall yield

16%a: R = OH,R' = H
1695 R = H.R' = OH

89%) in a ratio of 79 : 21, which changes to 41.4 : 58.6 (overall yield 92%) by
using LIAIH(OC4Ho-t)s. (541)

Reduction of the bicyclic ketone 170 by LiAlH4 or LIAIH(OC4Ho-t)3 in diethyl
ether affords the alcohol 171 as the sole product. (542) The latter hydride

o OH

i 1

reduces the ketol 172 stereoselectively to give the diol 173. (543) In the
reduction



CH,;CH, PH CH,CH, OH
O ;;‘ : H §

CH;CH, CH,CH,

172 173

of the methoxyindanone 174 by LIAIH(OC4Hg-t)3, the trans alcohol is the
predominating isomer; LiAlH, is less stereoselective and forms the trans and
cis alcohols in a reverse ratio (32:68). (182)

O OH
LiAIH{OC  H-t),
= oeae

OCH, OCH,

174 trans:cis = 90:10

Chiral lithium alkoxyaluminohydride complexes can be used for the
asymmetric reduction of 1-indanone and a - or 3 -tetralones and their
gem-dimethyl derivatives to give the corresponding (S) and (R) alcohols (160,
163, 314, 502, 503, 505, 544) (Egs. 42 (163) and 43. (160))

|

O OH

LiAlH - — }-N-methylephedrine-
N-ethylaniline (1: 1:20,(C;HoHO (42)

(S%-{+)(8B8%. 71 % ee)

OH

LiAlH < — »- N-methylephedrine- . (43)
3, 5-dimethyiphencl (1:1:2) (C;H,),;0, ¥

(R)-(—) (687 c.c.)

High stereoselectivity is noted in the reduction of the cis-1-decalone ketal 175
with LIAIH[OC(CH3),C,Hs]s affording, after deketalization, the 3 -hydroxy



ketone 176a as the single product; LiAlH4, NaBH,, and sodium in 2-propanol
give 176a and 176b in ratios of 60:40, 50:50, and 10:90, respectively. (545)

O
D
dji‘ °
O H
175

Reduction of the 2-bromo-1-decalone 177 with LIAIH(OC4Hg-t); proceeds
without bromine epimerization at C-2. (389)

Rl
7
.
i

176a: R = OH, R’ = H
176b: R = H R' = OH

QH

O
_.Br
i _LATH(OC,Hy), |
— TER.C
H

7 (55 Yol

The reaction of the cis-2-decalone 178 with complex metal hydrides leads to a
mixture of the 23 -(179a) and 2 a -hydroxy (179b) decalins. Increasing the

R
mm{m:u:}, bl T
d

17%: R = OH, B! = H(T0%)
17%: R = H R' = OH (30%)

steric requirements of the metal hydride has little effect: the use of
LIAIH[OC(C2Hs)3]3 or LIAIH[OC(CHs3)2C2Hs]3 changes the proportion of the
alcohol 179a to only 72%. (546) Lithium perhydro-9B-boraphenalylhydride
(547) shows similar stereoselectivity, giving 68% of the 2 3 alcohol. (546)

In the trans-decalin series, (+)-6 B -hydroxy-4 B, 7 B (H)-eudesm-11-en-3-one
(180) is converted by treatment with LIAIH({OC4Ho-t); to the 3 3, 6 B diol 181.
(548) Whereas reduction of the cyano ketone 182 gives the equatorial alcohol



183, that of the ketone 184 with an axial methyl group at C-3 produces the
axial alcohol 185. (549)

OH
LiAlH{OC, H,-1),
THF, room temp.
| CN : CN
H H
182 183
(~100%2)
OH
LiAlH({OC Hq-t),
THF, room temp. e
' CN
H
185
(~100%2)

Whereas the benzocycloheptanone 186 is readily converted by
NaAlH2(OCH,CH,OCHz3), into the 2,5-diol 187, the ketone 188 without the

o OH
CH,0 CH,0

NaAlH{OCH,CH,;OCH,);
CyH;, reflux .
HO HO

186 187

(885)

gem-dimethyl groups at C-6 is transformed by the same hydride, presumably
by way of the 2,5-diol, into a 1 : 1 mixture of the unsaturated compound 189
and the fully reduced product 190; LiAIH, behaves similarly in these reactions.
(550)



CH,O
HO
188
CH,0 CH30
1. NaAIH,(OCH,CH,0CH,);, CyH,, 20
190
(467%) (467%)

In the reduction of bridged bicyclic ketones, the formation of the predominating
isomeric alcohol, which results from the attack by LiAlH4, LIAIH(OC4Ho-t)3, Or
NaAlH,(OCH,CH,OCHp3;), from the less hindered side of the carbonyl group,
can be enhanced in many instances by using LIAIH(OCHs)s. Thus fenchone
(191) gives endo-fenchyl alcohol, (173, 551) and (+)-isopinocamphone (192)
yields (+)-neoisopinocampheol as the major

O
{ :-9? %J
OH
LiAIH{OCH,),
THF
(987%)

product. (173, 552) In some reactions, a reversal of the stereochemistry is
observed when LIAIH(OC4Ho-t)3 is used in place of LiAlH4. (196)

(;3]'[7*!1 (;’HH'T-” (;31'17'"
0 _.OH _A_OH
. A LIAIH(OC H,-t),, THF, reflax gl
L ks B. LiAlH,, (C H,),0, —60° " L 3 . 4
A, 95 5

B. 20:80



Whereas the NaBH, reduction of the keto lactone ester 193, a derivative of
enmein, in a methanol-water solution gives only the trans- 3 alcohol 194a,

o R
N\ —R! R2
N RiaG  LLR!

cH,0,c. 2 N
O

+ H (9] 1943: R = CH,,R' = R* = H,R! = OH
‘R o= 194b: R = CH, , R' = R* = H,R? = OH

93 R = L™ 3 s

195: B _EH;.:R-F"H 19%: R =R"= H,R' = CH,, R* = OH

LiAIH(OC4Hg-t)3 affords the cis- a alcohol 194b as the sole product. The
isomeric keto lactone ester 195 is reduced by LiAIH(OC4Hg-t); to yield the
trans alcohol 196. (553, 554)

3.10.1.3. Polycyclic Ketones

Only a few examples of the use of LIAIH(OCHa)3 in reductions of polycyclic
ketones are known. (—)-3-Thujopsanone reacts with this hydride to form
(+)-3-neothujopsanol (197a) and (+)-3-thujopsanol (197b) in a 96 : 4 ratio,
compared with the 81 : 19 ratio obtained with LiAlH4. (555)

LiAlH{OCH,),
THF, room temp.

h"R‘
197a: R = H,R' = OH
197b: R = OH,R' = H

The reduction of (-)-isocedran-2-one with LIAIH(OCHs)3 proceeds almost
exclusively from the exo side and gives (—)-neoisocedran-2-ol (198) in 99%
isomeric purity; LiAIH, yields 93.6% of this product. (556)

LiAIH(OCH ),
THF, room temp H

O
OH



Use of LIAIH(OC4Ho-t)3 or NaAlH2(OCH>CH>OCHj3), provides good
stereoselectivity in reductions of polycyclic ketones. For instance, reaction of
endo-tricyclo[3.2.2.0>*nonan-6-one with the former hydride gives the 6-endo
alcohol 199 as the sole product (79%). (557) Stereospecific reduction of the

LiAIH{OC, H,-t),
THF, —65° H

OH
199

cis-cyano ketone 200 with LIAIH(OC4Ho-t)3 yields the 7 3 -hydroxycarbonitrile,

H

LiAIH{OC  Hg-t); (inverse addition)
THF. room temp "

OH
CN

(83%)

which on treatment with p-toluenesulfonic acid can be readily converted into
the corres ing imino lactone (95%). (558)

The reaction of various hydrides with the 3 3 -hydroxy ketone ester 201, an
intermediate in the total synthesis of the alkaloid vindoline, produces mixtures
of epimeric diols and triols; on the other hand, prior addition of aluminum
trichloride to 201 followed by reduction with NaAlH,(OCH,CH,OCH?3),

1. AICly, THF, - 25 X \(')BL
2, NaAlH,(OCH,CH,OCH,),, — 20° e ! OH
CO,CH,

(3657)

gives the 4 B -hydroxy epimer as the sole product. (559) Similar reduction by
NaAlH2(OCH,CH,OCHs;), of compounds differing from the ketol 201 by the



absence of the C¢—C; double bond fails to exhibit this stereoselectivity. (560,
561) The high selectivity achieved in the reduction of the ketol 201—-aluminum
trichloride complex by this hydride has been attributed to the possible
involvement of the Cs — C7 double bond rather than of the 3 B -hydroxyl
group in the complex formation. (560)



3.11. Reduction of Polyketones

Diketones can be transformed by complex metal hydrides into diols and/or
ketols. (158, 172) The capability of LIAIH(OC4Hg-t)3 to reduce only one
carbonyl group in cyclic diketones is reported (562) and used in the steroid
series (383, 384) (see p. 84 in Ref. 135). The regio- and stereoselectivity in the
formation of ketols depends markedly, however, on the diketone structure and
reaction conditions as well. Thus treatment of the diketone 202 gives a mixture
of isomeric ketols and diols. (563) In reduction of the ester diketone 203 by

0
t-C,H, t-C,H, t-C,H, z-C4H9
_ LIAIH(OC, Hat)y
THF' 5
O

i {?5 %} {15% (10%)

LiAIH(OC4Hg-t)3 the proportion of the stereoisomeric ester ketols 204 and 205
can be influenced by reaction temperature. (564) Whereas NaBH, transforms

O co,CH,

Y
DID

OH o,CH,

‘ry

s

A. THF, —30°
B. THF, 407

A 204:205 = 34:66
B 204:205 = 95:5

the ester diketone 206 into four isomeric diols in nearly equal proportions,
LIAIH(OC4Hg-t)3 yields selectively the ester ketol 207. Formation of an



LiAIH(OC, Hy-1)y
THF, ¢

o 'CO,C,H,
206 07

(~1007%)

CO,C;H,

aluminohydride—enolate complex is presumed to prevent hydride attack on the
C-2 keto group. (565) Another example of a partial regio- and stereoselective

D
_LIAIH(OC,Hyt)y |
~ THF, —7°
; ; é 'l. é (44)
(@]

(847%)

reduction is shown in Eq. 44. (566) The partial reduction of the diketone 208 is
enhanced by lower reactivity of the conjugated keto group. (567)

O
metoc _LIATH(OC Hy1), |
T THF.S

LiAIH(OC4Hg-t); can also be used for regioselective reduction of aryl aliphatic
diketones (Eq. 45); in this case, the hydride attacks predominantly the

CH,0 O CH, 0 O

LJA]H{UC.', Hg-1);
DCH3 {':-JH!.JIG -5 OCH 3 (45)

(95%)



aliphatic keto group. (568) The LiAlHs—pyridine complex reduces preferentially
the aryl keto group in diketone 209 but gives also the diol 210 as byproduct
(see pp. 69-70 in Ref. 134); NaBH, appears to be less selective, giving mainly
the diol 210.

O
LiAlH - pyridine
25
C¢H,CO
09
O OH
+
C,H,CHOH C,H,CHOH
(56 % \] Fill]
(36%)

In some cases, cyclic diketones afford only diols, regardless of the reaction
conditions. Thus reduction of the diketone 211 gives the trans diol 212 as the

LiAlH(OC  Hg-t),
™, (C;H;)0, 347

m

(~1007)

sole product; LiAIH,4 is markedly less stereoselective and yields mixtures of the
cis and trans diols. (182, 569)

Another example is shown in Eq. 46. (570)



(46)

LIAIH(OC, H-t),
THF, 50-55°

(86 %0)

Asymmetric reduction of 1,3,4-cyclopentanetriones 213 by the
LiAIH4(—)-N-methylephedrine reagent leads to (R)-4-hydroxy-1,3,-diones 214
in 55-58%

O 0
t =
—_—
O O HO O
R = n-C;H,, CH,=CHCH,, CH,0,C(CH,),
213 14

e.e.; one of the diones [R = CH30,C(CHy,)g] is an intermediate in the synthesis
of prostaglandin PGE;, another (R = CH, = CHCHy) is convertible to
unnatural (R)-allethrolone. (571-573)

3.12. Reduction of a, B -Unsaturated Ketones

Structure of the a -enone, solvent effects, relative initial concentrations of the
reactants, temperature, and softness or hardness of the hydride reagent all
play important roles in controlling the ratio of 1,2 to 1,4 addition of metal
hydrides to the a , B -unsaturated ketones. These reductions can be controlled
to give either 1,2 (Eqgs. 47 (574) and 48 (575)) or 1,4 addition with high
selectivity.



(CH,),C=CHCOCH, -"*- (CH,),C=CHCHOHCH;
(99.6 %)

(47)

t-C,H,CH=CHCOC, H,-t 20, . H,CH=CHCHOHC, H,-t 48)
(99%)

As an example of the 1,2 addition of LIAIH(OC4Hs-t); to open-chain a -enones,
methyl o-[(trans-3-0x0-4,4-dimethyl)-1-pentenyl]benzoate forms the allylic
alcohol 215 in 86% isolated yield. (576) In the reduction of the trans

OH
| CaHg-t

CO,CH;,
28
chalcone CgHsCH = CHCOCgHs, however, LIAIH(OC4Ho-1)3 is less selective

than LIAIH(OCHa)s (Eq. 49). (577, 578)

g{ A LIAIH(OC, Hy-1);
C¢H;CH=*HCOCH; —ramocny— CsHsCH=CHCHOHCH,

trans (inverse addition) A (383
B (94%)
+ C4H,(CH,),COCH; + C4H4(CH,),CHOHC,H; (49)
il 17

A 216 + 217 (62%)
B 216 + 217 (6%)

Chiral lithium alkoxyaluminohydride complexes can be used to form optically
active allylic alcohols (Egs. 50, (579, 580), 51, (169) and 52 (162, 163, 328)).
The

C¢H,CH=CHCOCH,

AR, CoH,CH=CHCHOHCH, + C¢H4(CH,),CHOHCH, (°°)
(RI+) (85%) (RI(-) (15%)




n-CsH,;,COCH=CHBr —orciiddeny, . o H CHOHCH=CHBr

1,I'-binaphthyl-ethanol
(5)-(—N967%%, 967, c.e.)
CH,0 o) CH,0 OH
LiAlH,-{ — -N-methylephedrine-
N-ethylaniline iy (52)
CH,0 CH,O

(S)-(=) (~1007%, 92% ee.)

reductant of Eq. 51 can be applied to the side-chain a -enones in the
prostaglandin series to prepare the corresponding allylic alcohols such as 218
(R = acetyl, tetrahydropyranyl) (96% yield, 99.4% e.e.) with the natural 15(S)
configuration. Similarly, the PGF; 4 derivative 219 (R = 2-tetrahydropyranyl)
can be obtained as the single stereoisomer in 76% isolated yield. (169, 479)

18 119

The LiAlHs—polymer-supported diol and Landor's LiAlHs.—monosaccharide
complexes, which can be used for transforming analogous prostaglandin a
-enones, show substantially lower selectivity. (581)

Reduction of the acetylenic hydroxy ketone 220 with LIAIH(OCHjs); leaves the

(51)

carbon — carbon triple bond intact to give the acetylenic diol 221 in 90% yield.

(582)
CR
e
~ HO,_ I
OH |
I

10: R = CH,CO R
21: R = CH,CHOH R = H, (CH,y),5i, Q

{CH] ]‘: fCHﬂa_
111



Asymmetric reduction of prochiral a, B -acetylenic ketones RC = CCOR" by
the “fresh” Mosher—Yamaguchi, (329, 583, 584) Vigneron-Jacquet, (161, 327,
585) and LiAIH,—~(S)-(-)- or
LiAIH,—R-(+)-2,2¢-dihydroxy-1,1¢-binaphthylmethanol (326) complexes as
well as by using the reductant of Eq. 52 (328) constitutes an effective method
of preparing optically active acetylenic alcohols RC = CCHOHR® in high yield
and high enantiomeric excess. Using the
LiAIH4-(2S,3R)-(+)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol reagent
thus makes accessible a wide variety of acetylenic (R) alcohols [R = H, CHs,
(CH3)3Si; R = i-C4Ho, n-CsHi1] (95%, 62-96% e.e.), intermediates in the
synthesis of tocopherol and prostaglandins. Similarly, the (R) alcohols 222
useful in the synthesis of 11 a -hydroxyprogesterone are obtained in 70—95%
yield and 78-84% e.e. (583, 584) The same method can be used for reduction
of optically active a , B -acetylenic ketones; for instance, the (R) alcohol 223a
can be prepared with high enantioselectivity (93%, 90% e.e. referring to the
carbinol center) by reduction of the corresponding (R)-chromanyl ketone.
Reduction of the “natural” (S)-chromanyl ketone by
LiAIH,—(2R,3S)-(-)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol
produces the (S) alcohol 223b (96%,

H
Q"c JH
-
CH,C=C CH, OCH,C4H,

113a

OCH,C¢H;

90% e.e.). (329) Asymmetric synthesis (75-90% e.e.) of acetylenic alcohols
(+)-RC = CCHOHR?, where R is H or CHz and R' is C; to C;3 alkyl or
cyclohexyl, can be effected by using the Vigneron—-Jacquet complex as the
chiral reducing agent. (161, 327, 585) Landor's chiral LiAlH,—monosaccharide
complexes are less selective and afford the acetylenic (S) alcohols in only
4-15% e.e., along with allylic alcohols. (317, 507, 586)

The reagent NaAIH>(OCH,CH,OCHpg), favors 1,2 addition to cyclic a -enones.



In the 2-cyclopentenone series, for instance, the allylic alcohols 224a and
224b are obtained in nearly quantitative yields by reduction of the

OH
) -
RO
i1lda: R =H
224b: R = CH,

corresponding a -enones with this hydride. (587) The hydrides LIAIH(OCHs)3
(224) and AlH; (228) convert 2-cyclopentenone to 2-cyclopentenol (90%). The
former hydride reduces 2-cyclohexenone to 2-cyclohexenol in 95% yield and
3,5,5-trimethyl-6-phenyl-2-cyclohexenone essentially quantitatively to the
allylic alcohol (Eq. 53). (195) Reduction of 3,5,5-trimethyl-2-cyclohexenone by
the same

0 OH
CeH; H CeHs
LiAIH{OCH ), ¥
SpeccIg,, :I::J:H (53)
(~100%)

hydride leads, however, to formation of a mixture of the allylic alcohol (49%)
and saturated ketone (45%); (575) on the other hand,

NaAIHz(O H>OCHp3). gives the allylic alcohol in 89% yield. (588) Another
example is shown in Eq. 54. (589) Essentially quantitative formation of the C-2
epimeric trienynols 225

NaAlH,{OCH,CH,0CH,),
H..r-'UH THF-C,H,, 25° . ml—l ,_..-OH (54)
O HO ~,

“CH, CH,

(95%)

is obtained in the reaction of the corresponding trienyn-4-one with the same
hydride. (590, 591) In some instances, such as in the reduction of
9-oxoisolongifolene (56) to the unsaturated 9 a and 9  alcohols, a reversal of
stereochemistry



O—0

=

HO =

1s
can occur if NaAlH,(OCH,CH,OCHz3); is used in place of LiAIH, or NaBH,4 (see
pp. 19-20). (290)

Optically active 2-cyclohexenols can be prepared by reduction of prochiral
2-cyclohexenones with a chiral lithium alkoxyaluminohydride complex (Eq. 55).
(328)

D LiAlH +{ = }-N-methylephedrine- OH
N-ethylaniline 4 > H
(C:H,),0, —78° ' (55)

(51%, 589, e.c.)

While 2-cyclohexenone is reduced by LIAIH(OC4Ho-t)s predominantly to the
saturated ketone (78%), (224) a bridged a -enone ester, methyl

4-oxomyrt e, is transformed by this hydride nearly quantitatively into a
mixture of epimeric allylic alcohols 226. (592) In the A'®-octalin series,
reduction of 6-carbethoxy- A -2-octalone by LiAIH(OC,Hg-t)3 produces the
pseudo-equatorial alcohol

CO,CH, CO,CH,
LiAIH{OC Hy-1}s
THE,
(0] OH
226
(~100%3)

227 in 91% vyield. (593) The B -allylic alcohol 228 is the product of a
stereoselective reduction of the corresponding a -enone by the same hydride.
(594) The 10 B



OAc

alcohol 229 is obtained in 85% yield by reduction of the triterpenic ketone with
LIAIH(OC4Hg-t)3. (595)

Of the other hydride reagents, diisobutylaluminum hydride, (117, 189, 223)
9-borabicyclo[3.3.1]nonane, (125) and aluminum hydride (228) have been
used for reductions of a, B -unsaturated ketones to allylic alcohols. For
example, 2-cyclopentenone and the tricyclic a -enone 230 are transformed by
the former

[]

ATHIC, Hy-;
—_—

O OH
(98%)

hydride into unsaturated alcohols in 98-99% vyields. (596) 2-Cyclopentenone
and 2-cyclohexenone are converted essentially quantitatively into the allylic
alcohols (isolated yield 85%) by using 9-borabicyclo[3.3.1]nonane in
tetrahydrofuran; (125, 485) the reagent leaves intact a great number of
functional groups and is thus even more selective than diisobutylaluminum
hydride. Reductions with NaBH3CN in acidic media show substantially lower
differentiation between 1,2 and 1,4 addition. (107, 484)

The 1,4 reduction of a , B -unsaturated ketones can be effected with high
selectivity by using AIH(OC4Hq-t)2, AIH(OC3H7-i)2, AIH[N(C3H+-i)2]2, or HBI, as
reducing agents, forming saturated ketones in yields of 90-100%. However,



AIH[N(C3H+-i)2]> does not accomplish 1,4 reduction of mesityl oxide or
3,5,5-trimethyl-2-cyclohexenone and shows only low selectivity in the
reduction of 2-cyclohexenone or methyl vinyl ketone. The trans chalcone
CséHsCH = CHCOCsHs undergoes nearly quantitative 1,4 reduction on
treatment with the above hydrides. (189) In the reduction of 9-anthryl styryl
ketone and anthracene-9,10-diyl bis(styryl ketone), LIAIH(OC4Hq-t)5 affords the
saturated ketones as the sole products. (516)

Hydrides such as LiAIH(OC4Ho-t); and LIAIH(SC4Ho-t); favor doublebond
saturation in 2-cyclopentenones. (224, 225, 228, 231-233, 597) For instance,
the LIAIH(OC4Ho-t); reduction of tricyclic cis-fused a -enone esters such as
231, where steric factors allow only exo approach of the bulky hydride,
proceeds selectively to give the saturated keto ester 232 with trans
stereochemistry. (598, 599)

H O H ©
CH~~(CH,);CO,CH; — ---(CH,)¢,CO,CH;
CgH,;-n H CgHy5-n
2 m

The sequential treatment of the a-enone 233 (R = B -methoxyethoxymethyl)
with sodiu dride and NaAIH2(OCH,CH>OCH?3), produces the ketol 234 as
the single eoisomer. (600) The reaction of this ketol with the latter hydride
in the presence of 1,4-diazabicyclo[2.2.2]octane leads essentially
guantitatively to the diol 235; this reduction is not achieved with NaBH,, LiBH4,
lithium tri-sec-butylborohydride, or 9-borabicyclo[3.3.1]nonane.



OC,H, OC,H,

H H
O — 0
HO ‘OR : ‘OR
CH, “oH CH,
233 134
OC,H,
H
HO
, “OR
“~oH CH,

135

A convenient preparation of copper reagents that provide efficient 1,4
reduction of a -enones (Egs. 56 and 57) is reported. (575, 601)

O O
LIAIH{OCH ), —Cu,Bry
THF. =78 10 —20¢
(98 %)

t-C4HyCH=CHCOC,H,-t

NaAlH{OCH,CH,OCH, ), —Cu,Br;,
THF. 2-butanol. - 78 to =20°

t'C4 H g.{ CH 2 ) zCDCq_ H g =f
(9872

(56)

(57)

Steric effects, lower reactivity of a conjugated keto group, (602, 603) and the
choice of the reducing agent affect the course of reductions of keto a -enones
and di- a -enones. Treatment of the diketone 236 with LiIAIH(OC4Ho-t)3 gives
78% of the 4-hydroxy- a -enone 237 accompanied by only 3% of the I-hydroxy
isomer. On the other hand, reduction of the diketone 238 by the same hydride



O 0o LiAIH(OC, Hy-), H o
THF, 0°

R R
236:R = n-C H; 23 R =nCiH,,
238:R = CH,=CHCH, 239 R = CH;=CHCH;,

gives unsatisfactory results, and only reduction with using metallic zinc affords
239. (604) While aluminum isopropoxide reacts with the unsaturated diketone
240 to give the conjugated ketols 241a and 241b in a 33 : 67 ratio,
LIAIH(OC4Hg-t)3 yields 241a and 241b in a proportion of 90:10. 605a

Dﬁ[} DQ,DH N Hﬁ\q{'}
R R R
R = {CH:]&C{JIC:HS

240 241a H1b

Optically active I-hydroxycyclopentenones can be prepared by reducing
1,3-dioxo-4-cyclopentenes with a chiral lithium alkoxyaluminohydride complex.
(Eq. 58). 605b,605¢c

O 0 LIAH, (S}~ )}22dihydrory.  HO-_ (0]
D 11" -binaphthyl-C,H,0H, THF, — 100° (58)

(R)-(+) (67%) (94% e.e.)

The less reactive a -enone grouping remains intact in the reduction of
1,5(6H)-7a a -methyl-7,7a-dihydroindane by LiAIH(OC,4Ho-t); proceeding
stereoselectively to form the 1 a -hydroxy- a -enone 242; (606) the 1 3
-hydroxy- a -enone 243 is

e OH

23
produced by reduction of the corresponding 7a 3 -methyl- a-enedione with
LiAIH(OC4Hg-t)3. (607, 608) Similarly, selective reduction of the C-17 keto
group in racemic 5,17-dioxo-des-A-androst-9-ene by the same hydride gives



the 17 B -hydroxy-5-keto derivative 244 in 98% yield; (609) reduction of the
(+)-dione leads to (-)-ketol 244. The L-17 a -hydroxy-5-keto derivative 245 is

OH

formed selectively by reduction of the corresponding L-5,17-dione with
LIAIH(OC4Hg-t)3. (610) On the other hand, both the a -enone grouping and the
unconjugated keto group in the compound 246 undergo reduction by this
hydride to form the diols 247a and 247b in a 77:23 ratio, while NaBH, in
absolute tetrahydrofuran gives the epimeric diol 247c as the sole product.
(554)

2 R?
R ‘ 'f' J/

LiAIH(OC,Hy-1)y
‘THF, room temp

24T R = 0HR =H R =HR' =0H
4Th: R =HR'=0HR*=HR'=0H
24Te: R = HR'=0OH. R = OH.R'=H

LiAIH(OC4Hg-t)3 reduces preferentially the a -enone keto group in a pentacyclic
enedione to form the keto alcohol 248. (611) However, reduction of methyl
3,11-dioxo-24-nor-18 B -olean-12-en-30-oate by the same hydride leaves
intact the evidently less reactive 11-oxo group and gives the 3  -hydroxy
enone 249. (612)



(74%)

Reduction of enol ethers and enol esters of 1,3-diketones by complex metal
hydrides followed by an acid-catalyzed allylic rearrangement of the reduction
product (see p. 85 in Ref. 134) is a useful route to a , B -unsaturated ketones.
Aliphatic (613, 614) as well as alicyclic a -enones (615-621) have thus been
prepared in good yields by low-temperature reduction with the use of
NaAlH2(OCH,CH,OCH?3),. Although a variety of metal hydrides can be used
for the conversion of the isopropyl enol ether 250a, enol benzoate 250b, or the
enol sulfonate 250c into
2-(6-carbomethoxyhexyl)-(4R)-hydroxy-2-cyclo-pentenone (251),
NaAlH(OCH,CH,OCHz3), is the reagent of choice. The

OR

ﬁ . H,)¢CO,CH,

250m: R = B
250b: R = C,H,CO
280c: R = 2.4,6-(CH,),C,H,80,

-

O
1. NaAIH;(OCH,CH,OCH,); THF, —78° &[CHZ}ECD ,CH,
2. H,0*
HO
51
(60%)

preparation of
2-(6-carbomethoxy-cis-2-hexenyl)-(4R)-hydroxy-2-cyclopentenone is based on
a similar procedure. Compounds 250a-c, in which the C-4 hydroxyl has been
replaced by an ether or ester group, do not undergo reduction by
NaAlH,(OCH,CH,OCHg3),. (619, 620)



In contrast to LiAlH4, NaBH4s— CeCls, or lithium in ammonia, which are either
unreactive or give complex product mixtures, NaAlH2(OCH,CH>OCH3)»
reduces 2,3-dimethylchromone to form 2,3-dimethyl-2H-chromene as the
major product, along with 2,3-dimethyl-4H-chromen-4-ol (Eq. 59). Whereas

H
O O
‘ NaAIHy(OCH,CH,0CH, ), i |
CoH,—CyH,CH,, room temp /.r (59)
HO H
() H

(8%

(3879

reduction of 2,3-dimethylthiochromone by the latter hydride produces a mixture
of the dimer and 2,3-dimethyl-4H-thiochromene (Eq. 60), NaBH,— CeCls

S
@iﬂj: NaAIH,(OCH,CH,0CH,); _

O

| (60)

(12%)

(49%)

yields 2,3—cEsthyI—2H—thiochromene along with
2,3-dimethyl-4H-thiochromene. (622)

3.13. Reduction of Quinones

Benzoquinone is reduced by LIAIH(OCHjs); to hydroquinone. Reduction of
anthraquinone by this hydride proceeds less cleanly, giving a mixture of
9,10-dihydroxyanthracene and 9,10-dihydroxy-9,10-dihydroanthracene. (30,
520) However, LIAIH(OC4Hoq-t)3 reduces anthraquinone to
9,10-dihydroxyanthracene, isolated as the 9,10-diacetoxy derivative (75%).
(623) This result contrasts with the course of reduction of
7-deoxydaunomycinone (137) by the same hydride, which attacks only the
acetyl group in this 9,10-anthraquinone derivative. (492, 493) a-Quinones such
as 9,10-dioxophenanthrene, 5,6-dioxochrysene, 4,5-dioxopyrene, and
7,12-dioxobenz[alanthracene, all can be transformed by reduction with
LiAIH(OC4Hg-t)3 into the corresponding diols, which after acetylation give the
corresponding diacetoxy compounds in 78-92% yields. NaBH, in
dimethylformamide or 1,2-dimethoxyethane affords the same products in
90-95% yields. 9,10-Dioxophenanthrene is reduced by
NaAlH,(OCH,CH,OCH3;), in the same manner, forming, after subsequent



acetylation, 9,10-diacetoxyphenanthrene as essentially the sole product. (623)
Conversion of a -quinones of condensed aromatic hydrocarbons to
vic-dihydrodiols can be effected with LiAlH4. (624)

3.14. Reduction of Acetals and Ketals

Acetals and ketals are usually stable toward hydrogenolysis or elimination
when treated with LiAlH(OC4H9-t)3, LiAlH[OC(CH3)2C2H5]3, LiAlH[OC(C2H5)3]3,
or NaAlH,(OCH,CH,0OCH?3), at 0-20°. Consequently, the ketal group is
frequently used to protect a keto group in reductions of polyfunctional
compounds by these and other hydrides. (470, 471, 473, 545, 546, 625, 626)
However, presence of a conjugated carbon — carbon double bond and a
bromo substituent in a cyclic ketone ketal such as in 14-bromocodeinone
dimethyl ketal changes the picture; treatment of this bromo ketal with
NaAlH2(OCH,CH,OCH?3) gives thebaine in 75% yield (Eqg. 61). The bromo
ketal resists the action of LiAlH4 and NaBH, as well. (627, 628)

CH CH
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NaAlH,{OCH,CH;OCH,); (61)
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A detailed study aimed at determining best conditions for hydrogenolysis of
acetals and ketals has shown that alkoxychloroaluminum hydrides are only
moderately reactive, monoalkoxyaluminum hydrides even less reactive, and
dialkoxyaluminum hydrides almost unreactive reagents in this reaction; for
hydrogenolysis, diethyl ether and benzene are better solvents than
tetrahydrofuran. In a reaction with AlH,(OCHjs) in refluxing diethyl ether,
benzaldehyde dimethyl acetal exhibits higher reactivity than aliphatic ketals,
which in turn are more reactive than an aliphatic acetal. (96) A rapid reaction of
cis-4,4,6-trimethyl-2-methoxy-1,3-dioxane with AlD,(OCH?z) gives the
corresponding deuteriated 1,3-dioxane in 73% yield (Eq. 62). (629) The
reactivity of norcamphor ketals decreases in the following order: diethyl
ketal > dimethyl ketal > ethylene ketal > isobutylene ketal. (96)

Z;\D OCH; 0, oomems” 4{/\\0?[) (62)




Ketals of strained cyclic ketones may undergo hydrogenolysis as well as
alcohol elimination when treated with AlH2(OCHs) ; thus cyclododecanone
dimethyl ketal yields cyclododecyl methyl ether (72%) along with trans- and
cis-1-cyclododecenyl methyl ethers (25%). The proportion of the
hydrogenolytic and elimination reaction is strongly solvent dependent (Eg. 63).
Ina

Oz 5885 Ooan (ke
3 erB AIH(OCH,), (C;H,),0
OCH, OCH, CH, (63)

A. (30%7) (6%)
B. (45%) (95.5%)

reaction of 2,2,4,4-tetramethyl-1,3-dioxolane with alkoxychloroaluminum
hydrides in refluxing diethyl ether, the extent of hydrogenolysis decreases from
80 to 11% as the alkoxyl group in the hydride changes from methoxyl to
ethoxyl to isopropoxyl to tert-butoxyl; at the same time, the percentage of the
primary alcohol in admixture with the tertiary alcohol thus produced increases
from 3.5 to 24.4%. (96) The less hindered 2-methyl-1,3-dioxolane reacts more
rapidly with AICIH(OC,Hs) to form 2-ethoxyethanol essentially quantitatively;
(101) (for hydrogenolytic cleavage of acetals and ketals by “mixed hydrides,”
see, e.g., pp. 46-52 in Ref. 27).

[]



4. Experimental Considerations

4.1. The Hydrides

This section describes the preparation and handling of the most frequently
used metal alkoxyaluminum hydrides. Solutions of LIAIH({OCHs;)3 in
tetrahydrofuran are only temporarily stable, (46, 188) and formation of the
hydride in situ immediately prior to use is recommended. The procedure
involves slow addition of the theoretical quantity of absolute methanol to a
standardized solution of LiAlH, (see, e.g., Ref. 365) in tetrahydrofuran under
dry nitrogen at 0°, stirring the mixture until complete dissolution of a little gel
formed, and filtering the solution under nitrogen pressure through Celite; (43,
46, 173, 184, 188, 556) LIAID(OCHs); can be obtained in a similar manner
from LiAID, and methanol. (173, 240, 575, 630) Concentrated solutions of
LIAIH(OCHp3)s (2 M) in bis-(2-methoxyethyl) ether can be prepared in similar
fashion; (43) the reaction of LiAlH, with methanol in diethyl ether proceeds less
cleanly. (43, 175) The active hydrogen can be determined with a Toepler pump
by measuring evolved hydrogen after decomposition (178) or by iodometric
titration (241) according to Felkin. (631) Aluminum is determined by
complexation with ethylenediamine-tetraacetic acid and back-titration with zinc
acetate (178) or gravimetrically as the 8-hydroxyquinolate. (30, 43)

When LIAIH(OC4Ho-t)3 is not available from commercial sources,” it can be
prepared as above by slowly adding absolute tert-butyl alcohol (3.15
equivalents) under nitrogen to a stirred standardized solution of LiAlH,4 in
diethyl ethet_most of the ether is removed by decantation, the last portion of
ether and ss tert-butyl alcohol is evaporated in vacuo, and the white solid
is dissolved in the desired solvent. (37, 40, 42, 185, 308, 441) In an
atmosphere of nitrogen, the solid hydride is stable at temperatures below 400°;
it can be sublimed at 280°/2 mm, and when heated at 165° for 5 hours it
retains 92% of the active hydrogen. (40) Solubilities of the hydride (g/100 g
solvent at 25°) in various solvents are as follows: (37, 40, 41)

Bis(2-methoxyethyl)ether 41 Diethyl ether 2
Tetrahydrofuran 36 Dibutyl ether 0.5
1,2-Dimethoxyethane 4 Acetonitrile 0.4

The hydride content in tetrahydrofuran solutions (1.5 M) (184) does not appear
to change after several months' standing under nitrogen. (173, 414) According
to another report, the hydride solutions in tetrahydrofuran lose only 2% of their
activity when stored at 0° for 120 hours. (203) lodometric titration is not
suitable for analytical standardization of LIAIH(OC4Hg-t)3 solutions; the
recommended method involves reduction of cyclohexanone and GLC and/or



spectral analysis of the extent of reaction. (303, 632) The deuteride
LiAID(OC4Hg-t)3 can be prepared in situ from LiAID4 and tert-butyl alcohol. (633)

Solid amorphous NaAlH>(OCH,CH>OCHs),, which can be obtained by
evaporating under nitrogen the benzene (70%)  or toluene (70%)' solutions of
the hydride in vacuo, is soluble in benzene, 1,2-dimethoxyethane, or
tetrahydrofuran and forms conjugated solutions with toluene (6 and 42%),
xylenes (6 and 60%), and diethyl ether (5 and 60%). (72, 197-199) When
NaAlH,(OCH,CH,OCHp3), is not available commercially, it can be prepared by
reaction of NaAlH, with 2-methoxyethanol or of NaAl(OCH,CH,OCHg3), or
NazAlHg with AI(OCH,CH,OCH?3)s. (72) The hydride is stable in an inert
atmosphere for many hours at temperatures below 175°, (72, 204) however, in
the presence of compounds that have an aryl-activated benzylic carbon atom,
the hydride decomposes above 100° and functions as an alkylating agent.
(204-206) Water reacts with NaAIH,(OCH,CH,OCH3), in 1,2-dimethoxyethane
to give hydrogen and NaAlIO(OCH,CH,OCHz3),; in the presence of excess
water, the latter hydrolyzes to NaAlO, and 2-methoxyethanol, which reacts
with the hydride to form hydrogen and NaAI(OCH,CH;OCHs)4. (72, 634)
lodometric titration can be used for determining the active hydrogen in
solutions of NaAIH,(OCH,CH,OCHj3),. (72, 133)

Solutions of alkoxyaluminum hydrides such as AlH,(OCHjs) , AIH(OCH)2, or
AlH2(OC4Ho-t) are prepared by slowly adding the theoretical amount of the
absolute alcohol under nitrogen to a stirred standardized solution of AlHz in
tetrahydrofuran and by determining the hydride content as above. (30, 88, 89,
96, 100, 1781189, 334) Solutions of alkoxyaluminum hydrides in benzene can
be obtainele;L careful evaporation of tetrahydrofuran in vacuo and addition of
anhydrous benzene. (334) Alkoxyaluminum deuterides result from reactions of
AlD; with the corresponding alcohols (see, e.g., Ref. 629).

4.2. The Solvents and Chemicals

The most frequently used solvents for reductions with metal alkoxyaluminum
hydrides are tetrahydrofuran and diethyl ether. Benzene, toluene,
n-propyl-benzene, n-butylbenzene, mesitylene, or p-cymene are used for
preparation of NaAlH2(OCH>CH>OCH?3), solutions. 1,2-Dimethoxyethane,
bis(2-methoxyethyl) ether, or tetrahydropyran are used less often. Solvents
should be freed of moisture, peroxides, and other impurities. Predried diethyl
ether, tetrahydrofuran, 1,2-dimethoxyethane, benzene, and toluene are
distilled in an atmosphere of dry nitrogen or argon from dark purple solutions of
sodium—-benzophenone ketyl under vacuum and stored over Linde 4A
molecular sieves. Alternatively, the solvents can be purified by heating at reflux
for 4 hours over LiAlH, and distilled from LiAlH4 under nitrogen;
NaAlH2(OCH,CH,OCH?3), can be used in place of LiAlH4. (133)
Bis(2-methoxyethyl) ether and aromatic hydrocarbons can be refluxed over
CaH; and vacuum distilled. Anhydrous methanol, tert-butyl alcohol, and



2-methoxyethanol used for preparing the metal alkoxyaluminohydride reagents
from the parent metal hydrides are purified by distillation from magnesium
turnings under nitrogen. Dry methanol and tert-butyl alcohol can also be
obtained by refluxing over and distilling from magnesium methoxide and
sodium tert-butoxide, respectively.

4.3. The Apparatus

For most reductions it is convenient to use a three-necked, round-bottomed
flask equipped with a drying-tube-capped reflux condenser, a mercury-sealed
mechanical stirrer, a thermometer, a nitrogen inlet, and an additional funnel
with a pressure-equalizing side arm. For small-scale reductions, magnetic
stirrers can be used and the additional funnel replaced by a conventional
hypodermic syringe. The glassware should be dried by flame and the
apparatus flushed with nitrogen prior to beginning the experiment.

4.4. Selection of Reaction Conditions

Generally, alternative methods of introducing reactants (normal or inverse
addition), quenching the reaction mixture (acidic, alkaline, or neutral
decomposition), and isolating products are similar to those used in LiAlH4
reductions (see, e.g., pp. 486489 in Ref. 12 and pp. 12-14 in Ref. 27); the
formation of alcohols by decomposition of metal alkoxyaluminum hydrides
should be taken into account in the isolation procedure. The usual precautions
for handling the hydride solutions (fire hazard), particularly in large-scale
operations, and for conducting reactions under anhydrous conditions should
be strictly observed. When excess hydride is used, quenching of reaction
mixtures is accompanied by hydrogen evolution (fire hazard). The
Stereochel course of reductions with metal alkoxyaluminum hydrides is
often more dependent on reaction conditions than are reductions by the parent
complex metal hydrides. A change in the initial reactant : hydride ratio may
cause a reversal of the reduction stereochemistry (see, e.g., Refs. 182 and
569). Strong solvent effects have been observed to influence product
distribution depending on the reactant structure and the hydride nature (see,
e.g., Refs. 194 and 195). The effect of temperature on stereoselectivity is often
more pronounced than in LiAlHs reductions. Importance of these and other
factors should be evaluated in the light of the facts summarized in the
preceding sections. A search for analogies in the tabular survey may facilitate
the choice of the appropriate experimental conditions.



5. Experimental Procedures

5.1.1.1. (2S,3R)-1-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl-2H-1-benzop
yran-2-yl)-trans-3-penten-2-ol [Partial Reduction of a 2-Alkyn-1-ol to a
2-Alken-1-ol by NaAle(OCH2CH20CH3)2] (635, 636)
(2S,3R)-1-(3,4-Dihydro-6-benzyloxy-2,5,7,8-tetramethyl-2H-1-benzopyran-2-yl
)-3-pentyn-2-ol (5.0 g, 13.2 mmol) was dissolved in 50 mL of dry ether and
treated dropwise with a solution of 4.1 mL (29 mg-atom of hydrogen) of
NaAlH2(OCH2CH,0OCH?3), (70% solution in benzene) in 10 mL of ether. The
resulting solution was refluxed for 17 hours under argon and then cooled in an
ice bath. An aqueous solution of sulfuric acid (10%, v/v, 100 mL) was carefully
added, the mixture was filtered, the organic phase was washed with ether and
water, and the aqueous phase was extracted again with ether. The organic
layer was washed with a saturated aqueous solution of sodium bicarbonate
and with water and dried over MgSO,. Evaporation to dryness in vacuo yielded
5.21 g of crude product that was crystallized from petroleum ether to give

4.23 g (84.6%) of white needles; mp 68-70°, lalfy  —24.0°c 5.0, CHCL,); m/e

380 (M*); Raman (5145 A, neat) 1690 cm™; NMR ( CDCls) & 1.24 [s, 3,
C(2)CHg], 1.66 (d, C = CCHg), 1.79-2.02 (m, 2CHy), 2.06, 2.13, and 2.18
(3s,9, 3ArCHs), 2.63 (m, CHy), 3.06 (s, OH), 4.42 (m, CHOH), 4.65 (s,
ArCH,O — ), 5.58 (m, trans-CH = CH,J=15.5Hz), 7.4 (m, ArCH, — ).

5.1.1.2. trans-2,2,5-Trimethyl-1-(3-methyl-1,3-butadienyl)-4-cyclopentene-1,3-
diol [Partial Reduction of a 4-Alken-2-yn-1-ol to a 2,4-Alkadien-1-ol by
NaAlH,(0dHJCH.0CHs)] (637)

To a solution of 9.5 g (47.4 mmol) of
2,2,5-trimethyl-1-(3-methyl-3-buten-1-ynyl)-4-cyclopentene-1,3-diol in 350 mL
of dry tetrahydrofuran was added under nitrogen and at room temperature

45 mL of a 70% solution of NaAlH,(OCH,CH,OCHs;), (318 mg-atom of
hydrogen) in benzene and the mixture was stirred for 1 hour. The excess
hydride was destroyed with ethyl acetate (100 mL), the mixture was poured
into a saturated aqueous solution of ammonium chloride, and the aqueous
layer was extracted with ether. The combined organic phases were washed
with water and dried. After evaporation of the solvents, the residue (9.3 g, 97%)
was recrystallized from ether—hexane to give analytically pure product, mp
100-102°.

5.1.1.3. 1,3-Dihydro-1,3-dimethylbenzo[c]thiophene 2,2-dioxide [Reductive
Dechlorination with NaAIH,(OCH,CH,OCHz3),] (373)

To a solution of 1,3-dihydro-1,3-bis(chloromethyl)benzo[c] thiophene
2,2-dioxide (0.584 g, 2.2 mmol) in 50 mL of dry benzene was added 0.80 mL
(2.8 mmol) of a 70% benzene solution of NaAlIH,(OCH,CH,OCHs), via syringe,
and the solution was refluxed for 12 hours. The mixture was cooled to 0° and



decomposed with 20% sulfuric acid. The benzene layer was separated,
washed with 10 mL of water, dried over potassium carbonate, and
concentrated to give the product as a yellow oil in 91% yield (0.480 g); IR (film)
770, 1140, and 1320 cm™; NMR (CDCI3) 64.22 (g, 2 H), 1.61and 1.59 (2d, 6
H, J =7 Hz), 7.3 (s, 4 H); m/e (rel. intensity) 196 (M") (14), 132 (M-SO,) (100);
MS analysis 196.055796 (calc.), 196.057587 (obs.).

5.1.1.4. 1-Fluoro-1-octene [Partial Reductive Defluorination of a
gem-Difluoroalkene with NaAlH,(OCH,CH,OCHg),] (401)

To a solution of 0.985 g (6.7 mmol) of 1,1-difluoro-1-octene in 3 mL of benzene
was added 3.1 mL of a 70% benzene solution of NaAIH,(OCH,CH,OCHj3),
(11 mmol). The mixture was refluxed for 3 hours, poured into ice water, and
acidified with concentrated hydrochloric acid. The organic layer was washed
with aqueous sodium chloride solution, dried over MgSO., and distilled to give
the product as a mixture of the trans and cis isomers (ratio 83:17) in a 78%
overall yield (0.68 g), bp 131-134°; >F NMR (neat) 5 52.0 (d, d, t, J = 75.2,
16.9, and 1.9 Hz) and 52.4 (d, d, t, J = 75.2, 37.6, and 1.5 Hz) with a 83:17
ratio, respectively.

5.1.1.5. (R)-(+)-2-Cyclohexen-1-ol (Reductive Dehalogenation of a Halo a
-Enone with the Masamune Hydride Reagent) (638)

A solution of LIAIH(OCHs3)3 (70 mmol) in tetrahydrofuran (100 mL) was added
dropwise under argon to a stirred and ice-cooled suspension of Cul (6.84 g,
36 mmol) in tetrahydrofuran (14 mL), and the mixture was stirred at 0° for 0.5
hour. A solution of (R)-(+)-3-iodo-2-cyclohexen-1-ol (0.67 g, 3.2 mmol) was
added to the reducing agent in one portion. The mixture was stirred at 0-5° for
2.5 hours, after standing at room temperature overnight and the addition
of 200 mL of ether and 14 mL of methanol, it was filtered through Celite. The
filtrate was washed with saturated ammonium chloride solution and the
ammonium chloride layer was extracted with ether. The combined organic
phase was washed with a saturated solution of sodium bicarbonate, water, and
a saturated solution of sodium chloride, dried over K,COs3, and concentrated.
The residue was distilled in vacuo to give the product in 86% yield (0.25 g), bp

81-83° (40 mm); [al{y + 108 £ 0.8°(c 1.003 CHCly); IR (film) 3360 (s), 3030 (M),

2940 (s), 2860 (m), 2840 (m), 1650 (m), 1455 (m), 1440 (m), 1395 (w), 1290
(w), 1170 (w), 1060 (s), 1000 (w), 960 (s), 900 (w), 810 (w), 730 (m) cm™. The
IR spectrum was identical with that of authentic (x)-2-cyclohexen-1-ol.

5.1.1.6. 4-Methoxy-2,3,6-trimethylbenzyl Alcohol [Reduction of an Aldehyde
Group to a Hydroxymethyl Group by NaAlH,(OCH,CH,OCHz3),] (475)

A solution of 40 mL (0.14 mol) of NaAlIH(OCH,CH2,0OCHj3), (70% in benzene)
was mixed with stirring with 200 mL of ether and cooled to 0°, and a
suspension of 35.6 g (0.2 mol) of 4-methoxy-2,3,6-trimethylbenzaldehyde was
added dropwise at 0—10°. The mixture was stirred at 0° for 15 minutes and



then allowed to warm to room temperature. Workup after addition of 200 mL of
aqueous 20% sodium hydroxide gave the product as off-white crystals in 87%
yield (31.4 g), mp 108-110°.

5.1.1.7. 2,4-Dihydroxytoluene [Hydrogenolysis of an Aromatic Aldehyde by
NaAlH,(OCH,CH,OCH?3),] (432)

To a stirred solution of 4.14 g (0.03 mol) of 2,4-dihydroxybenzaldehyde in

25 mL of dry xylene was added dropwise 25 mL of a 70% solution of
NaAlH2(OCH,CH,0OCHS3), (0.09 mol) in benzene. The benzene was removed
by distillation, and the mixture was heated to reflux (143°) for 2 hours. After
cooling to 0°, 20 mL of ether was added and the excess hydride was destroyed
with 20% sulfuric acid. The water layer was extracted with ether, the extracts
and the organic layer were washed with water until neutral and dried over
sodium sulfate, and the solvents were evaporated. The residue was distilled
under reduced pressure to give the pure product in 81% vyield (3.01 g), bp
152-153° (12 mm), mp 105-106°.

5.1.1.8. (R)-(+)-1-Phenylethanol (Asymmetric Reduction of an Aryl Alkyl
Ketone) (160)

To a stirred 0.88 M solution of LiAlH4 (69 mL, 0.06 mol) in dry ether was added
dropwise during 1 hour 10.74 g of (—)-N-methylephedrine {mp 86-87°,

lal  —30.6°(c 2.61, CHsOH )} dissolved in 300 mL of ether. After 30 minutes

of stirring at room temperature, a solution of 14.64 g (0.12 mol) of
3,5-dimethylphenol in 100 mL of ether was added dropwise within 30 minutes.
The mixture was kept at room temperature for 2 hours and cooled to —15°, a
solution of E (0.05 mol) of acetophenone in 30 mL of ether was added
dropwise during 2 hours, and stirring was continued at this temperature for 1
hour. The cooled reaction mixture was decomposed by successively adding
dropwise 2.3 mL of water, 2.3 mL of a 15% sodium hydroxide solution, and
6.9 mL of water. After vigorous stirring for 20 minutes, the mixture was filtered
with suction and the granular precipitate was washed thoroughly with ether.
The combined ethereal solutions were washed twice with 100 mL of 2 N
hydrochloric acid, twice with 100 mL of 2 N sodium hydroxide, and then with
water until neutral, dried over sodium sulfate, and freed of solvents by
evaporation. The residue was distilled in vacuo to give the pure product in

88.5% yield and 83.8% e.e., bp 100° (18 mm), @] +36.45°(neay).

Basification of the acidic extracts and ether extraction gave
(-)-N-methylephedrine in a nearly quantitative yield and with unchanged
optical purity.

5.1.1.9. (-)-2-Neoisocedranol [Reduction of a Polycyclic Ketone with
LIAIH(OCHz3)3] (556)



To a solution (30 mL) of LiAlH, in dry tetrahydrofuran (1.03 M) was slowly
added anhydrous methanol dissolved in dry tetrahydrofuran until 2400 mL of
hydrogen was evolved. A little gel appeared during the addition, and the
mixture was stirred vigorously until the gel was dissolved. To this solution of
LiAIH(OCHs); was added 3.61 g (16 mmol) of (-)-2-isocedranone in 5 mL of
dry tetrahydrofuran with stirring at 0° within 15 minutes and the mixture was
stirred at room temperature overnight. Water (1 mL) in 2 mL of tetrahydrofuran
was added carefully to destroy the excess hydride. The amount of residual
hydride indicated an almost quantitative reaction. To the mixture was added
30 mL of a saturated solution of potassium tartrate, and the aqueous phase
was extracted with ether. The combined extracts were washed with brine,
dried over magnesium sulfate, concentrated, and distilled to give 3.39 g (93%)
of a product that contained 99% of (-)-2-neoisocedranol (198) and 1% of
(-)-2-isocedranol. An analytical sample of (—)-2-neoisocedranol was obtained
by preparative GLC (15% Carbowax 20 M on Chromosorb; 10 ft x 0.25 in.), bp

120° (2 mm), "H'1.4511; lalf = 33.4%¢ 37, ccl).

5.1.1.10. 2 3 -Acetoxy-8-methoxy-4a f3
-methyl-7-isopropyl-1,2,3,4,4a,9,10,10a a -octahydrophenanthrene [Reduction
of a Polycyclic Ketone with LIAIH(OC4H,-t); Followed by Acetoxylation] (639)
To a solution of 47.62 g (0.182 mol) of LIAIH(OC4Hq-t)3 in 500 mL of dry
tetrahydrofuran cooled to —15 to —20° (dry ice- CCls) was added via cannula a
solution of 40.33 g (0.141 mol) of 8-methoxy-4a 3
-methyl-7-isopropyl-3,4,4a,9,10,10a a -hexahydro-2(1H)-phenanthrenone in
250 mL of tetrahydrofuran. After 20 minutes the cooling was removed and
stirring wa ntinued at room temperature for 4 hours. With ice-bath cooling
200 mL of aqueous 10% hydrochloric acid was added (with caution at first via
syringe). The mixture was filtered and the salts were washed with
tetrahydrofuran (100 mL) and ether (400 mL). The combined filtrate and
washes were diluted with 250 mL of water and extracted with two 500-mL
portions of ether. The ether solution was washed with two 500-mL portions of
water and with saturated brine, dried over sodium sulfate, and concentrated to
give a viscous oil that was stirred with 500 mL of acetic anhydride and 30 mL
of pyridine at room temperature overnight. The volatiles were removed under
high vacuum to give a wet solid, which was recrystallized from methanol

(200 mL) to give 36.43 g (3 crops) (78%) of the product as colorless needles,
mp 90-95°. An analytical sample was prepared by two crystallizations from
methanol, giving colorless needles, mp 94.5-96°; IR ( CCl,) 2960, 2940, 2870,
1730, 1410, 1360, 1245, and 1035 cm™; NMR ( CDClz, TMS, 90 MHz) & 1.12
(s,3H),1.23(d, 6H,J =7 Hz), 1.3-2.4 (m, 9 H), 2.03 (s, 3 H), 2.6-3.1 (m, 2 H),
3.28 (septet, 1 H, J =7 Hz), 3.69 (s, 3 H), 4.75 (br m, | H), and 7.04 (s, 2 H);
m/e (rel. intensity) 331 (12), 330 (M") (48), 256 (21), 255 (100), and 43 (63).



5.1.1.11. 2 3 -Acetoxy-3 B -hydroxy-5 a -santanolide [Reduction of a Keto
Ester Lactone to a Hydroxy Ester Lactone with LIAIH(OC4Ho-t)3] (640)

To a stirred solution of 308 mg (1 mmol) of 3-oxo-2 3 -acetoxy-5 a-santanolide
in 30 mL of dry tetrahydrofuran was added 305 mg (1.2 mmol) of
LiAIH(OC4Hy-t)3, and stirring was continued at room temperature for 40
minutes to give, as shown by NMR analysis, the 3 B -hydroxy ester lactone in
an essentially quantitative yield. The excess reagent was quenched by
addition of a 10% ammonium chloride solution, and tetrahydrofuran was
evaporated in vacuo. The residual mixture was cooled to 0°, decomposed by
careful addition of aqueous 10% hydrochloric acid, and extracted with ethyl
acetate. The combined extracts were washed successively with aqueous
sodium bicarbonate and brine and dried. After evaporation of ethyl acetate in
vacuo, the residue was recrystallized from ethyl acetate—hexane to give the

product as colorless plates, mp 165-167°; [l +94.1°(c 0.35, CHCl3); IR

( KBr) 3547, 1758, 1725, and 1242 cm™; m/e (rel. intensity) 310 (M*) (6.9), 250
(M*=CH3CO,H) (100), and 235 (76.3); NMR ( CDCls, TMS) & 1.08 (s, 3 H,
10-CHs), 1.19 (d, 3 H,J =7 Hz, 4-CH3 or 11-CHg3), 1.23 (d, 3 H,J =7 Hz,
4-CHs or 11-CHs), 2.17 (s, 3 H, OCOCHg), 2.30 (1 H, OH), 3.23 (dd, 1 H,

J =10.3 Hz, 3-H), 3.90 (t, 1 H, J = 10 Hz, 6-H), 5.13 (q, 1 H, J = 3 Hz, 2-H).

5.1.1.12. (5R, 6R)-6-Hydroxyspiro[4.4]Jnonan-1-one [Partial Reduction of a
Cyclic Dione to a Ketol with LIAIH(OC4Ho-t)3] (566)

A solution of 1 g (6.57 mmol) of spiro[4.4]nonane-1,6-dione in 10 mL of dry
tetrahydrofuran was added to a stirred solution of LIAIH(OC4Ho-t)3 (3 g,

11.8 mmol)dn.dry tetrahydrofuran (140 mL) under nitrogen at —30°. After 24
hours at thig_tkmperature the mixture was carefully acidified with 2 M
hydrochloric acid and the aqueous layer was extracted with ether. The
combined organic phase and extracts were washed with water and dried, and
the solvent was evaporated. The recovered oil was largely (95%) one product
(GLC), which on distillation in vacuo gave the pure ketol, bp 112° (0.05 mm)
(air-bath temperature); IR ( CCly) 3650 and 3520 cm™. p-Nitrobenzoate mp
83.5°; p-toluenesulfonate mp 99.5-100.5° [from toluene—petroleum (bp
60-80°)].

5.1.1.13. (-)-17 B -Hydroxy-des-A-androst-9-en-5-one [Reduction of a
Polycyclic Keto a -Enone to a Hydroxy a -Enone by LIAIH(OC4Ho-t)s] (610)

To a stirred solution of chromatographically pure
(+)-des-A-androst-9-ene-5,17-dione (32.3 g, 0.139 mol) in dry tetrahydrofuran
(960 mL) was added LiAIH(OC4Ho-t); (63.6 g, 0.25 mol) at 0° within 10 minutes.
The reaction mixture was stirred at 0° for 30 minutes and then carefully treated
with 200 mL of 1 : 1 acetone—water. After addition of 650 mL of 3 N sulfuric
acid, the mixture was extracted with chloroform. The combined extracts were
washed with water, a saturated solution of sodium bicarbonate, and water and
were then dried over sodium sulfate. The solvents were evaporated to give



32.0 g of crude crystalline product, which was chromatographed on silica gel
(640 g). Elution with benzene—ether (4: 1,2 :1, and 1: 1) afforded 28.5 g of
product, which was recrystallized from benzene (150 mL) at room temperature

to give 14.4 g (44%) of pure product, mp 165-168°, [alF  —42.7°¢ 1.0,
CHCL).

5.1.1.14. (S)-(+)-1-lodo-trans-1-octen-3-ol (Asymmetric 1, 2 Reduction of an
Acyclic Halo a -Enone) (169, 641)

A solution of LiAlH4 (1.84 mL, 1.80 mmol) in dry tetrahydrofuran (0.97 M) was
placed under argon via syringe in a long-arm single-necked flask capped with
a rubber septum. To this solution 1.79 mL of dry ethanol in dry tetrahydrofuran
(2.0 M) was slowly added and the whole was stirred for 10 minutes. There was
then added 510 mg (1.80 mmol) of (S)-(-)-2,2¢-dihydroxy-1,1¢-binaphthyl

(el =378° (¢ 1.0, tetrahydrofuran)} dissolved in 6 mL of dry

tetrahydrofuran, and the cloudy solution was stirred at room temperature for 30
minutes. A solution of 1-iodo-trans-1-octen-3-one (150 mg, 0.6 mmol) in dry
tetrahydrofuran (1 mL) was added at —100° within 15 minutes. The mixture
was stirred at this temperature for 2 hours and then at —78° for 1 hour. The
excess reducing agent was destroyed by adding 0.5 mL of methanol at —78°,
and the mixture was allowed to warm to room temperature. After addition of

1 mL of water and 40 mL of ether, the mixture was stirred for 30 minutes and
magnesium sulfate (ca. 10 g) was added. In order to recover the binaphthol
the filtrate was concentrated and mixed with 5 mL of hexane; three
crystallizati from hexane—ether afforded the pure substance in 91% vyield
(465 mq). mn chromatography on silica gel (Merck Kieselgel 60,

70—-230 mesh ASTM, 40 g) of the mother liquor from the crystallization of
binaphthol and elution with petroleum ether—ether (4:1) afforded the product as
a colorless oil in 95% chemical yield (143 mg). This product was further
purified by bulb-to-bulb distillation at 135-140° (2 mm) to give an analytically

pure sample in 97% e.e., (2B +9.53°¢ 1,56, CH;0H ) {determined by

comparison with an authentic sample showing | +9.87 t'(c 1.57, CH3OH),
which was obtained by optical resolution}. (642)

5.1.1.15. (-)-1-(5,8-Dimethoxy-3,4-dihydro-2-naphthyl)-(1S)-1-ethanol
(Asymmetric 1,2 Reduction of an a -Enone) (162, 643)

To a stirred suspension of LiAlH, (500 mg, 13.2 mmol) in dry ether (25 mL)
was added under argon a solution of (1R,2S)-(—)-N-methylephedrine " {mp

86.5-87.5°, [al))  —29.5°(c 4.54, CH;0H )} (2.43 g, 13.6 mmol) in dry ether

(45 mL) over 5 minutes and the mixture was heated to reflux with stirring. After
1 hour, an ethereal solution (25 mL) of N-ethylaniline (3.30 g, 27.2 mmol) was



added to the reaction mixture within 5 minutes and the stirring was continued
under reflux for 1 hour. To the stirred ethereal suspension of the reducing
agent cooled to —78° was added a solution of
2-acetyl-5,8-dimethoxy-3,4-dihydronaphthalene (mp 104-105°, 930 mg,

4.0 mmol) in dry ether (100 mL) over 5 minutes and the mixture was stirred at
—78° for 6 hours. Aqueous 1 N hydrochloric acid (54 mL, 54 mmol) was added,
the mixture was allowed to warm to room temperature, and the stirring was
continued for 15 minutes. The ether layer was separated, and the acidic
aqueous phase was extracted with 3 portions (100 mL) of ethyl acetate. The
combined organic extracts were washed with 2 portions (100 mL) of aqueous
1% hydrochloric acid, 1 portion (100 mL) of aqueous 5% sodium bicarbonate,
twice with 100 mL of water, and once with 100 mL of a saturated solution of
sodium chloride and were then dried over magnesium sulfate. Filtration and
evaporation of solvents in vacuo gave the alcohol in 92% e.e. as a pale yellow
crystalline solid (980 mg, ~100%), which was homogeneous according to TLC

and NMR spectral analyses, (@l —18:8°(c 2.48, C;HsOH ). Recrystallization

of this sample from 50 mL of hexane gave 817 mg (87%) of the analytically
pure alcohol as colorless needles in essentially 100% optical purity. The
optical purity of this sample was ascertained by its spectra recorded in the
presence of the chiral shift reagent
tris[3-(heptafluoropropylhydroxymethylene)-d-camphorate](lll) [Eu(hfc)s)]; mp

88-89°, loli’ —20.4°%¢ 1,55 C,HsOH); IR (CHCIs) 3600, 1260, and 1100

(OH) cm™; NMR ( CDCl3) 8 1.32 [d, 3H, J = 6 Hz, CH(OH)CHa], 2.00-2.36 (m,
2H, CH.C = ),2.12(s,1H, OH), 2.64-2.88 (m, 2 H, CH,CH,C = ), 3.74
(s,6 H, Ogm, 4.40[q, 1 H,J =6 Hz, CH(OH)], 6.60 (s, 2 H, Ar), 6.72 (brs, 1
H, CH = ). The acidic aqueous phase resulting from the extractive isolation
was made alkaline (pH > 12) with aqueous 10% sodium hydroxide and
extracted with 3 portions (100 mL) of ethyl acetate. The combined extracts
were washed with brine (200 mL) and dried over anhydrous potassium
carbonate. Filtration and evaporation in vacuo afforded a 1:2 mixture of
(1R,2S)-(-)-N-methylephedrine and N-ethylaniline as a mixture of oil and
colorless crystals (5.62 g, 98% recovery). Fractional distillation of the mixture
gave 2.00 g (83% recovery) of (1R, 2S)-(—)-N-methylephedrine in 99% optical

purity {bp 120° (0.01 mm), mp 85-87.5°, lalfy  —29.1°c 4.59, CH;0H )} and
3.30 g (~100% recovery) of N-ethylaniline, bp 87-90° (15 mm).

5.1.1.16. 6 a -Carbetnoxy-1(9)-octal-2 8 -ol [1,2 Reduction of a Cyclic a
-Enone by LIAIH(OC4Hg-t)3] (593)

An opague solution of 18.5 g (90 mmol) of LIAIH(OC4Ho-t)3 in 250 mL of dry
tetrahydrofuran was cooled to 0°, and 5.02 g (22.5 mmol) of 6 a
-carbethoxy-1(9)-octal-2-one dissolved in 150 mL of dry tetrahydrofuran was
added dropwise with stirring within 15 minutes. Stirring was continued for 0.5



hour with cooling and then for 1 hour while warming to room temperature. The
reaction mixture was poured into 500 mL of cold water containing 32 mL of
concentrated hydrochloric acid. To the solution was added 70 mL of ether, the
ether separated, and the aqueous phase extracted with three 150-mL portions
of ether; the extracts combined with the organic layer were washed with water
until neutral. The combined water washings were extracted with several
smaller portions of ether; the extracts were combined, washed with water until
neutral, mixed with the organic phase, and dried over magnesium sulfate.
Evaporation of solvents in vacuo afforded 4.94 g (98%) of a yellow oil.
Bulb-to-bulb distillation in vacuo (air bath) gave nearly colorless, analytically
pure product in 91% vyield (4.6 g), bp 105° (0.06 mm); IR (film) 3380, 1730, and
1665 cm™.

5.1.1.17. 2,2,6,6-Tetramethyl-3-heptanone (1,4 Reduction of an Acyclic a
-Enone) (575)

A 70% solution of NaAIH,(OCH,CH,OCH3), (1.34 mL, 4.8 mmol) in benzene
was added dropwise to a suspension of 686 mg (4.8 mmol) of cuprous
bromide in 12 mL of dry tetrahydrofuran at O to —5°. The brown-black
suspension was stirred at 0° for 30 minutes and cooled to —78°, and 2.0 mL
(1.6 g, 18 mmol) of dry 2-butanol was added at once. A solution of
2,2,6,6-tetramethyl-4-hepten-3-one (200 mg, 1.2 mmol) in 4 mL of dry
tetrahydrofuran was added via syringe within 5 minutes, the mixture was
stirred at —78° for 10 minutes and then at —20° for 1 hour, quenched by
addition of 19.2 mL of water, and poured into 60 mL of saturated aqueous
ammonium chloride solution. Ether was added, the blue aqueous phase was
separated, organic phase was washed with water and dried, and the
solvents wegregl evaporated. According to GLC analysis and NMR spectrum, the
product 2,2,6,6-tetramethyl-3-heptanone obtained in 98% yield (198 mg) was
free of 2,2,6,6-tetramethyl-4-hepten-3-ol and of the starting ketone.

5.1.1.18. (R)-(+)-6-Methyl-2-heptyn-4-ol (Asymmetric Reduction of an a , B
-Alkynone) (329)

A solution of 11649 (4.2 mmol) of
(2S,3R)-(+)-4-(dimethylamino)-3-methyl-1,2-diphenyl-2-butanol (Chirald®)

{la]5 +83° (¢ 6, CoHsOH)} in 7.5 mL of ether was added dropwise to a stirred

mixture of 68.3 mg (1.8 mmol) of LiAlH, in 45 mL of dry ether at 0° within
approximately 2 minutes. The mixture was then stirred for 2 minutes and
cooled to -72°, and a soluton of 186mg (1.5mmol) of
6-methyl-2-heptyn-4-one in 7.5 mL of dry ether was added dropwise within 10
minutes. The mixture was stirred at —72° for 7 hours, allowed to warm to room
temperature during 14 hours, and finally decomposed by careful addition of
water. The aqueous layer was extracted six times with ether, and the extracts
were combined with the ether layer. The organic phase was washed several
times with aqueous 1 N hydrochloric acid to remove the Chirald® reagent and



then with saturated brine, dried over magnesium sulfate, filtered, and
concentrated in a rotary evaporator under water—aspirator vacuum. The
residue was chromatographed on EM silica gel 60 (0.063-0.2 mm), the
acetylenic alcohol was eluted with hexane—ether and evaporatively distilled in
vacuo at 98-101° (bath temperature)(16 mm) to give the pure product in 99%

chemical yield and in 82% e.e., 2l +12.16°(c 5 CHCI,). Basification of the

aqueous acidic extracts with dilute sodium hydroxide followed by saturation
with sodium chloride and extraction with ether gave the recovered Chirald®

reagent. In a similar experiment, the recovery of Chirald® reagent {1“'|'f3ii H7.93°

(c 1.6, CoHsOH )} corresponded to 94%. (166)



6. Tabular Survey

The information summarized in the tables is an extension of that reviewed in
the text and represents an attempt to cover all the literature published to the
end of December 1981. Some important reductions by metal alkoxyaluminum
hydrides that were published at the beginning of 1982 are also included.
Arrangement of the tabular survey follows the division of the hydride
reductions according to the type of the functional group, as given in the section
entitled “Scope and Limitations.” The absence of tables on isomerization of
aromatic hydrocarbons, reduction of peroxides and ozonides, and reduction of
quinones was due to the lack of experimental details. Polyfunctional
compounds, in which more than one group is attacked by a hydride, can be
found in tables pertaining to reduction of each specific functional group.
Exceptions are functionalized steroids, carbohydrates, and organometallic
compounds, which are not treated in this chapter. Within each table the
compounds are listed according to increasing carbon number and complexity
of the molecular formula according to the Chemical Abstracts convention. The
conditions stated refer in most cases only to the reduction itself. If a reference
contains more than one set of conditions for the reduction of one reactant, only
those providing the best product yield are presented. Yields and percent
enantiomeric excess (if available) are given in parentheses, and numbers not
in parentheses correspond to product ratios. A dash indicates that no yield is
given in the reference(s). When there is more than one reference for a given
reactant-hydride combination, the first reference is the one that gives the best
recorded yim. A list of standard abbreviations used throughout the tables
follows:

Ac acetyl

9-BBN 9-borabicyclo[3.3.1]nonane

BCGF 3-O-benzyl-1,2-O-cyclohexylidene- a -D-glucofuranose
BME bis(2-methoxyethyl) ether

(+)-CN (+)-cinchonine

Cp cyclopentadienyl

(-)-threo-DADE (1S,2S)-(-)-threo-2-dimethylamino-1,2-diphenyl-ethanol
(+)-erythro-DADE (1S,2R)-(+)-erythro-2-dimethylamino-1,2-diphenyl-ethanol

(-)-DAMP (R)-(-)-3-dimethylamino-2-methyl-1-propanol
(+)-DBD (2 R, 3R)-(+)-1,4-bis(dimethylamino)-2,3-butanediol
(-)-DBD (2S,3S)-(-)-1,4-bis(dimethylamino)-2,3-butanediol
(-)-DBN (S)-(-)-2,2¢-dihydroxy-1,1¢-binaphthyl

(+)-DBN (R)-(+)-2,2¢-dihydroxy-1,1¢-binaphthyl



(+)-DMDB

(-)-DMDB
DME
DMP
DPB
EAN

e.e.
(-)-EPH
ether
EtOH
LAH
LTBA
LTMA
MeOH
Ms

NM
(-)-NME
0.p.
(+)-PAB
Py
(-)-QN D
(+)-QND
r.t.

SAH
SMEAH
THF
THP

Ts

(S,3R)-(+)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol
(Chirald®)
(2R,3S)-(-)-4-dimethylamino-3-methyl-1,2-diphenyl-2-butanol
dimethoxyethane

3,5-dimethylphenol
(2S,3S)-1,4-dipyrrolidino-2,3-butanediol
N-ethylaniline

enantiomeric excess

(-)-ephedrine

diethyl ether

ethanol

lithium aluminum hydride

lithium tri-tert-butoxyaluminum hydride

lithium trimethoxyaluminum hydride

methanol

methanesulfonyl

(+)-neomenthyl

(=)-N-methylephedrine

optical purity
(1R)-(+)-3-endo-phenylamino-2-exo-hydroxybornane
pyridine

(-)-quinine

(+)-quinidine

room temperature

sodium aluminum hydride

sodium bis(2-methoxyethoxy)aluminum hydride
tetrahydrofuran

tetrahydropyranyl

p-toluenesulfonyl
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T Matheson, Coleman, and Bell, Division of the Matheson Company,
Inc. (VITRIDE); Paesel Company (VITRIDE) (Frankfurt/Main,
FRG).

* Prepared according to K. Nakajima, Nippon Kagaku Zasshi, 81,
1476 (1960).

* Aldrich Chemical Company, Milwaukee, Wisconsin, USA.
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