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"Onee o hundted men were dhul {nip -an
enoxmous datk xoom, each one o4 them
with an unlit Lamp. One o4 them
managed Lo Light his Lamp, and so Zhey
could see. As the rest Lit their
Lamps, more and moxe 04 Zhe objecks
awund them came inte view, uniil
 4inally everyithing in the acom sxood
out as geod and beautiful. There were
a hundred Lamps, only one idea: Vet
it took the Light of all the famps Lo
reveal the details of everything in
the noom."

- Giovanni Guareschi
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ABSTRACT

The reduction of unsymmetrically substituted cyclic anhydrides
with metal hydrides often leads to the preferential formation of one of
the two possible lactones. The electronic factors and steric restric-
tions influencing regioselectivity in several model cyclic anhydrides,
dicarboxylic acids and an ester are discussed in the light of recent
experimental findings and theories concerming nucleophilic addition to
the carbonyl function . A mechanism for the reduction of unsymmetrical
cyelic anhydrides with metal hydrides is proposed and the observed
pattermns of regioselectivity are rationalized in view of this

mechanism.

Several model anhydrides were synthesized mnd the products

of their reduction by LiAlH4 and NaBH4 were separated and characterized.

A brief survey of a variety of reduction methods was con-
ducted in order to develop selective synthetic routes to one or the

other isomeric lactone possible.
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CHAPTER 1

INTRODUCTION

Among lactones widely distributed in nature, many are bio-
logically active. Ré;ently, their allergenicl and antitumor2 activities
provoked increased interest in exploring synthetic routes to ;- and §-
lactones3. However, the importance of lactones as intermediates in
organic synthesis or as precursors in biosynthesis was recognized long
before the current interest.in their biological activity produced an
avalanche of publications. Reduction of a eyelic anh&dride is a con-
venient route to the corresponding lactone, and it was often withﬂthe

intention of making lactones that cyclic anhydrides “have been reduced

for almost a hundred years.

Several methods were used to aecomplish this conversion. In
1887 Salomon4 prepared 4-meconine 2 by reduction of 3,4-dimethoxyphthalic

anhydride‘%, with zine in acetic acid.

CH;
CH,0

CH,Q

CH,0

| £
At the turn of the century, reductions with sodium and aluminum amalgam

were commonly used although the procedure was tedious and yields depres-

singly lows. Sodium in ethanol reduction, developed by Bouveault and



Blance, was a great improvement over the older methods and became an
important member of a new class of "dissolved meral” reductions. The
B?uveault-Blanc procedure, originally intended for the reduction of

ester functions had the additional advantage of spariné the carboxylic
group. Blanc7 tested the selectivity of the new method on unsymmet-—
rically substituted arhydrides. Upon reduction of 2,2-dimethylsuccinic
anhydride £= 2,Z—dimethyl-Y=buﬁyrolactone 3b was isclated as the only
lactonic produet in 427 yield. Blamnc reported that the residue contained
the unreacted acid 25, which could be recovered by continuous extraction*.
Similar results7 were obtained in the reduction of anbydrides 4 and 3.

5 T H
422
3 3b ¢
Q
H
. + ;
) 25 -35%

4 qb pC

*
In fact, the reduction yields a mixture of two lactones (see p.119,120-
of this thesis).

PR

_



Blanc was satisfied since these results confirmed his earlier observa-
tion. that ... 1a réduction trés aisée avec un 3cide 3 carboxvle 1is 3
w atome de carbone primaire devient de plus er plus difficile au fur

*
et 3 mesure que cet atome de carbonme porte plus de substitutions, ..."

In time the Bouveault-Blanc method was replaced by catalytic

. 8 : . 9,10,11 , .
hydrogenation” and metal hydride reduction in the routine pre-
pParation of lactones from anhydrides. However, while catalytic hyvdro-
genation of unsymmetrically substituted cyclic anhydrides produced lactonmes
and hemiacylails resulting from the reduction of the less hindered carbo-

12,13

uyl function » metal hydrides (often, but not alwaysg’la) reduced

preferentially the more hindered carbonyl grouplo’ls (see Table 1).

To account for the selective reduction of the more sterically
encumbered carbonyl function, Bloomfield and Lee15 Proposed a mechanism
involving initial attack of metal cation on the less hindered carbonyl
funetion, followed by the transfer of a hydride ion to the more hindered

carbonyl group. The intermediate aldehide is then rapidly reduced to an

*
Authoxr’s translation: "the very easy reduction of a carboxylic function
attached to a primary carbon atom becomes progressively more difficult
as this carbon atom becomes more highly substituted.”
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Table 1. Metal hydride reductions of unsymmetrically substituted cyclic
anhydrides reported prior to 1975. '

Products % yield  Ratio Reference
‘ Starting anhydride NE — = ofloctomic 4. N2
J a . . b products
c Q )
HyC 3 ? _ 74> — 17
Y | .
: "4
0 . .
1 —_— % 10
| 650 e 17
N o M 0 By -
0 ' :
2 . 78-g2% &€ 15
] sob,d,e — 17
H O H O
\ 13  — 7s@de s
- "o
sl — e
il
o ‘ 0
Ce + s CeMs a.c
9 o 72 151 15
- s7¢  15:1 g7 -
0

_ —

a-LiAl Hg reduction; b-NaBHg reduction ; €-Gas-liquid chromatogrcmy-anctyzed;/

d - Column chromatography analyzed ; e- Oniy one product detected.
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Table 1. (Concluded)

Rmiolhm

. 0 Products % yicld_ ;
Starting anhydride N of lactonic 4:p
) . a b products
, o
. H3 . Hy Oy .
. o 10 bo ) 697 2211 15
) Y _
A o Q-
o}
% N
e ‘ o]
Q o o} ¢
0 16 ———— ‘ e?d.e. — g
ﬁ%p 17 —_— _@o gzb € .__% 14
0 .
o)

13:1 16
11 18
-— 19

g-LiAl Hg reduction; b-Ng BHg4 reduction; ¢ -Gas-liquid Chromatography anclyzed ;

d - Column chromatography cnalyzed ; e- Only one product detected.



Figure 1. Mechanism for metal hydride refgction of cyeclic anhydrides
proposed by Bloomfield and Lee™~. .
16

ouse "thgented briefly on "the'cup}gps feature" of these reductions
and suggested a slightly modified version of Bloomfield and Lee's

mechanism (Figure 2}.

-

R R
> LACTONE

Y

) N —> 0

H Z\AI—H -/
@

Figure 2. ¢ Mechanism for metal hydride reduction of cyclic anhydrides
suggested by Housel6,

0 H
AlH,

t%ailey and Johnson'sl7 study of NaBHy reduction of five un-
symmetrical cyclic anhydrides (Table 1) confirmed Bloomfield andé Lee'’s
observation that the more hindered carbonyl group was the preferred site
of reduction. Similar regioselectivitf was reported for LiAle reduc-

tion of the steroidal cyclic anhydride g.ls In contrast, reduction of
&



the six-membered ring anhydride 7 derived from gibberellin A13 gave
the §-lactone 7b, resulting from reduction of the less hindered car~

bonyl g::c:)up.l9

Reduction of the Inhoffen adduct'g presents an lnteresting
but ambiguous problem. Due to the very similar steric environment arowmd
) the;éwo carbonyl groups, the perception of which of the two carbonyl

o

functions is more hindered remains disputable. Examination of the

skhv

CH,

6 o ba
gy } ~
Dreiding model of'3 shows that the carbonyl group undergoing reduction

(resulting in formation of lactone 7b) is slightly more accessible.

This conclusion is confirmed chemicazlly by the reaction of anhydride 7

with methanol which gives only one ester éf

COCH

HO

coocH, COOH
)

=~
-
o



Although never challeﬂ%ed, both mechanisms discussed earlierls’16

fail to explain known cases of preferential reduction of the igss hindered
carbonyl group in ;é, ;9, %Z and of diminished selectivity observed in

the reduction of 2 and %9. In terms of,Bloomfield and Lee's mechanism
(Figure 1), the reduction of 2-phenylsuccinic anhydride 9 should lead to

a higher ratio in favour of the lactome 9a kformed by reduction of the

‘more hindered-carbonyl group), than 2-methylsuccinic anhydride %9, since
ak ‘

%
2 phenyl group is more important sterically than a methyl groupzo.

However, the expefimental results show that 2 is reducedﬁpo a lesser
extent at the mor% hindered carbonyl functionls’l7.

In view of the growing number of results which could not be
interpreted by Bloomfield and Lee's mechanism, it became.apparent that
the reductions of unsymmetrically substituted cyclic anhydrides by metal
hydrides as well as the factors influencing regioselectivity of these
reactions had to‘be re-examined. Moreover, if the investigation was to
lead to reliable and general conclusions, the information had to be
obtained by analysis .of model Systems embodying as many different structures
as possible. With this objective in mind we have studied a series of cyclic

-

*%
anhydrides representing diverse types of structures (see Table 2).

Qur results, combined with those previously published, provided
a fairly large base from which to study structure-rggiocselectivity relation-
ships. 1t soon became apparent that the reaction centre is affected by

the substituents in at least three different ways: through inductive,

*
The phenyl group has a "large effective size"”. In some cases it be-

haves as if 1t were bigger than a t-butyl group.21
Kk
The majority of compounds were reduced by LiAlH; and NaBH,. Experi-

mental conditions (solvent. concentration and temperature) were
consistent.

rIa
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Table 2. Reductions of unsymnu-naily substituted cyclic anhydrides by )

meta!l hydrides.
' . Products % yieid Ratio
Starting anhydride N& of loctonic a:b
o} b products
CeHs CgHa

Csﬂs CgHa — 25 af I—.
18 b.f
CHy ; 854
CH

3 Chy o .
CHy e CHy : cHy S :
cH ; '
] 3 Chy cri:.%c 758, ¢ 19 . 1
s )
’ o 0
CeM CeHs ot -
CeHy 0 19 CG%AQ; _— €6 'f
84 —
) .
cus" CHy : CHy 2
CHy 4 Cﬁsﬁ Cﬂsﬁ 720.¢ 9 - 1
. o *
l o
. CHx
X 20 ’Q:> —_ 80-90°: 8-
T cH F o
o *
0

5 ° 70-80"° 3.2

|
@21 . mo —_ 80-90% &:d
CHey ' ) .

v}

c-LiAl Hg reduction; b-NaBHg4 reduction; ¢-Gas-liquid chromatography analyzed ;
d - Column chromgtography analyzed ; a- Cnly one product detected.

f-100 MH nm.r. analyzed.



i Table 2. (Concluded )

Starting material

% .23 | __ &&p . Lot
> o O W

w, O NG, n, O

) d,t
40>’ 1.1
m 26 m m seddf 12
NO2 NO2 NO,
. o |
: e crs a. b ¢
= 24 0 g2-87 " ' 911 .

eoa.d, L

75

A
.

b,d,f

0

-

- o] ) '
plH30Cg pCH10CG e PCH3OCEH s .
28 \Q) a,b,d,f
. ) . 78 2:1
0 ° ' '
0 o
PHO;CoH, ' , ONO2CeHa PNO,CeHy oot
29 o} 1 1201

0

CeMs CeHs
27 \Q “og®®dt q1:1s
CHs s - om
0 0 )

-

a-LiAl Hg reduction ; b- NaBHg4 reduction; €~ - Gas-liquid chromo!oqmphy gnatyzed ;
d - Column mloqmphy :gnalyzed ; ¢~ Only one product detected.

$-100 MH nm.r. onalyzed.
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conjugative-rescnance and steric effects._ Thése three effects are rarel}
‘observed in isolation, as often two or ali three are operative in a
specific compound. Unraveling the overall effect to evaluate the
individﬁalé;ongributioﬁs of various electronic and steric factors is.a

difficult, often impossible, task. Nevertheless, whenlenough results

are available, the dominant effect can be tentatively identified.

To rationalize ;%e observed patterns of régiosglectivity in -
ﬁetal hydride reductions ;f unsymmgtrical cyclic anhydrides, we propose
an alternative mechﬁnism based on the following assumptions:

(%} t@e mechanism of cyclic anhydride reduétion bears .a
fgndamental resemblance to th% mechanisﬁ of hydride addition to-the car-
bSﬁyl group in ketones; \

- (b) the‘attack of the cation and hvdride ion occurs on the
Ssame carbonyl function;

(c) the site of attack is contrelled by electronic and)or
steric factors. When the two carbonyl groups are electronically non-
equivalent, electronic effects are generally dominant;

| (d) the path of nucleophilic approach is determined by strict ste-~
recelectronic restraints, thus the concept of "steri¢ hindrance" must
be re-evaluzted with regard to—these restraints.

The results dgsc;ibed in this study provide initial evidence
for the utility of such an approach in predicting the preferred site of
reduétion in unsymmetrical cyclic anpydrideé.'JIt is our hope that our
results may also contribute to a better ﬁ;deréfanding of the factors
infldeEging regié- and stereoselectivity in metal hydride reductions of

the carbonyl grbup per se. ‘ ' -

1
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It only remains to point out that: "A mechanism is good

-

only insofar as it explains the experimental data. The data are
. 7-* R
facts, the mechanism 1s a theory deduced from these fagts."” As new

facts are discovered, the mechanism may be subject to change - this

is the normal fate of every hypothesis, mechanism and theory.

-

%
T.H. Lowry, K.S. Richardson, Mechanism and Theory in Organic Chemistry,p.1l74,
Harper and Row, New York, 1976.
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CHAPTER 2

THE MECHANISM OF METAL HYDRIDE REDUCTION OF

UNSYMMETRICALLY SUBSTITUTED CYCLIC ANHYDRIDES

The first point of our hypothesis22 outlined in the Intro-
duction states that reduction of cyvclic anhydrides resembles fundamen-
tally the reduction of the carbonyl function in ketomes. However,
since the’mechanism and the factors influencing stereochemistry of
ketone reductions remain an area of considerable speculation and
controversy, it is necessary to outlime briefly our views and to

survey some of the more recent developments which provided the

guidelines for our mechanistic model.

1. Kinetics of metalshydride reductions

Kinetic studies have shown that the reaction of a ketone

with LiAlHy, or NaAlH4 in TEF is of the second Srder; first order in
both ketene and metal hydride. However, the rate of reduction with
N2AlH, is eleven times slower than the raté of reduction with

LiAlH323. Reduction of ketones by metal borohydrides was similariy

found to be first order in each reactantza’25

26,27

and dependent on the

nature ‘of the metal cation present.
™~

The transfer of hydride ion
. s

from the metal hydride to the carBogyl function was established to

Ybe the rate-determining step in reductigns by aluminum hydride523

and borohydrides.28
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2. TRole of the alkaline cation

The importance of the cation in the reduction of ketones
with borohydrides was first noted by Brown26 and Lanébury27. These
authors demonstrated that the addition of Li+ or M§+T cations to the

NaBH 23 .

4 reduction of esters or ketomnes catalyzéd the reaction. Ashby
suggested that the cation is implic;!éd somehow in the transition state
not only be;ause tHe reaction rates of aluminum hydride reduction of
ketones varied;dramatically with different cations (LiAlH& > NaAlH4‘>_
NR4A1H4) but also because stereoselectivity of reaction appearéd to

be depeﬁdent on the nature of the cation* present.

29,30

A .
Superior catalytic activity 3 and stereoselectivity of

U +
Qi;af;chyrespect to Na' has been attributed to solvation effects.

Conductance experiments31 indicate that LiAlHa in THF exists.pre-
dominantly ;s solvent-separated ion pairs (Figure 3a), whereas NaAlH& .
appears to be a mixture of solvent-separated and céntact ion pairs
(Figure 3b}. _The solvent-separated ion pair is expected to be more
reactive since the degree of ion pair separation is directly related

to the ability of the cation to complex with the carbonyl oxygen

atom.

. + +
The actual complexation of ketones with Li and Na toms in

TEF solutions of lithium and sodium salts has been demonstréted.23 A

*
In tHe case of cyclic anhydrides we have shown that the rate of

reduction is also dependent on the nature of the cation. Reduction
of 2,2-dimethylsuccinic anhydride 3 with NaAlR, vielded, after 120
min, 2 mixture comsisting of ,3-dimethyl-y-butyrolactone 3a (157)
and the unreacted 2,2-dimethylsuccinic acid. The reduction, carried
out under identical conditions of solvent, temperature, concentration
and time, but with added L1Cl led to the formation of 3a in 86% yield
(see Experimental section, page 124).
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I

Figure 3. Solvent—-separated (a) amd contact (b) ion pairs.

study of the entropies of activation of these complexes has shown that
Li+ {s coordinated more stromgly, in the transition state, to the car-
bonyl oxygen atom than Na+. fire stronger the assoctation with a catiom,
the more polarizéd i{s the C=0 bond and, consequently, the more facile

the hydride transfer becomes. 7 -

Pierre and HandeLBz @fve shown that in the absence of the
cation (removed from the reaction with the appropriage crown ether) a
number of aliphatic ketones studied did nct react with LiAlHa. The
umreacted ketones were recovered after quenching. Other functional
groups such as aldehvdes, amides, esters, gitriles, epoxides and oximes
similarly were not reduced by LiAlHA in the reaction medium from which
the cation had been abstracted.33 A parallel study conducted on the
reduction of ketones by NaBH4 in the presence of crown ethers has shown
that no reduction occurred before hydrolysis. Eowever, addition of
water or acid provoked immediate and rapid reaction. These results

confirm what was generally believed, namely, that NaBH, reduction may

- ~
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be catalyzed by protic splvents or by acid or water, during the iso-~

lation process.3& .

30,33

Pierre and Handel's conclusion that the electrophilic

-

assistance of an alkaline cation ik indispensable in metal hydride
reductions is not general. Loupy,’ﬁeyden-Penne'and Tchoubar35 observed
that aromatic aldehydes and ketones could be reduced by LiAlHA in the

presence of a crown ether (specific for Li+), albeit at a much slower

o

rate. Electrophilic assistance by L1t was shown to be due to the
o

formation of an activated complex (more reactive than the ketone itself).
Retardation of reduction in the presence of a crown ether could be

caused by displacement of the equilibrium to the right (as in Figure 4).

tr_mn

Assuming that "a" were still the reacting sPeples we would have expected

A
\

Neon® s fod —— (\01»{211--'--1:}

-

Q

Figure 4. Possible equilibrium between carbonyl group——Li complex "a"
~and erown ether {2,1 i} specific-for L1+, . .

the fastesé Teaction with the compound having the most basic cafbonyl
group, since the latter would complex with 2 cation most readily. How-
ever, the rate of reduction decreased in brder:

0 0 0

Il

— ErCl—C6H4~C-CH3 >C6H5—C—CH3:>_RCH3 CGHS C—CH3 5

which is opposite to the order of decreasing baslcity of the carbonyl

oxygen atom. The authors comsider this to be evidence that under their

LY
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reaction conditions and for the specific compounds studied, the carbonyl-
Li+ complex is not implicated and the hydride ion may add to an un-

activated carbonyl function.

" 3.. Molecular orbital representation of electrophilic and nucleophilic

addition to the carbonyl group

-

0f the wvarious ways in which these results can be aséessed,

. perhapa\fhe most enligﬁteming is tﬂe molecular orbital treatment. 1In
terms of molecular orbital (M.0.) theorv for electrophilic ané nucleo-
philic addition to the carbonyl function, -the most favourable méchanism
which is generaily accepted36 occurs in the following manner: the
electrophile attacks the frontier highest occupied molecular orbital-
HOMO, the so-called non-bonding orbital of the carbonyl oxygen atom.
The compléx has a plane of symmetry, i.e., the five atoms implicated

remain in one plane, while the 7 bond of the carbonyl group is orthe-

gonal to this plame (Figure 5). The association of a cation with the

Li®

oosa H® G634
cr) o 0
j/120° - T

SN N\,

s

- C

il 37

Figure 5. Geometries suggested for the activated complex.

oxygen atom of the carbonyl function enhances the addition of a\huzleo-

~
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-
*
pht}e to the lowest unoccupied molecular orbital - LUMO 7 and,

specifically, to the carbon atom of the carbonyl group.

According to the theory of perturbation,38 the reaction rate
increases as the energy levels of the HOMD of the nucle?philé (AlHZ)
and the LUMOD ﬁ*c_a of the electrophile become‘closer. Association of
Li* cation with the carbonyl function lowers the energy level of LUMD “*C-O

‘bringing it energetically closer to the EOMO of the nucleophile. The

~

* '
energy level of the LUMD =« C=0 is considerably lower in aromatic ketones

and a}déﬁ?ﬁes than in aliphatic compounds, apparently low enough for the

-

35 ~

reacth to occur without the catalyzing effect of the cationm.

}
Eviden?}&, am clectron-withdrawing group substituted on the aromatic

ring further facilitates nucleophilic addition35 (see also page 46).

4. Restrictions encountered in nucleophilic addition te the carbonyl

function

-~

For a long time, the general belief was that for maximm over—
lap in the transition state the initia};nﬁcl$ophilic approach must ﬁe -
perpendicular to the molecular plane.“‘Howevef, the polarity of the
molecule favours zn angle greater than 90° between nucleophile and the
oxygen atOm.* This conclusion was inferred by Birgi, Dunitz, Lehn aﬁd

39

Wipff from the analysis of crystal structure datz, and confirmed by

theoretical calculations of the minimum energy path for additiom of

* D
A perpendicular attack gives the best interatomic orbital overlap-but /
not the best intermolecular overlap (except in the case when rHe two L\
interacting atoms are both molecular centres of symmetry, which of
course is not the situatior in nucleophilic addition to a carbonyl
group). The best intermolecular overlap between nucleophile.and
carbonyl group leads to an_angle of attack always greater than 90°
with a mean value of l£;°.37

~
¢
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hydride ion to formaldehyde. At a distance of 1.12 & the-line of,
approach of a nucleophile is not perpendicular but forms an angle of ¢ .

about 110° with the C=0 bond (Figure 6).

Q
]
Teo * ﬂc;

(a) ©) G}

Figure 6. The attack of hydride iom on the plane of a trigomal carbon
atom. (a) To minimize repulsion, the nucleophile seeks the
smallest overlap away from the oxygen atom. (b) The negative
out—of-phase overlap between aucleophile and the oxygen atom
causes a lateral displacement away from the carbon-oxygen
region. {(c)} The favoured path of nucleophilic attack thus
results in an angle o of ~110°.

Caleulation of the transition state energies of an aldehyde

rd
-

: . + . 37 L
complexed with Li+ or H (see Figure 5) indidares that complexation
by the cation increases-the rate of reduction but does not modify the

geometry of the favoured.transition state for the zpproach of hydride

ion described above.37 ///J

-
-
=

}Z'Sa.ldx.fin‘:'0 extended these results into a simple method for
assessing the stereochemical restraints ia hféfide reductions of carbonyl
functions other than ketones or aldehydes. Using Baldwin's approximation,
the approach vector of H ~ (representing the most favourable react;on

coordinate) on an amide or ester (or anhydride) function is shifted
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(angle 8) from the symmetric position, as in a ketone (Figure 7a), to
a position in space away from the oxygen atom (Figure 7b) and at an

angle (o) of approximately 110° (Figure 7c) to the molecular plane.

@ ©) (c)

Figure 7. The projections of the approach vector of B _ on ketone and
ester functions.

~

—

5. Mechanism_dT\dE;;;‘£ydridé reduction of the carbomyl group

In terms of the above considerations the mechanism of metal
“
hydride reduction can therefore be considered to imvolve the following
steps:

(1) association of the catior with the oxygen atom of the carbonyl
group (a fast process in which the solvent-separated ion pair falls
apart): . RS

(2) approach of the nucleophile AlHZ (rate determining step) from
above or below the molecular plane to the carbon end of the carbonyl
group* at an angle of approximately 110°;

(3) passage through the transition state;

(4) formation of product(s).

v

* . -

A variety of steric and/or electromic factors determine the direction of
hydride approach. Obvious steric congestion, 1 and in the case of non-
hindered carbonyl groups, torsional interactions®2 and unequal distortion

of electron density about the carbonyl group43’44 are examples of such
effects.
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We assume as a working hfpothesis th;t the same principal steps

- apply to the reduction of anhydrides. However, in the case-of unsym-
metrically suﬂstituted cyclic anhydrides, there are two different carbﬁnyl
gréups which may undergoe reduction. Thus the element of regioselectivity .
is introduced. In the majority of anhydrides studied (Table 2, page 9) ‘
there is a definite preference fo;_;eduction to occur at the more electton-
rich carbonyl function. The preferential association of an alkaline cation
with the carbonyl group bearing the most basic, most isoclated, non-
bonding electrons on its oxvgen atom is followed by the additicn of the
hvdride ion te the carbon end of the activated carbonyl function {(i.e.,
1, 2 addition). The asscciation of the cation with the more electron-
rich carbonvl dipole fixes the site of nuclgcphilié addition. Since the
geometry of the transition state for nucleophilic addition is not

. . . 37 . . . .
altered by complexation with a cation™ and since hﬁdrlde reduction is

/
. a .
believed to proceed through a "reactant-like" transition state, > the \//

; ; . &
geometry of the substrate must be examined now in terms of the most

-

favourable path for nucleéphilic approach to the activated carbenyl

-

function (see Figure 8).

Figure 8. The geometry of nucleophilic attack on the plane of a five-membered
cyelic anhydride, where 'a' .is shown to be the most favourable
path for nucleophilic approach.

~
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Evidently the situations may arise where the activated carbonyl group
is not sterically favoured for hydride addition and this may lead to a

lesser dggreg of regioselectivity.

It is worthwhile, at this stage, to point out that reductions
with simple metal hydrides (i.e., LiAJ.H4 and NaBHa) appear to be less
sensitive to steric hindrance than they are to electronic effects. An
interesting example of steric versus electronic con€rol in the reduction
of ketones, has been recently reported by Cherest, Felkin and Tacheau.éd
A number of 3-alkvl bicyelo-[2,2,2]-octan-2-ones (example, Figure 9)
having "Cram's ﬁodél conformation” built-in, undergo reduction with
T..:f.;s’ng‘5 from the wmore hindgred side leading to trans alcohols when R is
a methyl, ethyl or isopropyl‘group. However, when R is g L-butyl group

! *
the cis alcohol is obtaired as the major product. (Figure 9).

o AlH, R A% R=cH,-
3 ® 0
[ — CH,CH, —
R:CH3—$ — H——> > H CH3CH2_
CH, sdH

3

'

Figure 9. Example ofaketone having Cram's model conformation built-in.
Stereochemistry of L:LAJ.H4 reduction.

The authors attribute these results to the anisotropic inductive effects

of the alkyl groups which lead to differences in electron density on the

*
The cis alcohol is the major product also when group R isg phenyl.46



two faces of the plane containing the trigonal carbon atom. However,
when the R group becomes largé enough to block completely the path of
nucleophilic attack, the reaction becomes subject to steric control. A
similar set of reactions carried out with LiAl(EfOBu)3H as reducing

agent resulted in the formation of cis alecohols from the four ketones

e

studied, (Figure 10). : e
O - /

#

M—— R
Li Al (-0Bw) H —— R= Me Et, i-Pr,
t-Bu.

Figure 10. LiAl(t-OBu)4H reduction. Hydride addition occurs selectively
from the less hindered side.

o

The same situation may arise in the reduction of cyclic‘
anhyd?ides. The increased size of the reaicneﬁhmore sensitive to steric
hindrance, may produce results eantirely different from those obtained in
reductilons with LiAlH4 or NaBHa. The proposed electronic control of
regioseiectivity, therefo}e, applies to the reduction of moderately

hindered cyclic anhydrides by simple metal hydrides (LiAlH, and NaBH

4 4

used in excess amount}.
Consequently, in order to predict the site of reduction in
unsymmetrical cyclic anhydrides, we must evaluate the relative basicity

*
of the two carbonyl oxygen atoms. It iz a reasonable assumption that

* .
Polar, inductive and resonance effects, which may activate or deacti-
vate the carbonyl group toward complex formation will be discussed in
the sections dealing with analyses of individual anhydride reductions.
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Li+ complexes ﬁreferentially with the carbonyl oxygen atom baaring thé
most basic non-bonding electrons. It is alsc reasonable to expect that,
due to the planar geometry of the electrophilic attack, the steric in-
fluénce of the substituents above and below the plane of a flat anhydrid;
molecule wouid not affect significantly this step of the reaction

(Figure 11). Examination.of the favoured transition state geometry for
the nucleophilic attack provides a clue toithé circumstances in which a
severe steric interaction might prevent the additiom éf hydride fon to
the activated carbonyl function. (Experienée shows that moderate steric

‘hindrance does not deter nucleophilic attack)..

- ® ;
0 A [ PR
° ®
Figure 11. Gecmetry of electrophilic attack on a five-membered cyelic
anhydride.

'\ﬁinally, it is mecessary to point out that, in the absence of electronic

@ifferences, steric interactions alone dictate the site for hydride

[

addition. r

We shall turn now to the presentation of.specifiq examples

illustrative of the application of our hypothesis in predicting the site

“

0f reduction. Evidently, each case has its own unique features and

-
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must be examined carefully for all po%sible electronic and steric

\
effects. In some instances the resulth\:f the reductions already per-

formed may serve as & helpful guide. In same case alas, only hind-

sight, not foresight will provide the correct answer.
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CHAPTER 3

STERICALLY CONTROLLED REDUCTIONS

In the absencé of electronic differences between the two
carbonyl groups in an unsymmetrically substituted cyclic anhydride,
regioselectivity of the reduction should be con;rolled by steric
factors. Superficial examination of the‘geometrical data does not
provide u;\ﬁith an imﬁgdiate insight into the significance of steric
interactions for it may proviée us with an incorrect onel!). Various
steric restrictions arise as a result of the transition state geometrf
and consequently steric hindrance must be assessed with regard to the
geometry of the optimum transition state. )
We assume that the two carbonyl groups in a cyclic anhydride
fully substituted with alkyl and/or aryl groups are electroniéaily very
-similar. It is true that for a lﬁng time alkyl groups bo?ded to a
saturated carbon atom were considered electron dSFatinga7 while the

phenyl group was thoug@t to be an electron-attractor.48 However, recent
éxpe;iments‘show that the polar (inductive and/or field effects) in-
fluence of a2 methyl group bonded to an sp3 carbon atom is not necessarily
electron-donating. Alkyl groups, having greater polarizability than
hydrogen atoms, appear to be either.electron-withdrawing or elgctrOn-
Jonating depending on the electronic demands of the neighbouring atoms..493
Thus, both methyl and phenyl groups may behave as electren donors or

attractors, depending on circumstances. The effect of a neighbouring

carbonyl functicn is evidently such that both methyl and phenyl

Lagia
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~
\ ) /' .
substituents behave as electron donors, i.e., reinforce the dipole
character of a carbon oxygen double bond. The magnitude of this effect
is not exactly the same but it is close enough to suppose that the two
carbonyl groups in %g are electronically quite similar. This implica-
tion is based on the fact that both 2,2-dimethylsuccinic anhydride'é and
2,2-diphenvlsuccinic anydridel% are reduced with very high regio-
selectivity at the carbonyl function nekt to the fully substituted carbon

atom (see Table 2, page 9). Actually!§ is reduced regiospecifically,

while LiAlH, reduction of 3 vields a small smount (ca. 5%) of the iso-

meric lactome. This slight discfepancy in regioselectivity is attributed

to the more pronounced steric effect of the phenyl substituent since, in

terms of polar influences, the phenyl group appears to be a somewhat

weaker electron-donor than the methyl group.*
2,2-Dimethyl-3,3-diphenylsuccinic anhydride ;§ is planar and

rigid ;ith the substituents looming above and below the molecular plane.

In terms of the most favourable path of nucleophilic attack onto the plane of

the trigonal carbon atom, the approach.toward,the carbonyl group & to the

phenyl substituents (Figure 12, path a) is sterically less restricted than

the approach toward the other carbonyl function (Figure 12, path b), which

is obstructed by the phenyl groups. As a result, reduction of anhydride £§

with LiAJ.H4 and NaBH4 leads to the formation of a single product, 2,2-di-

nethyl-3,3-diphenyl-y-butyrolactone %ﬁ;; in yields ranging from 87-95%. This

example provides the most dramatic proof for the correctness of the non-

*By analogy to the aciditiesAgb of HCOOEB (pk = 3.77), CH3COOH (pk = 4.80)
and C HS COOE (pk = 4.20) the polar effect of a phenyl group is electron
donating compared to a2 hydrogen atom but slightly weaker than that of a
methyl substituent.
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Figure 12. Upon cursory examination of anhydride 18 the z carbonyl
function (adjacent to the phenyl substituents) appears to
be considerably more encumbered than the £ carbonyl group
{(adjacent to the methvl substituents). However, in terms
of the most favouratle geometry for the transition state,

"the a carbonyl”function is actually more accessible to

the nucleophile and, as a consequence, it is reduced seglo-
. - speeffically.

perpendicular, restricted geometry of the transition state in the metal

hydride reduction of the carbonyl function.

Steric restrictions encountered in reductions of natural
products Q and 7 (see Table 1, page 4), viewed in the light of a non-
perpendicular approach, are far more difficult to.assess. Both mole-
cules § and 7 axe complex. Inspection of the Dreiding model of 7
suggests. that the carbonyl group which undergoes the reduction is
slightly more accessible to a ﬁon-perpendicular attack. The same
conclusion may be drawn by examiration of the model of the Inhoffen
adduct E: However, the steric enviroament about the tweo carbonyl
functions in E’is very similar and the perception of the "more accessible”

path of approach is disputable. Moreover, the high degree of regio-
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selectivity cbserved in the reduction 6f E_by L:!.AJ.H4 and NaAlH4 as

*
compared to NaBH4 remains puzzling.

-

~

The authorsls attribute regioselectivity to the superior solwvation of
Li*. The solvated Lit associstes with the "slightly less" hindered

C-4' carbonyl group (see Figure below). The addition of H™ is assumed
to occur in a 1,4 fashfon (B8loomfield and Lee's mechanism).l3 Reduction
with NaBH; shows no préference for either carbomyl group, vet the re-

action with NaAJ.H4 is highly regioselective (1Q:1).- Considering:

CSHI?

NaBH, . 1
LiAIH, 13 1
NaAlH 4 10

(2) steric similarity of the two carbonyl functions, (b) low yields

of lactonic products isolated, (c) inconsistent pattern of regio-

selectivity of LiAlH, and NaBH4 compared to NaAlH;,, we%ould suggest
that no viable conclusions ¢an be drawn from these results.
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CHAPTER 4 .

ELECTRONIC AND STERIC FACTORS INVOLVED IN REDUCTIONS OF

2,2-DISUBSTITUTED ANHYDRIDES

1. Activating effects

It appears that in the event when electronic and steric effects
both favour reduction of the same carbonyl function, high rEgio!!lesxivity

’
should be expected. These conditions are met in cyclic anhvdrides

s

having one carbonyl funetion o to ;“EEEEE;;;\Ea{ESE-atom while the other

one i's next to a primary or a secondary carbon atom (see Table 2, page 9
anhydrides 2, i, E?) %9, E}). @ot surprisingly, greater reactivity to- ’
ward the cation is exhibited by the carbenyl group adjacent to the fully
substituted carbon atom. This is due to the positive inductive effects
of alkyl (or arvyl) groups which increase the electron density of the o
carbonyl function (Figure 13) and, in particular, of the carbonyl oxygen

ator (see Chapter 3, P.26),"

The geometry of electrophilic atrack implies that steric
interactions between the cation and the substifuents above and below
the plane of a flat, five-membered cyclic anhydride should be minimal.
Ir the absence of steric constraints, the cation attacks preferentially
the more basic (more electron-rich) carbonyl dipole (Figure 13).
Hydride transfer to the activated function follows and the preferred
‘ path (a, in Figure 13) for nucleophilic appro;ch involves the same

carbonyl group (&, in Figure 13). Thus the high regioselectivity



- 31 -

Figure 13. Geometry of electrophilic and nucleophilic attack.on the
carbonyl group of an unsymmetrically substituted evelie

anhydride,
Observed in the reduction of 3, 18, 20, 21 (as well as of 11, 12, 13
~ ALY A8 D ~ AT Al
and %f) is the result of combined electronic and steric factors acting

~
in the same direction.

We have found that the six-membered ¢yclic anhydride 4 shows
~slightly diminished preference for the 'more hindered" carbonyl group
(9:1 compared to 19:1 for the five-membered homologue). This fact is
attributed to the lack of progounced steric promotion of either of the
two carbonyl groups. 1In a flexible, six-membered cyclie anhydride (such
as f} both carboﬁél functions are able to form the favoured transition

State with comparable ease (Figure 14). The site of the reduction is

therefore determined mainly by electfonic factors.



~
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3

-

Figure'lﬁ. The steric restrictions encountered in flat, relatively
tigid, five-membered rings are not operative in the more
flexible six-membered c¢velic anhydrides.

2. Deactivating effects )

We have been discussing, sc¢ far. the activating electronic
influences which increase electron availasbility on the carbenyl oxygen
atom. It is possible éo envisage the reverse, i.e., deactivating effects.
Diminished® preference for a carbonyl function may reflect deactivation
toward complexation with a cation or retardation of the H =  additiomn.

An electron-withdrawing substifuent.will displace electron density away
from the carbonyl oxygen atom, thus deactivating it toward complexation
ng;h the cation. Electron delocalization through resonance, conjugation

or hyperconjugation will inevitably result in retardation of reduction

of the carbonyl group affected.

~
i) Enolization K

As already discugsed in 2,2-disubstituted cyclic anhydrides the
carbonyl function next to a2 teftiary carbon atom is more likely te form
a complex with the cation than the carbomyl group adjacent to a primary

(or z secondary) carbon atom. In addition, carbonyl function B (see
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Figure 13) may potentially form an enolate ion. It is well known that
formation of enolates greatly inhibits the reduction of carbonyl groups;so
Since metal hydrides can function as strong bases, a ketome having an
e-hydrogen atom {particularly a relatively acidic awhydrogen;ﬁgdéf may

be converted to its enolate which will be reduced at a much slower rate
than a non-enolized carbonyl group. Small amounts of ketones, presumably
formed by hydrolvsis of i‘!ermediate enolates are usually recovered

from metal hydride reductions.50 This will obviously limit the vield of’

alcohol one can isclate from such reactions.

Evidence for formation of erclate iom guring reaction with
metal hvdrides is provided by the reduction of z ketone with an
enclizable, optically active centre o to the carboryl group. The pro-
duct of this reduction‘(an alcoheol) is formed without racemization, but

the reccvered unreacted ketone is racemized (Figure 15).

7, S R OH i
R'—clf— —R — R'—él*—-cl-—R + R'—-?—C-*R
H H H H

(s) (9 (RS)

Figure 15. Reduction of an optically active ketone yields the cor-
. responding optiecally active alcohol and unreacted but
racemized ketone. <:/’

X ~—
The resistance of an enolized carbomyl group” to reduction with

Sla
- metal hydrides has been demonstrated recently. by Barton et al. In
“the stercidal model, the selective formation of at enolate proviaed

protection for the carbonyl group against reduction by LiAlHA. This,
\\
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of course,‘could also happen in the reduction of anhydrides. The
select%ye formation of an enolate could retard, or prevent entirely,
the re&uction of this group. The possibility of this effect being a
major factor responsible for the high regioselectivfi; encountered in
the reduction of unsvmmetrical cyclié anhydri&es (such as 3, ﬁ: 11, ig.
etc.) became even more appealing in view of the recent work demonstra-—

51b
ting formation of the emolate ion of succinic anhydride.

We have carried out a series of experiments aimed at finding
out if an enolate is actually generated during the reaction of our
anhydrides with LiAlHA. If an enolate ion were produced-under the

reduction conditions, we should be able to trap the hydrogen gas

formed (see Figure 16}.-

+H — +H2T

C)
* 3 | ot

Figure 16. Possible formation of the enolate of 2,2-dimethylsuccinic
anhydride.

However, under the reaction conditions employed, we were unable to

detect significant H2 evolution in anhydrides (such asfé) which do not
*

possess a particularly acidic a-hydrogen atom . Volume changes which

could be attributed to Hz formed as a result of enmolization averaged

7 nl per 0.01 mole of anhydride, which correspond to approximately 3%

*
Evidence has been adduced for enmolization in an anhydride containing.
a more acidic a-hydrogen a#tom (for example, see pp.62, 99).
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5

enolization. This low figure is too close to the estimated experimental
*

error to be considered significant . The regults, therefore are incon-

clusive, and although the possibility of some enolization actually

«
occurring cannot be entirely dismissed, its effect on hydride addition

-

Kk
(to eithgr carbonyl function ) does not appear to be a major de-

activating factor

*To check our trapping procedure we experimented with LiAlH, reductioms of
three ketones. The results are shown in the table below. The initial

surge of gas cannot account for the unreacted ketoge found in the reaction
mixture after quenching. Brown, Welssman and Yoonr™“ reported corresponding
quantities of H, evolved in reductions of analogous ketones. Unfortunately
no vields were Eeported. Since neither Brown nor we could detect any
initial gas evolution in the reduction of benzophenone (Experimental section,
see page 130) we feel that small as it is, the evolution of H, observed for
the other ketones (containing a~hydrogen atom) must be real.

Reaction of LiAlH& with Representative Ketones in THF

Y

EEtone(a) ‘ Product(b) % vield Gas evolution (Hz)

(Initial gas evolu- Reported in ref.5l

Alcochol Ketone tion i »

(10 mmole) (m1) {(mmoles) (mmoles) -
Cvclohexanone 90 10 12,5 0.55 not reported
2-Heptanone - - . = - 0.81
Acetophenone 74 26 10.0 0.45 0.37
Benzophenone 68 32 0 0 0

(a) 10 mmoles Ketone to 10 mmoles of LiAlH,; (b} Gle analyzed.

% .
*Addition of hydride ion to the carbonyl function not affected by enoli-
zation (the one adjacent to the tertiary carbon atom) implies formation
of an intermediate dianion (see figure below). Such dianions have been
generateg under strongly basic conditions (e.g., with lithium diisopropyl
amine) s 3 S¢ far, we have mno evidence for the existence of such an inter-
mediate. :

0 0 - Q Q e
- H
>QO ., Q __QQ — @@
—— (:) T
| o7 %9 o S
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ii) . Hyperconjugation

‘ The concept of hyperconjugation was introduced by Baker and
Nathaﬁ?Qain 1935 to explain effects which are associated with the presence
of methyl or methylene groups close to ¥ bonds in unsaturated systems.

The authﬁrs observed that the ofﬁer'of reactivity (Me > Et > i-pr >‘}fBu)
for a serie§ of p-alkyl substituted benzyl bromides was oppogite to that J/
Sipected on the basis of the inductive effect (t-Bu » i-Pr > Et > Hé).

This led them to postulate their theory of hyperconjugation, a concept
which still remains controversial. However, for a laége body of experi-

-

5
mental data it provides the most consistent and satisfactory explanation.

In the language of perturbation theorysactwo-electron inter-
actions of the highest filled, w-symﬁetry orbital on a methyl group with
the wvacant p-orbital at ¢ results not only in net energetic stabilization
of the catiom but also in significant charge reorganization. Specifically,
electron density is%hisplaced from the methyl C-H linkages (thus weakening

these bonds) into the region connecting the two carbon atom centres,

~
resulting in a shortening of the C-C bend. Such a delocalization of

charge can be responsible for the retardation of nucleophilic addition to

" the carbonyl function possessing an a-hydrogen atom.

3. Summary

The net electronic effect in Z,Z—diSubstitutea cyclic anhydrides

is the result of:

> —
—_

s

{2) positive inductive effect of the substituents, promoting

compléxation of the o carbonyl function with the cation,
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(b) deactivation toward the nucleophilic addition (due to

AY

hyperconjugative electron delocalization) of the carbomyl group

possessing an o hydrogen atom.

In addition, five-membered cyclic anhydrides are subject to
the sterie .constraints which favour reduction of the carbonyl group «

to-the fully substituted carbon atom (Figure 17). These factors

\ ‘ c:cti—m.ted (effect o)
Ry ®_— ff

o

5 sterically l:cwo wred.

H 8{ deactivated (effect b)

Figure 17. Factors influencing regioselectivity in 2,2-disubstituted
succinic anphydrides.

combined are responsible for the high regioselectivity observed in

metal hydride redéctions of '2,2-disubstituted succinic anhydrides.

-

o‘l



CHAPTER 5

REDUCTION OF BRIDGED CYCLIC ANHYDRIDES

i
1. Camphoriec Anhydride

AN
The high regloselectivity observed in the reductions of some

2,2;disubstituted cyclic achydrides is aseribed to the fact that both
electronic and steric effects favour reaction at the same carbonyl
function. Reduction of camp?oric anhvdride with L:[.AlH4 is lesé___/\
selective. The ratio of iéqperic lactones'obtained is 3:2 ig favour

of g—camphqlide 25. The observed-preférence for the more hindered
carbonyl function is att;iButéd to' the posiéive inductive_effect of the

-

angular methyl group.

= | a ‘
—_ +
c | | 5q

Sb

P )
[ d . Pt

-Deactivation of the '"less hindered” carbonyl function through- hyper-—

c%njugative delocalization of electrems cannot occur due to the bridge-

L

head position of the u-hydrdéen atom. Moreover, steric interactions do
not favour one carbonyl group over the other. The exo side of the

camphd;ic anhydride molecule-ls effectively and symmetrihally blocked”

by methyl substituents at the bridge. By analogy to the stereoselectivity



exhibited in the reduction of camphor,41 it appears that hydride attack

—-

should take place mainly on the endo -side of the molecule. In terms of

the constralnts due to non-perpendicular approach, steric restrictiouns

about the two carbonyl groups are almost identical (Figure 18).

-, . .

exo

endo exo endo
Figure 18. Nucleophilic attack exe and endo on the camphoric anhydride

molecule.

2. Bridged, tricyclie anhydrides

The geometry oflfhe ring system to which the anhydride is
attached appears to influenée greatly the site of metgl hydride reduction.
A case in point is the complete reversal in regioselectivity cbserved in
the reduction of arhydrides 22 and 23 compared to }}. The former two
compounds differ from l} only by having a methylene or ethylene bridge
-respectively. Since delocalization of electronms through hyperconjugation
is considered to retard hydride addifion to the carbonyl group (see page 36%?
we were tempted to explain the above results.by evoking hyperconjuga-
.tion in %} as opposed to the resistance to such electron delecalization
in the rigid, bridged compound 22 (or 23). Thus, the electronic

situation encountered in 22 or 23 parallels that of camphoric anhjdridelg
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O LLG) ' /

2 R=.CH1
g;; R= C}4;C]4;

(see page 38) and cannot explain the reversed regioselectivity observed.
In addition steric Interactions should favourtreduction of the more

hindered carbonyl group . ) -

Exarination of the Dreiding models of 22 and 23 reveals that
el

nucleophilic attack is more likely to take place on the "convex" face of

the molecule (Figure 19).

Figure 19. The "convex" face of anhydrides 22 and 23 is more open.

to nucleophilic attask than.the “eoneave' side.
This assumption is supported by the stereoselectivity obsexved in the
metal hydride reduction of the ketoni® carbonyl group attached to the
analogous ring system (see Figure 20).55 In effect, steric Interactions

arising in the reduction of 22 and 23 should resemble the previously



-

-

H
H
HO-
30a

'|."-
Figure 20. Stereochemistry of hydride addition observed in metal
hydride reduction of ketone 30.

discussed steric interactions encountered in the reduction of anhydrides

2} 1l and 20 (see page 30). Thus the "more hindered" a-carbonyl group

should be reduced preferentially but this clearly is not the case. L
At this stage we do not have an adequate explanation‘for the
peculiar behaviour of compounds 22 and 23. However, there must be an
overriding effect specifically activating the "less hindered" § carbomyl
function. This effect éppears to be related to a particular type of
ring system to which the anhydfide is attached. A significant analogy
is observed in the metal hydride reduction of structurally related
diketones. Reduction of the tetracyclic compound 25 with.LiAl (t-Bu)3H
yields selectively aleohol ;&g resulting from reduction of the more
hindered carbonyl group >6 (compare with the reduction of anhydride %9,
Table 2{ page 9). On the other hand the bridged diketone 3Z upon
reductibawith NaBH4 gives only'ketoalcohol §%§ resulting from the
reduction of the less hin@ered carbonyl group,57 (compare with the

reduction of 22 and 23).
o s

s
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CH,

3. Summary

h
LN

The regioselectivity_observed in the reductions of diketones
2} and ;3 parallels the results obtained in the reductions of the
analogous cyclic arnhydrides. The’reduﬁtion of compound 2} may be
rationalized in terms of our mechanism, by evoking a different electronic

*
character for the two carbomyl groups. The reversal of regioselectivity

It is quite likely that the same mechanism could explain the results
of the reductions of unsymmetrical succinimides. N
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in 23 resembles the situation observed in the reduction of anhydrides
23 and 23. These reéults do not provide an explanation for the un-
usual behaviour of bridged tricyclic compounds, but they do point out
two facts: (a) the addition of B ~ does take place from the "conve¥"
face of the molecule as-suggested before; (b) the reversal of regio-

selectivity is associated somehow with the geometry of the bridged

ring system.
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. CHAPTER 6

PLANAR CYCLIC ANHYDRIDES

Planar conjugated cyclic anhydrides and cyclic anhydrides
attached to aromatic systems comstitute a class of compounds in which
the type of.steric interactions discussed previously (i.e., restric-
tions of non-perpendicular approach) is not operative. This, of
course, does not mean that all steric effects are absent. Actually
such systems are affected by a multitude of effects, both electronic
and steric, acting in uniseon or in opposition, often impossible to
unravel. Since each of the model anhydrides studied presents its own

particular set of parameters we shall discuss them individually.

1. Citraconic anhydride

QO -
CH, I % CH
\\\],/”\\Eb U\\\\ﬁ/;?
-_
|
o 0
24 24a

Reduction of citraconic anhydride 24 with metal hydrides
vields essentially one lactone %&9 (only traces of the isomeric lactone
1
can be detected by Hn.m.r. in the crude reduction product). Steric

influence of the methyl group located in the molecular plane appears
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-~ minimal and should not affect electrophilic or nucleophilic additiom.

However, we must reckon with the electronic effects. Positive inductive
effect of‘the methyl substituent activates the g-carbonyl function* to-
ward eiectrophilic addition. At t?e same time the f-carbonyl group is
deactivated toward nucleophilic addition due to the stabilizing effect
Vof the méthyl group on the structure 29 {relative to ion ;f, see

Figure 21). Consequently, since both electronic effects favour the

| | 0. .®
? @ Lo |

3 O

S)

S
o LL®
33 34

Figure 21. Of the two possible sturctures 33 and 34, 33 1is
of lower emergy and therefore more stable.

*
The inductive effect on the B-carbonyl group is weaker since the in-
tensity of this effect decreases sharply with distance (in coatrast to

resonance effects, which are transmitted with no significant decrease
in intensity with distance).

ra
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same site, the reduction of citraconic anhydride proceeds with high

regloselectivity.

2. Substituted phthalic anhydrides

Various %nfluences on the reaction centre in substituted
aronmatic compounds can be summarized in a simple rule: resonance is
the dominant effect of a substituent in the para position; inductive
and, to some extent, resonance effects* are exerted by a substituent
in the meta position; steric effects are usually the major influence
of a substituent in the ortho position, except when the substituent is
of relatively small size (e.g. F) and inductionm and resonance become

.. 60
more prominent.

We have discussed, in previcus chapters, the importance of
catalysiq by alkalin; cation in metal hydride reductions. If association
with a cation catalyzes the reaction, an electron—donéting éubstituent
should promote complexation with 3 cation and therefore accelerate the
reduction, Conversely, an electron-withdrawing group would decelerate
the reaction. Unfortunately, the problem is more complex. The above
argument.is valid only when electron~donating and electron—attracting

substituents activate or deactivate the carbonyl funection through in-

duction. When complexation with the cation is accompanied by electron

*Inductive and mesomeric effects deo not always reinforce each &Fher.
An electron donor, through resonance, may be an electron—withdrawing
group through induction (e.g., —OH, -5H, -NHj). In general, conjuga-
tion is more important for substituents involving first-row elements
(-F, 02, NHj), while inductive effects become increasingly important
for the second and third row elements (e.g., C17, Br , -SH, etc.)el.
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delocalization (as is often the case in aromatic and conjugated systems),

the subsequent (rate—determining) hydride addition step is retarded.

Loupy, Sevden-Penn and 'I‘choubar3S have shown that the "essentfal
role" #f the cation applies only to reductions of ;aturated aliphatic
carbonyl compoundsp The interactions between the HOMO of the nucleo-

“phile andAthe LUMD of the electrophile are strongest for orbitals that
lie closest in terms of energy levels (see discussion in Chapter 2{.
Apparently the energy level of the LUMOw* of the aliphatic carbonmyl
group (not complexed Witk a cation) is too high for the nucleophile's
HOMO and reaction does not take place. On the other hand, aromatic
ketones and aldehydes can be reduced in the absence of a cation, although
at a considerably slower rate.35 Evidently, in aromatic carbonyl com-

pounds, the electron-withdrawing aromatig‘fing sufficiently Jowers the

energy level of the LUMDw*C=O for addition to occur.

As a result, metal hydride redggfion of' ¢arbonyl groups con-
jugated witgfan aromatic system can proceed through a c;talyzed or a
non—catalyzgd mechanism. Usually the catalyzed reaction is significantly
faster but, in certain cases, the difference between catalyzed and non-
catalyzed reduction rates may not be very large. For examp&éjﬂzh
electron—withdrawing substituent on an aromatic ring lowers the pro-
bability of the formation of a complex with the cation while, at the
same time, it increases the rate of non-catalyzed reduction. It is

entirely possible that in such a situation the two mechanisms may be

operative.
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]
ij Reduction-of 3-nitrophthalic anﬁydride

Reduction of i;nitrophthalic anhydride 25 occurs with a high
degree of regloselectivity at the more hindered a-carbonyl functiom.
Preference for this group was also observed in the NaBHA reduction of
three other ortho-substituted phthalic anhydrides.62 In order to account
for such selectivity the authors invoke "steric inhibition of resonance",63
a powerful effect known to cause acceleration of a variety of reactions.*
In terms of this effect the reduction of 3-nitropﬁthalic anhydride 25 may

be envisaged in the following manner: due to the proximity of the ortha

carbonyl function, the nitro group is twisted from co-planarity with the
aromatic ring and thus the resomance-effect is greatly diminished. The

removal (by reduction) of the carbonyl function allows the nitro

*A distortion of the resonating groups in ortho substituted aromatic
compounds affects reaction rates and equilibria. For example, all
ortho substituted benzoic acids show increased acidity, a trend that
cannot be due to ordinary steric efgfcts since the steric require-
ments of the H' ion are negligible,
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substituyent to assume a position in the planme of the molecule

*
(Figure 22).

/

Figure 22. Steric inhibition of resonance existing in 25 is removed

to a great extent when reduction occurs at the a-carbonyl
function.

Let us for a moment forget the possible steric effects and
attempt to determine the electronic influences on the two carbonyl functions.
Since the nitro group in gé can exhibit an inductive effect (while its
resonance effect is minimal) the g-carbonyl group is more strongly de-

activated toward association with the cation than the B~carbonyl group

*This author is not entirely satisfied with the above explanation.

An important reservation to this concept is that it implieg a2 product-
like transition state in which the observed ratioc of isomeric lactones
reflects the stability of the product. As was stated before, hydride
reduction is a kinetically controlled reaction with early, reactant-
like transition state. We feel” that the nature of the transition state
should be similar for fundamentally similar reaction.
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(the inductive effect fal}s off rapidly with distance from the electron .
attractor). In the absence of séeric acceleration, we shouid therefore
expect preferential reduction of the 8-carbonyl function. It 1s possible
that in this particular case "steric hindrance of resonance” is the ‘
dominant factor controlling regiaselectivity. However, the significantly
higher yield of 7-nitrophthalide gép observed in reduction with LiAlH4 as
compared to NaBH4 (33% versus 17%) may be attributed to the superior
cat?lytic activity of Li+ with respect to Na+ caticn.

Similar arguments can be extended to the results of NaBHA reduc-

tion of 311 four 3-substituted phthalic anhydrides, recently reported by

McAlees, McCrindle and Sneddon,62 (see Table 3 in which their results are

TABLE 3. NaBH, reduction of 3-substituted phthalie anhydrides 1

Total yield of Ratio of reduction products*
=7.lactonic product Z 1 g o,
77 57 . 43 -007
52 - 87 I 13 +042
45 80 20 -046
o 25 4 100 —  +OT7
éy‘

*These ratios may not te accurate, see page 52 paragraph 2.

N
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T,

*
correlated with o values).

N :

The authorgzassume that steric acc@Lgf%tion iz the governing
factor in the reduction of all four 3-substituted phthalic anhydrides. Yet,
steric aceéleration alone camnnot adequately explain the product distri-
bution obserﬁed.** It evident ghat electronic effects play an important,

1f not controlling, role in determining regloselectivity of this reactionm.

For example, in the reduction of 3~methylphthalic anhydride 33, the

f
’

-
Vo

O Q
— S
CH3 L'\ /‘H’ ) \
QO . O
— e
o - + | OLi
Hy / dHa 3 L H CH, l‘-‘
22 '\4 5 \ oL oL
+ — —
O O e—rou->s O
CH, CH, Hy

,nbn

Figure 23. Resonance structures for the intermediates "a" and "b".

*The op value is characteristic of the substituent in the meta position and
represents its ability to attract or repel electrons through combined

gxTesonance and inductive effects.bl
Reduction of ;; vlelds two lactones in almost equal amounts. Sincg the methyl
group does not participate in resonance steric acceleration cag only be due to
"steric hindrance of hyperconjugation.” There is some evidence®® that hyper-
conjugation 1s also subject to steric hindrance. However, since hyperconjuga-
tion effects are relatively small it is difficult to disentangle effects

supposedly due t bicd i
mggpbe prZsent. o inhi on of hypercqngugation from other effects which
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Inductive electron-donating effect of the methyl substituent activates
both o~ and B-carbonyl groups toward coﬁplexation with a cation (o more
than 8). However, at the same time, hydride transfer to the &—-carbonyl

s

function may be retarded due to superior stabilizmtion of the intermediate
"a" versus "b" (Figure 23), thus resulting in somewhat increased reduction
of the f-carbonyl group. Similarly, electron donating\effect of the sub-

stituents, rather than steric acceleration may be responsible for the pre-

ferential reduction of the cz-carbonyl funetion in 36 and 37.
' ~—

]
The general trend observed in the reduction of 3-substituted

lphthalic anhydrides may be justified in terms of such considerations.

However, too much importance should not be placed on the exact ratios of

isomeric lactones, since these do not appear toAbe accurate. For

example, reduction of 3-nitro§£thalic anhydridé 25 was reported62

vield only one lactonic p duct ZSa but in our hands under identical
///experimental conditions, riifction of‘%? never failed to produce small

quantities\(>10%) of-the iSomeric lactone géb as well. -~

ii) 4-Nitrophthalie anhydriées gﬁ-

In 4-substituted phthaddc anhydrides, the substituent lies -
far enough from the reaction centre that steric interactions between
the substituent and the carbonyl groups (in the para and meta positions)
are negligible. The influence of the substituent on the reaction centre

may be considered to be due solely to inductive and resonance effects.

LiAlH4 reduction of the anhydride 26 did not proceed cleanly
and a mixture of several products was obtained. Although we managed
to isolate both lactones from the mixture (gégtgép = 60:40), it was not

possible to establish accurately the oiiginal ratio of the two lactones.'
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ON
26 26b

NaBH, 55% 457

NaBH4 reduction vielded 56% of lactonic product. lHn.m.r. analvsis
showed the ratio of %E;:gép to be 55:45. Due to the electron-withdrawing

effect of the nitro substituent both carbonyl groups in %g are deacti-

vated toward association with the cation - the carbonyl group in, the

para position somewhat more than the carbonyl group in the meta posi-

tion, according to the cp and o values (Figure 24).61

ﬁ {3 G'P +O°78
O -
QN q = e, 07!

Figure 24. Hammett substituent constants (¢) for the two carbonyl.
groups in _4-nitrophthalic anhydride.

Therefore, the catalyzed reaction has a better chance to occur at the

: *
s—carbonyl group . The results obtained by.McAlees,.McCrindle-edé

* . .
We should keep in mind that non-catalyzed reduction is more likely to
occur at the B-carbonyl function. S

-
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Sneddon62 for three other 4-substituted phthalic anhydrides shed some
light on the role played by inductive and mesomeric effects in regio-

selectivity (see Table 4).

TABLE 4. NaBHA reduction of 4-substituted phthalic.anhydrides62

Total Reductffnn  Reduction
: yield of in para in meta
Anhydride . No  lactonic position position P “n

' prod. % €3] (%)
38 55 33 67  -047 -0-07
32 67 30 70 =027 +042

<

E R o 100 -06G -016
& 65 50 50 +Q78 +O71

S
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In all four cases'(gé,.qg, §3 and ﬁg) there is less reduction
at the para position. We dttribute this to the fact that although the
carbonyl group in the para position is activated toward complexation
with the cation more than the carbonyl group in the meta position (see
¢ values for ég, ;2 and ég), the accompanving electron delocalization

(resonance in §3 and 40, hyperconjugation in 38) will retard hydride

addition to the f-groups (Figure 25).

oL OLc
/ /

0 ® 0

H,
CHO K/N
CcH,
38 39 40
S~

Figure 25. Resonance andlhyperconjugative electron delocalization in
2?, §3 and ﬁg.
in ég the c~carbonyl function is also activated toward association with
the.cation (om, -0.16). However, there is diminished possibility of
resonance, and; as a result, reduction occurs regioselectively at this
carbonyl group. Electronic effects in methyl substituted phthalice
anhydride §§ resemble the situation encountered in &g, but deceleration
’ of the nucleophilice addi;ion to the B—carbonyl functiorn is caused by the
weaker hyperconjugative electron delocalization. In 4-methoxyphthalic
anhydride 2?, ;egioselectivity is diminished gince the ggggfggggzioq\fs

~

actually deactivated (Um, +0.12) toward the cationm.

It is therefore possible to rationalize the results of these

reductions and pdssibly to predict which carbonyl group might be a
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i
favoured target but the degree of regioselectivity canmot, at this

" §tage, be estimated.

i11) Summary

Almost all substituents (electron-attnacting and electron-
donating) in position 3 favour reduction of the gfcarbonyl group

(Figure 25a). The-degree of regloselectivity is dependent on the nature

(x)

Figure 25a. 3- and 4-substituted phthalle anhydride.

of the substituent but interpretation of data 1s complicated. Clearly,
when the substituent is ortho to the reaction centre, both induction
and resonance effects operate strongly, but superimposed on these may
be steric effect which in some {nstances may mask existing polar
effécts. . f
/ The steric influence.gfotﬁﬁ substitue%t on the meta OT para
carbonyl functions is assumedf%o be negligible }this assumpfiop is
justified in %iew of the success of t;E"ﬁEmﬁééé equation which implies
the same ﬁremise). The net effect of an electron-donating group in
position 4 is relative deactivation of the para carbonyl group with

respect to the meta carbonyl function. An elec;ro?:ﬁﬁthdrawing sub-

stituent in the &4-position deters association of the carbonyl group with
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*
the cation and at the same time lowers the energy of the LUMD Tomg SVER
more than does the aromatic ring alome. As a result, the reduction
may proceed to some extent by the non-catalyzed mechanism even in

the presence of the cation.

ﬁa\iéferesting auxiliary conclusion, derived from the above
arguments, suggests that in substituted aromatic anhydrides the
catalvzed and ﬁSn-catalyzed reductions may, in some cases, yield

different ratios of isomeric lactones.
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CHAPTER 7
i

-

MONO AND 2,3-DISUBSTITUTED SUCCINIC ANHYDRIDES

When a variety of conflicting effects influence the reduction,

mixtures of isomeric lactones are usually formed. .The ratic of the two

isomers may reflect the dominance of steric or electronic effects.

ZICH 2

Reduction of 2-methylsuccinic anhydridel5 10 yielded a mixture of lactones
10a and 10b in the ratio 2.2:1, whereas reduction of 2-phenylsuccinic”-

anhydride g’showed diminished preference for the more hindered carbonyl
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group (23:23 = 1.5:1). From steric considerations alone the opposite

trend would be exégg;;d (see Chapter 2, page 18). To explo¥e further

the effects of phéﬁ?l versus methyl substituent, reduction of Lrans-2-
methyl-3-phenvlsuccinic an@ydridé 2] was undertaken. Here, the sterically
more important phenyl group is in direct competition with the less bulky
methyl.group. trans-2-Phenyl-3 methyl—yubut?rolaccoﬁé“%Zp'(%z§:§zp-l:l.5 was
found to be the major product, indicatiﬁg preferential reduction at the

carbonyl function next to the methyl substituent.

A crucial problem associated with sterecelectronic effects
is the ofdering of the substituents with respect to their polarity and
"effective size”.z% The~phenyl group is particularly Bgoublesome in its
steric behaviour, since it can act sometimes (but not always) as if it
were bulkier than the t-butyl group. Nguven and Eisenstein 37 suggest t;;t
when a pheﬂyl group is attached to the carbon atom next to a carb&nyl

function (Figure 26) the T* orbitals of the phenyl ring may interact

through space with u*C-O' Extra stabilization is obtained fog the

~ |
\":o
y
Helz ’
H H H

" )

Q

Figure ;ZTR\In the stabilized form "a" the dihedral angle Cl-—Cz-CB—C4 is
90°; in rhe less favourzble form "b" dihedral angle

- - - ]
\w - Cl C2 C3 C4 is <S0°.
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molecule when the dihedral angle Cl—Cz-CB-C4 is 90° (see Figure 26).
Examination of Dreiding models reveals that a phenyl substituent in the
stabilized form "a" blocks the favoured path of nucleophilic approach to

the carbonyl function far more effectively than when it is in the con-

formation "b" (Figure 27) . '

- phenyl 'ri.nq
" R
t,3 g 73
90 .
- —0
‘ / - H/ |
. AY . . ll'bll'

Figure 27. Projections of forms "s" and "®" on the plane of trigomal
carbon atom.

LiAlH4 reduction of 3-phenylbicyclo[2,2,2]octan~2-one ﬁ}
yields the gis alcohol é&g with a high degree of stereoselectivity (cis:
trans = 95:5).46 The same selectivity is observed when R 1s t-butyl;

with R = CH3, CZHS or_;rc387 trans alcohol is the major product44 (see

discussion in Chapter 2).

. o .
CH CHe O " CHeH
-——) —
< 95:5
4l Ha “lb

L
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The high stereoselectivity observed in the reduction oflé} can be
rationalized if the phenyl substituent does indeed assume the stabilized

form "a" (Figure 27), which hinders efficiently nucleophilic addition

to this face of the trigonal carbon atom.

In 2,2~diphenylsuccinic anhydrides (such";§\¥§ and ;g), the
phenyl substituents are not able to assume the preferred conformation

"3 (due to steric interaction with one another). However, in the mono-

<:5¥45 0 ' | (:GF{S
CH, CeHs
CH,
i CH;

12 18

substituted succinic anhydrides 9 and zz, the phenyl group can (and most
likely does) take up the energetically more stable form "a". As a result,
the steric restrictions due to phenyl substituents in %é and ;2 are not

the same as in compounds 9 and Ez (Figure 28).

o "

Qa b

Figure 28. Projection on the plane of five-membered cyclic anhydride;
phenyl grdup in form "a" (2 and %z) and in form "b" (18
and ;g).
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It is quite probable that in monosubstituted phenylsuccinic
anhydride very little hydride addisfon takes place from the side bearing
the phenyl substituent. If that is the case (and we tend to believe s0)

~

the regioselectivity observed in the reduction of 9 must be due entirely

to electronic factors.

It appears that both phenyl and methyl substituents exert a
positive inductive (and field?) effect on the adjacent carbonyl group
(see discussion in Chapter 3).. However, the activating effect of the

' *
phenyl group is counterbalanced by its ability to stabilize enolate ion.

*lHn.m.r. analysis of the crude product obtained by reduction of trans-
2-methyl-3~phenylsuccinic anhvdride 27 showed, in addition to lactonic
product, some unreacted but isomerized diacid 27d. This suggests that
an anhydride having an acidicza hydrogen atom does convert to its
enolate under the reaction conditions (enolizatiom is not negligible in
27) and that the enolized anhydride gz; 1s not reduced readily at either
the carbonyl function involved or the other ome (see page 99).

CcH, C.H, CeHs
0 — . T
CH;” CHy”

i 7b '
27a (minor) 275 (major)
CeHs ’
+ H
CH;

27 d

L ™2
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'/\

P } .
As a result a lower proportion of 9a than 10a is produced in metal hydride

. \\
reduction. . AN

TN

The stuéy of substituted phenylsucciuic anhydfides 28 and 29
confirms the'dominance of polar effects on regioselectivity in metal
hydride reductions. The p-methoxyphenyl group is a better elect}ou;doﬁor
than a simple phenyl group and consequently activates the adjacent‘carbonyl
function more effectively while at the same time it has less of a stabilizing

effect on the enclate ion. The net result: is an increased proportion of

2 4
p-CHO C‘H‘W:/'\Q o-CHOC H, - pCHOCH, \Q
0

' 8 2

28 28a 28b
0
H : CoH; CeHs ﬁ
-5 < |
2 9a 9b
T NoCH, NO
pNO,C H, \ T i 2!C D
\,

Na 29b

N o=

e



lactone %Ef'- The effect of t -nitropﬁenjl/substituent is iﬁ the

opposite direction. The elec(ran:attracting property of the nitro

L

group, coupled with greater stabilization of the enclate ion, results
in diminished reduction at the carbonyl function adjacent to the sub-

stituent (the ratio of two lactomnes obtained is %33:%2? = 1,2:1).



CHAPTER 8

METAL HYDRIDE REDUCTIONS OF UNSYMMETRICALLY”

SUBSTITUTED DIESTERS AND DIACIDS

Preference for the more hindered carbonyl function is
especially pronounced in the metal hydride reduction of cyclic anhydrides
containing a tertiary and a primary carbonyl group. We have attributed
this regioselectivity to 2 positive inductive effect of the substituents
on the contiguous carbonyl function and to steric restraints contrblling
hydride transfer to the flat, five-membered cycli; anhydrides.” Sinca both
effects favour reduction of the more hindered fumction, it is not possible
to assess polar versus steric content of the combined effect. However,
if polar influence is a major factor, preferential reduction of the:-carbonyl
group adjacent to a tertiary carbon atom should be observed in the

reduction of diacids and diesters.

A search of the literature provided a few examples of such
reductions but the results reported were not eacouzaging in view of the above
stated considerations. In the study of the LiAlE4 reduction .of camphoric
acid ﬁg and l-ethyl-l-butylglutaric acid ﬁg, Noyce and Denney65 found
that the former gave only the corresponding diol 42¢ and recovered
starting material, whereas the latter yielded a mixture of the original
acid 43 (14Z), diol éé; and a lactone (407) identified as l-ethyl-i-
butyl-v—valerolactone ﬁéb. Similarly, selective reduction of the
primary carbomethoxy group (éép, 537 yield) of the dimethyl ester of.
cis~2-methyl-2-carboxycyclohexaneacetic acid é& was reported by

Bachman and Dreiding.66



5

S~ 66 - .

R 4 gz
CH,0H )
4cc
0
(i ‘
| OH
+ CH;
43 43b 48c
COOCHs | . COOCH,
S —
“CH,COOCH, | CH,CHOH
44 ¥ 44b
&
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Since we haé observed the opposite trend in the reduction of
cyclic'anhydrides, we decided to exa;ine the degfee of regioselectiﬁity
in the reduction of carboxylic diacigs and diesters correspondiﬁg Fo‘
some of theﬁanhydrides already investigated. The reduction of diacids
—25 and ;29 yielded, apart from recovered startiﬁg material, mixtures of
lactones. In both cases the lactone obtained in major yield (see
Table 5) corresponded to reduétion of the carbox?l group adjacent to
the tertiary carbon atom. Under comparable reactipn conditions diacid‘
EEF was not reduced. Reductioq of the diisopropyl esfer of 2,2-dimethyl-
succinic acid eé proved to be the most regioselective, yielding only one
feduction product, 2,Z-dimethyl—y—butyrolacténe 32. In terms of yieldé
and regioselectivity obsexrved, reduction of dicarboxylic acids does not
have the same synthetic potential as the reduction of the corresponding
cyelic anhydrides*\(see Table 5). Hc&ever, the ratioc of lactones
obtained in the reduction of the two diacids 3¢ and ;29 is of considerable
interest in view of the mechanism of nucleophilic addition to the carbonyl

»

+fynction.
/
{ 39
Recent theoretécal and\ experimental™” evidence (see Chapter 2,

- /' . .
page 18) point to a non—éerpendicular approach in nuclecphilic additionms

to a carbonyl group. Baldwin's modificationao implies that the path of
-/ A

an incogggg/;upleophile may be further restricted when neighbouring

- {

atoms such as N (amide function) or O (ester or carboxylic function) are

present.

*When the ézfﬁbxylic groups are separated by more than three carbon

, atoms, selective reduction through the intermediate c¢yclic anhydride
is not useful. In cases where the groups are attached to carbon atoms
of varying substitution it should be possible to regiodelectivity reduce
the corresponding diester. ’ o

¢ o

k]

NS

Py
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TABLE 5. Product distribution in LiAlH reductions

Compound

E H" H(CHzx)
3
CH(CHs),

N
o~
a~

I

W

s
/

fic

No.

4

Total
yield

80

84

&7

75

85

Recovered
starting
material %

10

58

45

41

Lactonic
product 2

70

26

22,

89

40

75

Ratio of
product

a:b

19 1.

23 .1

a ohlg

a om@y

2-5 1

L a ongy
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f-

We haééﬂfuggestedzz that these steric restrictions should be
considered in expféining the preferential reduction of the more sterically
hindered carbonyl group in unsymmetrical cyclic anhydrides. However, the
results of metal hydride reductions of several cyclic anhydrides indicate
that regioselectivity of these reactions is also controlled by electronic
factors (see Chapﬁer 4, page 30). In five-membered ecyclic anhydrides such
as 2,2-dimethylsuccinic anhydride 3 or 2,2-diphenylsuccinic anhydride 19 .
steric effects promote reduction of the more hirndered carbonyl group,~ ﬁ‘\\\

The situation is clezrly not comparable in the diacids and diesters.

As can be expected diacids 25 and l9c are capable of forming

strong intramolecular hydrogen bonds.. The hydrogen-bonded fing is large

"Figure 29. The ring resulting from hydrogen bonding may assume a variety
of configurations. For example: in a and b, illustrated above,
both carbonyl groups are relatively open to nucleophilic
attack; in ¢ the methyl substituent hinders quite effectively
the favoured path of nucleophilic approach leading to either
of the two carbonyl functions.

- -
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and flexible (Figure 29) and, consequently, the steric restrictions
encountered by the nucleophile are different from those illustrated for

the flat and rigid anhydrides (see Chapter 3, page 26).-

Electronic factors, however, remain the same and are probably
responsible for the preferential reduction of the carbonyl group adjacent
to the tertiary carbon atom. The primary carboxyl group in diester Qé

appears to be sterically more accessible to nucleophilic attack than the

tertiary group. Since the only reduction product observed is the laétone
resulting from reduction of the more encumbered carboxyl function it
appears that the site of reduction is fixed from the initial association

<
of Li+ cation with 'the more basic of the two oxygen atoms (of the carbonyl

lgroups). ,/C‘\ . % .

-

In coﬁclusion, thesé results suggest that electronic effects
play an important role in controlling\regioselectivity ir metal hydride
reduction of diester ﬁ;lwhere electronic influences compete against steric
hindrance. 1In thisfparﬁicular case the steric restrictions are not severe

'\and therefore electronic effects dominate the regioselectivity of the,

\
A
regction.

{

"y
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We do not wish to comment on the reductions reported
for the compounds Qé and é& discussed in the introduction of this

chapter, since we have not repeated these experiments.
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CHAPTER 9 - i

SYNTHESIS OF MODEL ANHYBﬁEgES AND ANALYSIS OF THE

REDUCTION PRODUCTS

In the preceding'chapters wé have attempted to rationalize
the regioselectivity observed in the reduction of a variefy of cyclie
anhydrides representing diverse structural types. Our mechanistic pro-=
posals are based on the‘degree of regloselectivity observed and for
this reason it was important to analyze as accurately ziazgféible the

ratio of isomeric lactenes formed.

G.l.c. analysis was found to be the most reliable method for
ascertaining that only one lactone was formed or for determining the
ratio of the isomers present in the reduction mixture. Unfortunately,
in many cases we were unable to employ g.l.c. analysis due to the nature
of lactones and the limitatioms of the instrument available. lﬁ N.M.Te
analysis proved to be very helpful except in a few cases where complex
overlap of chemical shifts occurred or where the crude reduction mixture
contained considerable quantities of other products. Very often iso-
1atib$ and purification procedures altered the original ratio of the two
lactones formed and it was therefore more desirable to analyze the crude

reduction mixtures\rather than the isolated lactomic products.

With this in mind we tried, whenever possible, to analyze the
crude product by both g.l.c. and lH g.m.r. In a few instances where
lH a.m.r. analysis was ambiguous, due to the compleéxity of the spectrum

of the mixture, the composition of the reduction mixture was obtained
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from the welghts of compounds separated on thick layer chromatograph;,,_a”lﬂ\
plates. OQften, lH n.m.r. spectra of the lactones synthesized indegén-

~
dently helped in the interpretation of the spectra of crude reduction

products.

1. 2,2-Dimethyl-3,3-diphenylsuccinic anhydride %5

-+

Qur first attempt to prepare 2,2-dimethyl-3,3-diphenylsuccinic

anhydride employed the symthetic route illustrated in Figure 30.

N
@
COOH
pS

Figure 30. Proposed synthesis of 2,2-dimethyl-3,3-diphenylsuccinic
anhydride.

The projected synthesis was not successful. However, we wish to mention
it briefly because of a rather interesting elimination from the inter-
mediate carbanion éé? which apparently was the reasaa for our failure.
3,3-Diphenyl-3-cyanopropionic acid 46 was treated witﬁ\LBA in THF at

-78°C. Upon addition of methyl ipdide followed by the ﬁqul work-up

S~—



~ ¢

procedure, the only product isolated was iaen ified as 8-phenylcinnamic
racid f‘\-‘: A search of the literature revealed a prec%hent; in 1964 a

group of French workers reportedG? a similar elimination from the velated

carbanion 48.

Cs CN C‘HS @
CHe s Ne——cn P g7
cn’ ~coo
© CKDCJC) 6 s ©
q6a
R .
| @/CN R CN
R-———(ll-—C\ _— C=—=¢
/ N
CN COOR R COOR
48

2,2-Dimethyl-3,3-diphenylsuccinic anhydride %g was prepared
by condensing diphenylacetonitrile ég with ethyl-Z-bromoéfgputyrate 29.
The intermediate 2,2-dimethyl-3,3-diphenyl-3-cyanpropionic acid é},
upon hydrolfsis, carried out in refluxing concentrated HCl, -gave
directly the anhydxide ;g. The corresponding diacid could not be
isolated.68 Reduction of anhydride £§ with LiAlE, jer with excess of

-

NaBH4 gave lactone ;Q;, m.p. 130-132°C. An excellent yield of hegiacylal

32 was the result of incomplete reduction with NaBEZ‘. Compound 52

reacted with excess NaBHA (or with LiAlHA) to give lactone %§9- The

-
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. Cs]:ls CH, CC‘H' CN
I . .
JCH=CN + CHeC —C=0CH, oy " |
cA, L= DMF  CH,

- 76 -~

CHY ~COOH
49 5o J .
C‘ 5 0 ’_NQBHQ ﬁ
CH; < c‘ 5
CH; |
52 O
: NaBH,,

LIAIH,
or excess NaBH,
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isomeric lactone 18b ﬁas been described in the literature69 and the

melting point is some 10° lower than that observed-for l§9. L=~

In order to establish more firmly the assigned structure,j
lactone %é? was reduced (LiAlHa) to the corresponding diel ;g, which
‘was in turn cyclized to 3,3-dimethyl-4,4~diphenyltetrahydrofuran %i.
Comparison of the chemical shifts for the methylene groups (-CHZ—Q) in
the three related lactomes (3a, 18a and lSa) and the cyciic ether‘éﬁ

éonfirmed the struocture ;éa assigned to the redmction product

(Figure 31).

$395 £ 490 5491 5472
3 A} C‘Hs c :
H s 6 'S . O
CH3 CG 5 ) O (‘:H3 | CH3
1 | 3 CHy 3 CHy 4371
3a 192 " 18a e~

Figure 31. Chemical shifts for™ the methylene group (—CHZ—O) in 3a,
%§§, ;g and §é. '

2, 2,2-Dimethylsuccinic¢ and 2,2-dimethylglutaric anhydride

-

Product ratios-obtained from LiAlH4 reduction of 2,2-dimethyl- -
succinic anhydride’ 3 and 2,2-d£methylglutaric anhydride 4 were deter-
mined'by g.l.c. and lH n.m.r. analyses. 3,3—Dimethy1-Y-butyrolactone 29
and 4,4-dimethyl-5-valefolactone'&3 were compared with the isomeric
lactone;-ég and ﬁ? obtained from the catalytic hydrogenation (with RuCl

2
[(C%HS)BP]é as a catalyst) of anhydrides z'and ﬁj



chg N
cHfl

2
3
CH,
CH3
4
4

s
_ CH; CHy_
LlAlHq > CH3 , -+ CH3
o
3a(95%) 36 (5%)
H a(10%) 4+ 3b (90%)
catalyst ~ .
. CH3 0 CH3
O L UAH o cnA + CH3
40 {90%) 4b (10%)

H
——> 42 (3%) +  4b (97%)
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) H
g T\ N C;le
CHC —CN + CH; COOCH3 CH~C—CN
. i

> NaOH\50% _
H Bf, - CHQL, CH, COOH
. ’ : /’
55 56 | 4¢
v ' conc.H,S0,
) AcOH
a E .
‘ Q
C.H, 0 C.H il
Ce 5 -5 CB s
A H
I\ i
0 0
’ 191 gaf
AN
Li AlH, or NaBHy . .
Cs S @]
0 .
L
lg_,ou

3.. 2,2-Diphenylsucé{§ic anhydride 19

2,2—Diphenyléuccinic acid ;2; was prepared according to the
method of quosza70 by condensing, undér phase transfer conditiomns,
diphenyl acetonitrile 55 with methylbromoacetate ég. Triethylbenzyl
~ /—

ammonium chloride (TEBA chloride) was used as a catabyst. The product

‘i§ was hydrolyzed to give the diacid %29 which, upon gentle heating

3

4
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eyelized to-;g. Reduction of anhydb%de ;gluith Li.AlH4 or with.NaBH4
producéd a high yield of 3,3-diphenyl—Y—buty;olactone ;ga.

>

4. Steroidal anhydrides 20 and 21%
e ~ ~~

Reduction ©f the steroidal anhydride 20 with IfiAlH4 and NaBH4

produced only lactone'ggg in 902 yield. The lH o.m.Y. Spectnim of the

CH, O

NQBH‘l

CH,0

57

*
Prepared by P. Crosby ir this laboratory.
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-

compound 20a showed a characteristic AB quartet for the methylene group
(-¢-CH2—O; Figure 32) resgﬁbling closely the AB quartet observed for the
methylene group in compound ;Egls (Figure 33).

CH,

At

AN

Anhydride 21 was reduced with LiAlHarto lactone 2la. Reaction
—~ ~
of 21 with NaBE, yielded a mixture of the lactone 2la and hemiacylal 57,
which could be reduced readily with LiAlH4 (or excess NaBHA) to 2la. The

n.m.T. spectrum of the product gég showed an AB quartefr due to the methylene

protons (cazgo. Figure 34).

5. Camphoric anhydride 5

Camphoric anhydride 5 was reduced with LiAlHk. G.l.c. analysis
of the produ;t showed the presence of two lactones and of unreacted
anhydride 3. The isomeric-campholides 25 and 29 were separated by columm
chromatography. ~To confirm the identity of §§ and 5b, a—campholide 23

was'independéntly synthesized by BaeyerVilliger oxidation of camphor 2§.

6. Bridged, tricyclic anhydrides 2} and 25

. * '
Anhydrides 22 and %} were prepared respectively by Diels-Alder
%] .
addition of cyclopentadienre and 1,3~cyclohexadiene to citraconic anhydride.

Reductions with NaBH4 and'Li.A.lH4 produced lactones %EP and %ép in excellent

%
Prepared by P. Crosby in this laboratory.
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h ]
!

yields. Elemental analyseées, i.r. and C13 n.m.r. spectra were consistent
with the assigned structures. The 1H n.m.r. of both lactones showed a
complex multiplet consisting of a characteristic four-peak (1H) and

. *
. three-peak (1 B) pattern for the‘methylene.protons.(-CH-CHZAO-). The

* .
Bloomfield and Leel” described such a pattern for the methylene protons
in lactone 11b.

Ll

CH; 0. .

-
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. lactone ;zp and hemizacylal 29, preparédrby catalytic hydrogenmation: of
anhydride 22, exhibited n.m.r. spectra closely resemblin313 the n.m.r.

spectya obtained for the coriesponding unsaturated compounds 22b and Eg.'

catalyst

»

Ilb

bR}

Nénetheless, since ﬁhé-résults of reduction of %3 and g; w;re contrary

to our expectation, we attempted to provide further evidence for the
assigned structureé ggp and gép. The alternating LiAlB4 an& LiAlD4
reductions of theaanydride ;g (as shown in Figure 35) fﬁrnished isomeric
diols 62 and éé. (fhe same reduction scheme was repeated for 23 and

the results obtained paralleled-those described for the anhydride gg).

Since free rotation about the C-C bonds in-diols 93 and é; is prgven;ed

by hydrogen honds, the protons of tﬁe pethylene groups are non-equivalent.
Thus, we observed, as expectéd, an AB quartet for the methylene protons
(—C-CHZ—O) in 62 and a complex multiplet for the methylene groﬁ%-(—CH—Cﬁz—O)
in compound E}. The characteristic patterns (4B and ABX) were clearly -
discernible in the n.m.r. spectra of the crude éﬁrfesponding etherg pre-."

pared by warming the diols with HBr solution. The n.m.r. spectra of 22b,

23b, 61, 62 and 63 are reproduced in Figures 36, 37, 38, 39 and 40.
~ o o Fad -



'/‘-l lmolg R
N BH,
~ LLAIH.,
LLAID, or excess - | NaBH,
- NaBH,4
R
No.
<
D
R = CH2 %2

R =CHCH, ‘?..:,3 :

Figure 35. The synthesis of deuterated lactones and disls.
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7. Citraconic anhydride 24,

Reaction of citraconic anydride 24 with NaBH4 in methanol

gave the diester Qﬁ as principal product and only traces of the lactone

Y

2&9 and citraconic acid could be detected in the crude product.

R ——ocH,

Citraconic anydride was reduced to lactone %é? with LiAlHA in THF or NaBHa

in DMF. A small quantity of what we suspect to be isomeric lactone %&P

<ould be inferred from examination of the 1E n.m.r. spectrum of the crude

product (Figure 41).

The assignment of structure 242 to the lactone isolated was

-

based on analogy to the related five-membered cyclic lactone and ketones

(Q;. Qé‘and QZ). The resonances corresponding to protons_é and § to the
71

«
carbonyl group in lactone 65 show that proton B is shifted downfield.

A similar down£feld shift of the proton_g is observed in fiVEﬁmembered-cycliQi________
conjugated ketone 29.72 The chemical shifts for allylic methyl group

protons are also informative (see ﬁ? and QZ).72

Reaction of citraconic anhydride with Na in absolute ethanol
gave mesacontc acid 68 as the only product isolated. The spectral data

and melting point of 68 were identical with those of commercially avail-
ey

able mesaconic acid. . (”““}
p )
‘ - .
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Figure 41. The n.m.r. spectrum of the product of the reduction of
eltraconic anhydride 24,
La s
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8. 3-Nitrophthalic anhydride %é

LiAlHA reduction of 3-nitrophthalic anhydride 25 yielded a
mixture of two lactones. Proton n.m.r. analysis clearly indicated the
'presence of both isomers, and the ratio of gég to gép could be estimated
reasonably accurately since the chemical shifts for the two methylene

groups (in 25a and 25b) do not overlap (Figure 42). Since McAlees,

O .0

| |
— 0 +

3
I |
NO. © NO; NO.
25 25a 25b

WAIH, 2 .1

McCrindle and Sneédon62 reported the formation of lactone %é; as the

only lactonic product upon reduction with NaBHA, we hav? reduced rep?atedly
%é (under the conditions described by these authors) and we are- satisfieéd
that both lactones are in fact present. The isomeric products were
separated by column chromatography and their structures confirmed by

spectral data. and melting points (see experimental section).

9. 4-Nitrophthalic anhydride 26
o

Reduction of 4-nitrophthalic anhydride 26 with LiAlH4 gave a

mixture of several products. It was not possible to estimate the ratio



Figure 42, The n.m.r. spectra of 4-nitrophthalide 25a and 7-nitro-
phthalide ;Z_éb.



Q.
2
4
]

! L 1
9 8 7 6 _ 5
Figure 43. The n.m.r. spectra of 5-nitrophthalide 26a and 6-nitro- -
phthalide 26b. |

&
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of the.two lactones from the n.m.r. spectrum of the crude reactiocn
product. The weights of lactones obtained upon separation by column
chromatography showed 26a:26b = 60:40. Reduction of 26 with NaBH4 gave

a 56% yizld of the.laé;0pic product. The n.m.r. analysis of the crude pro-
duct indicated the ratio gg;:ggp to be 55:45. The isomers weré separated
by c¢olumn chromatography. Unequivocal proof of identity was obtained by

comparison of lactome %QP with 6-nitrophthalide prepared by nitration

of phthalide 63 (Figure 43).

2 )
26 260 66
0 HNO, ,
| yH,SOﬁ‘
0
ng

10. trans-2-Methyl-3-phenylsuccinic acid

Ezgégf2-Mbthyl—3-phenylsuccinic acid was prepared by con-
densing benzylcyanide 29 with ethyl 2-bromopropionate Z} undeyr phase
transfer conditions, followed by acid hydrolysis. Two isomers Zf and
Z; were formed as witnessed by the n.m.r. spectrum of the isclated pro-
duct, where two distinect doublets indicated the presence of two diffefent
methyl groups (Figure 44). The mixture of diastereociscmers was refluxed

with acetyl chloride in an attempt to provoke cyclization to the
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2 21
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L J

CHg™
305

27

Lt

corresponding anhydride. The crystalline compouﬁd obtéined (in 307 vield)

was identified as the more stable trans-2-methyl-3-phenylsucciric an-

hydride 27. Mother liquor, which failed to crystallize, contained
: b

several products including acid Zﬁ {(characterigstic doublet at §0.97 in

the n.m.r. spectrum).
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Although the assignment of cis-trans relationships in flexible

ring systems is often ﬁncertain, neverthelgss regularities do exist,

The phenyl substituent shields the cis-vicinal ﬁethyl group thus causing
the resonances due to this group to appear upfileld of the resonanceé

dﬁe to the trans-vicinal methyi group. The chemical shifts for methyl

protons in Z§ and Zz illustrate this effect.74

45 - 052
: CH, CH,
2-69 H 322 B
C;Hs"c‘. CHs
76 [

-

The origina]l mixture of Z& and Zé shows two methyl doublets at §0.97
and 61.34. The chemical shift for the methyl group in the anhydride 27

appears at 81.50 (Figure 45). Anhvdride E], upon treatment with base,

CeHs

o-97.
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gave both acids 74 and 73 (Figure 46).

Reduction of Ez with NaBH, gave two lactones 27a and 27b in
the ratio 1:1.5 (Figure 47). The crude product contained also unreacted

isomerized acids 74 and 1?. Separation on thick layer chromatography
Fard

plates furnished both lactones (the isolated ratio of 223:22p was 30:70).
Reduction of gj_with LiAJ.D4 proceeded less cleanly. The major lactonic
product ;zp'(deuterated)'crystallized from ether solutiom and the mother
liquer contained several products, among them the igomeric deuterated
lactone ZZ?- It was not possible to establish the exact ratio of two '
lactones produced in the LiAth reduction. However, an approximate ratio
27a to 27b is of the order of 1:2.3.
.

11. p-Methoxyphenylsuccinic anhydride 28

p-Methoxyphenylsuccinic anhydride ;g was reduced witﬁ LiAlH,
and NaBEA. In both cases a mixture of two lactones was obtained in the
ratio 2:1 in favour of 3-E;methoxyphenyl—y—butyrolactone 2&?'. The
lactones were separated on thick layer chromatography plates and compared

. *
with the authentic samples prepared by alternate routes.

* .
Independent syntheses of 28a and %ép were carried out by G. Beauchamp
in this laboratory. ’
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PCH,0CH .
. —_— 0o +
|
2 .1
0 28a 28b
. - ? 1\ A
Na -
EtCH LDA
© pCH,0CH

) : /{ CH, PCHSOC‘H.,CHZ-CGOH

H,C (COOC,Hy), HC—SHs

-

The analysis of the lH n.m.Tr. spectrum of the crude product was facili-
tated by the fact that the methylene groups ( CH -0) in the two isomers

do not overlap (Figure 48).
Y.
P

12. p-Nitrophenylsuccinic anhyaridgugg

Reduction of p-nitrophenylsuccinic anhydride‘zg with LiAlE

4

produced a dark-coloured mixture containing several products. The pre-

sence of lactonic material was shown by a characte:iatiCAlactonic band
' &
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L}

in the i.r. spectrum (1770 cm_&). It was not possible to e§fimate the
ratic of the two lactones in the original mixture. The reduction of
gg with NaBH& was somewhat cleaner. However, the product mixture con-

tained. apart from the two lactones some p-nitrophenylsucecinic acid

\\'T?tgnré/&9). The two lactones were separated on thick layver chroma-

tography plates and compared with authentic samples prepared by alternate

x
synthetic routes. The approximate ratio of ;29 to 29b (55:45) was

=0

»NO,C H, PNOLH PNACH
_— 0 9
0 ° 55 : 45
’2'3 29a 29b

estimated from the proton n.m.r. spectrum of the product mixture obtained
by NaBE4 reduction. The weights of lactones %2? and ;gb, separated by
thick layer chromatography, were not indicative, since there was a failr

amount of overlap between the two compounds on the piates.

*
23? and %2? were prepared by G. Beauchamp in this laboratory.
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CHAPTER 10

REDUCTION WITH (CH,) N BH

3)& 4
232-Dimethylsuccinic anhydride 3, when treated with (CHB)ANBH4
in isopropyl alcohol yielded three major fractions (separated either by

column chromatography or by bulb to bulb distillation under reduced

pressure).. G.l.c. analysis of the crude reduction mixture showed also

the presence of small amounts of 3,3—dimethyl-I-butyrolactone 2?' The
fractioﬁ eluted first appeared to be a mixture of two half esters Z§
and Zg. The direct esterification of 2,2-dimethylsuccinic anhydride g
with isoproﬁyl alcohol confirmed the identity of the mixture. After
severallcrystallizations one of the two half esters was isolated and

tentatively identified as 79 (Figure 50).
S

The second fraction contained a single product, having
elemental analysis and spectral data“E8EiEfEfff_iif&_f&fdfffigggg"ﬁﬂp_-
structure §9 (Figure 51). Esterification, using diazomethane confirmed
the presence of two carboxyl;c groups (§9 > §}). The third fraction
consisted of pure 2,2-dimethylsuccinic acid Eé; We have not proven
which carboxylic functiom of the succiniec acid §S is esterified and the

structures 79 and §9 are assigned arbitrarily.

Cason75 reported selective preparation of a-butyl-g-ethyl-
LY
glutarate §§ from anhydride §g, thus implying preferential esterifica-
tion'at the primary carbonyl group. Our own attempt to prepare
L3

selectively half ester Z? (ot 1§) according to the procedure described

by Cason75 failed (a2 mixture of two half esters and the diester was
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Figure 50. The n.m,r. sbectrum of the half ester Zg of 2,2-di{methyl-
succinic acid. _
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Figure 51. The n.m.T. spectrum of the half ester §9 of 2,2-dimethyl-
succinic acid.
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C,Hq

produced). This mixture was esterified further to vield the diester ié{

Figure 52). 7

s

|

Iﬂnig possible that somewhat greater reactivity toward nucleo-

philie additiqﬁ iq‘the esterification reaction may be exhibited by the
carbonyl group adjacent to a tertiary cafbon atom. Such selectivity has
been observed in metal hydride reductiom of unsymmetrical eyclic anhydrides
(see Chapter 4), diacids and diester (see Chapter 8) as well as in the
reaction of the gnhydride §3 with dibutylcadmium’s. The kete acid

obtained from the latter reaction consisted of 68.5%7 of the isomer

resulting from addition of the_ butyl.group .to.the hindered carbonyl group.

| | CaHs GaHs
CHicd >c,,H£{4CH2@ + caﬁ(cmaow
C«

\68-5% | 315%
?_g . %o. §ﬂb
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Preferential esterificat;on at the more hindered carbomyl
group has been recently reported for the .unsymmetrical cyclic anhydride
§§.76 However, the prodf of structure for the half ester §§ is not
entirely gonvincing, in view of the fact that the ester acid chloride
such as §z can rearrange to 4 mixturé of the two possible ester acid

chlorides.76 Consequently, regloselectivity (or lack of it) in esteri-

fication reactions requires further investigation.

0
|
’ CnH:n C."Hzﬂ CHS CnHzn - CH!
> —_—
Me OH H S0di; Cl
| A3 1 -~ 8
55 5 g7

-
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: _ . CHAPTER 11

. EVALUATION OF REDUCTION METHODS

5

Using model cyclic anhydrides, we have surveyed a variety of
reduction methods, in order to assess their potential usefiulness and
selectivity in the preparation of lactones from cyclic anhydrides.

The results are shown in Table 6.

The regloselectivities of metal hydride reductions have been
discussed at length. In 2,2-disubstituted succinic anhydrides, reduction
occurs with high regioselectivity at the more hindered carbonyl function.
NaBHAITHF is the-preferred method Qf reduction for these compounds since
the procedure is simple and yields are high with minimum contamination
by side products.LiAlHA/THF reduction gives‘generally equally excellent
vields, but, the procedure is more involved (requiring N, atmosphere,
low temperature, etc.) and appears to be less suitable for reducing
cyelic' anhydrides substituted with_phengl or nmitrophenyl groups. Due
to the supe:ior electrophilicity of Li+, there may occasionally be small

differences in regioselectivity observed in L:LAJ.H4 compared to NaBH4

reductions.

NaBH4 in alcohol is not a suitable reduction method for ecyclic
anhydrides as esterification may occur preferentially (e.g., reduction
of citraconic anhydride 24 with NaBH4 in methanol gave diester).

Esterification also is the main reaction when (CHB)AN BH& in isopropyl

alcohol 1s used.

Catalytic hydrogenation with RuClz(Ph3P)3 as a catalyst yields(

£
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TABLE 6. Ewvaluvation of reduction methods

-

- R 0« o o @
Anhydrides - | é ] d ¢ % - \Q
O b b }3 b b
5 24

o) —_—

T =3 4 5. 2
Method Yield Ratioz Yieldl Ratio2 Yieldl'Ratioz Yield1 Ratio2

% a:b a:b _ a:b a:b

LiAlE, /THF 75 19:1 72 9:1 78 3:2 82 b trace
NaAlHA/THF 15 a only - - - . - - -
NaAlH,/TEF+LL’ 80  a only - - - - - -
NaBHa/THF 90 a onmly™ - - - - 80 b trace
NaBEQ/Alcohol - - - - - - esterification
(CH )&Bﬁa/ esterification
Alcghol + a trace
Catalytic =
Hydrogena- 72 1:9 40 b - - - -
tion
Na/EtOH 65 - 9:11 - - - b - -
Na/EtOB+L1 60 6:11 - - - - - -
Na/Ethyl- maﬁy products
acetate/ some esterifi- - - - - - -
AcQOH cation .
Nazfé(co)a Inconclusive
(CH3)2S:BH3 No reaction

1 Yield = total yield of lactonic product Z;
2 Ratio of lactone (2) reduced at the more hindered carbounyl group to
lactone (b) reduced at the less hindered carbonyl function.
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lactones resulting from the reduction of the less hindered carbonyl

group. Similar results may be obtained with Adams (platimum oxide)

catalyst although formation of lactome is usually accompanied by some

of the corresponding’ hemiacylal.

‘k . :
2/’“<Dimethyl sulfide-diborane complex {(CH3)2$:333} which is a

useful reagent for the reduction of cyclic imides, did not react with

a model cyclic anhydride (2,2-dimethylsuccinic anhydride 2)-

The reaction with Colman reagent (Na,Fe(CO)g) was particularly

tedious. Examination of the i.r. spectrum of the reaction mixture k\_,;/’“

suggested that some hemiacylal was formed. This intermediate could
only be the product of reduction at the more hindered carbonyl functiom,
since the followiﬁg reduction of the crude mixture with NaBHA gave 3a

as the only lactonie product. 1In view of the simplicity of metal

' hydride reduction and the complexity of reaction with Colman reagent,

we did not pursue the investigation of this reagent any further.

Sodium in absolute ethanol showed little selectivity in the
reduction o§ 2,2-dim§thylsuccinic anhydride 2; However, the irradiatiom
0of the reaction mixture with 2 sun lamp somewhat increased preference
for the less higdered carbonyl group (see Table 6). Reduction of
séverely hindered camphoric anhydride gave “predominantly lactone 29

(reduced at the less hindered carbonyl function). The yields were

generally mediocre and several by-products were formed.

Reaction of model anhydride 3 with sodium/ethylacetate/acetic

acid yielded diester as a main product.
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CHAPTER 12

EXPERIMENTAL .

1. Apparatus and Materials

Melting“poiuts were determined on a Thomas-Hoover capillary
melting poi;t apparatus and are ﬁncorrected. Infrared spectra were
obtained on Beckman IR-20 and Unicam SP1100 Infrared spectrometers with
chloroform as the solvent. Proton nuclear magnetic resonance spectra
were recorded on Varian T-68-ex HA-lao instruments, with chloroform—-d
or acetone—d6 as the solvents and tetiamethglsilane as the intermal
standard. Carbon-13 nuclear magnetic resonance spectra were obtained.J/
on a Varian FT-80 NMR spectrometer with chloroform-d as the solvent and

" tetramethylsilane as the intermal standard. Mass spectra were recorded

- on AEX MﬁQOZS instrument.

Gas;liéuid chromatography anaiyses were-carried out with an
Autoprep Model A-700 gas'chrgmatograph. (6 £ft. 10% carbowax column was used). -
The -lactone reduced at the less hindered carbonyl function had a shorter re-
ten{ioﬁ time in a%l cases. Elemental analyses were performed by Galbraith
Léboratories, Inc., Knoxvilile, Tenn., U.S.A. Silica gel "Baker Reagent''was

* used fb?-c@lumn chromagography, unless otherwiée stated. A 100 fold ratioc of

adsorbent to product was used and here again the Lactone reduced at the less

hindered carbonyl function was eluted first in all cases.. - . f
THF was dried overnight over‘sodium hydroxide pellets, then distii- —
“led under nltrogen from LlAlH into an oven dried and nltrogen-flushed Elask i'f‘

[ !
contalnlng the”’ p*e—welghed LlAlH,. All reduction experlments involvirig LlAl£\¥~/

were carried out under n;trogenhatmosphere; hypodermic syringes were used to
BEIL ¢ ;

transfer solutions. LIAlH, and NaBH, were.obtained from BDH Chemicals Ltd.,
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LY
v I\I:_A‘AJ.H.,+ from the Ventron Corporation. .

2. General Procedures for Reduction with LiAlH& and N3384

LiAlH4 reduction of cyelic anhydrides to lactones. L:LAJ.H4 {0.01 mole)

was placed in an oven~dried, nitrogen-swept, three-neck flask into which

30 ml of THF were subsequently distilled. The flask was fitted with an

inlet port for/syringes, a magnetic stirrer, a thermometer and a gas
inlet/outlet tube. LiAlHa in THF was stirred at room temperature for'
approximately 15 minutes, then the flask, swept with a slow stream of
-nitrogen, was cooled in a dry ice/acetone bath. An snhydride (0.0l mole)
- was injected slowly into the flask. The temperature of the reaction mix~
ture was maintained below -50°C throughout the addition process. The
stirred solution was slowly warmed to 0°C over a period of 90 minutes -
2 h}s, then cooled to -20°C a;d the reaction quenched with distilled
water and 6 N ECl. The mixture was stirred ;Qernight at room tempera—
ture, The acidity of the solution Yas checked before work-up. The lavers

were separated and the aqueous layer extracted several times with ether.

The combined organic extracts were dried over anhydrous MgS0O, and the

4

solvents evaporated under reduced pressure.

'NaBﬁa reduction of cyclic anhydrides to lactomes. A solution of

an anhydride (0.0l mole) in dry THF (20-50 ml) was added dropwise to a
'stirreg, ice~cold suspension of NaBH4 (0.01 mole) in THF (50 ml). The
éeaction mixture was warmed to room-temperature and stirring was con-
tinued for an addfﬁipﬁal 2-3 hrs. During that period 3-4 drops of 6 N

HCL were added to fhe reactlion mixture. After.quenching with 3 N HC1

/
\
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the layers were separated and the acidic aqueous layer was extracted
several times with ether. The combined organic layers were dried over

anhydrous MgSOa and the solvents removed on a rotatory evaporator.

LiAlH4 reduction of lactones to diols. A solution of a lactone

(0.01 mole) in dry THF was added dropwise over a period of 15 minutes to
a stirred, ice-cold solution of LiAlHAI(O.Ol mole) in dry THF (50 ml).
The temperature of the reaction was raised sloﬁly to ZSDC, and stirring
continued for an additiomal 2 hrs. The solution was cosled to -20°C

{(dry ice acetone bath) and distilled water and 6 N HClL were.added until
the solution was slightly acidic. After stirriné for a few hours the or-
ganic laver was separated and the aqueous laver extracted with ether.

The combired organic lavers were processed in the usual manner.

Cvclization of diols to the corresponding ethers.

A diol (0.05 mole) was refluxed gently with EBr (10 ml) for 1 hour, after
cooling the reaction mixture was diluted with water and.extracted three
times with ether. The combined organic lavers were extracted two times with
the sat. NaHCO3 solution and then with water, dried over anhvdrous MgSOa.

The. solvent was evaporated.

3. Reductions of 2,2-dimethylsuccinic anhydride 2

a. LiAlH4 and NaAlH4 reductions

A

2,2~-Dimethylsuccinic anhydride‘z 7 was prepared from 2,2-dimethyl-
succinic acid by dehydration with acetyl chloride 78 and was reduced with
LJ'.AlH4 according to the standard proceduress Yields of lactonic product ranged
from 50-75%Z and 10-157 of diacid wasrecovered. G.l.c. analysis (6 ft, 107

carbowax, l20°C) showed the ratio of two isomeric lactones to be 19:1. The

17,79

2
major product, ﬁ,/B ~dimethyl- ¥ -~ butyrolactone 23, was purified by

distillation under reduced pressure. Jmat’ 1775 cm_l (lactone C==O);£l.20

(s, 6H,2 x CHj), 2.34 (s, 2H, CH,~C=0), 3.99 (s, 28, CH,-0).

2
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NaAlﬁb (0.27 g, 0.05 mole) was stirxred in warm dry THF (100 ml)
under nitrogen atmosphere for 1/2 hour. The solution was cooled in a dry
ice/acetone bath. 2,2—Dimethylsuccinic anhyaride 3 (6.4 g, 0.05 mole)
in TﬂF (100 ml) was added slowly over a period of 40 minutes. The
reaction mixture was stirred and brought up slowly to 10°C over a period
' of 2 hours. After cooling to -15°C, the reaction was quenched with dis-
tilled water and HCl. Work-up in the usual mannex yielded 4.96 g of the

P

crude product. Proton n.m.r. analysis showed the presence of B,f-

dimethyl-y-butyrolactone 2?(152} and 2,2-dimethylsuccinic acid gs(SSZ).

The reduction run under the identical conditions but in the
presence of LiCl (0.25 g, added to the solution of NaAlH4 in THF) led
to the formation of B,R-dimethyl-y-butyrolactone §3 in 80% vield. Traces

of the isomeric lactone 3b could be detected by g.l.c.

b. Catalytic hydrogenation with RuClz(PhsP) 5 as catalyst

2,2-Dimethylsuccinic arhydride 3 was reduced according to the
method of Lyons.80 After usual work-up 90% of crude mate;ial was
obtalined. Upon cﬁromatography on Florisil, 72% of lactonic préduct was -
obtained. G.l.c. and 'H a.m.r. analyses showed the ratio of the two
isomeric lactones to be 9:1,the major product being ;,a-dimefhyl-y—'
butyrolactone 3b, Vo ax 1770 cm_l; 5§ 1.28 (s, 6H, ZCH3), 2.12 (t, 2§,

CH,-C=0), 4.26 (t, 2H, CH24O).
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c¢. Tetramethylammonium borohydride [(CH3)&NBH4] reduction
')

(CH3)4N3H4 @%.4g, 0.05 mole) w?s added-porticnwise to a
stirred solution of 2,2—dimethyls&ccinié anhydride 3'(4.0 g, 0.03 mole)
in isopropyl alcohol (45 ml). The stig;éﬂ’ieaction mixturé was maintained
at 55°C for 3-1/2 hrs. After usual work-up, the crude product (3.9 g):
was analyked by g.l.c. and proton n.m.x. Apart from the two
principal products A and B (present in the ratio 1:2) a small quantity
of the diacid 25 and traces of B,8~dimethyl-y-butyrolactone zg'could be
detected. The mixture was separated by bulb to bulb distillation ét
reduced pressure (0.4 mm Hg). A small quantity of the diacid ES (n.p.
139-140°, correct proton n.m.r.) was recovered as well as the two prinei-
pal products: fraction A - white, semicrystalline solid and fraction B -

white, crystalline compound.

Fraction A: Appeared to be 3 mixture of two half esters. Repeated
crystallization of A from ethylacetate/petroleum ether (30-60°) gave

_large, white crystals of a hzlf ester, isopropyl 2,2-dimethylsuccinate,

tentatively identified as 79, m.p. 65-67°C; m/e 188 (M+); Vo x 1705 cm_l

{C=0 acid), 1725 cm_l (C=0 ester), 1200 cm_'.L (ester) also a characteristic

1

broad acid peak 3500 cm = to 2500 cm *; 6 1.18 (s, 38, CHy), 1.24 (s,

34, CH3)’ 1.28 (s, 6H, 2xCH3), 2.56 (s, 2H, -CH,-C=0)}, 4.99 (quintuplet,

13

2

18, >XH-0), 11.25 (broad s, 1lH, -COQH}; ¢ m.m.z. & 21.72 (q, CHB),

25.21 (g, CHy), 40.60 (s, ~¢-), 44.58 (r, -CH,~C=0), 68.03 (4, >CH-0),

2
170.60 (s, -COOR), 178.76 (s, —COOH).

Esterification of 2,2-dimethylsuccinic anhydride with isopropyl

alcohol carried out according to the method described by Casonz5 yielded

a mixture of two half esters (Z§,79) and diester ié (Z?:Zg:&S = 1:2:6).

~
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Fraction B, §9i The major product of the reduction, purified by dis-
tillation (0.4 om Hg fraction 130-165°C) was crystallized from benzene

to give white crystals, m.p. 80-81°C. Elemental analysis caléulated for
Ciszoos (260):C55.38, H:7.69, 0:36.92; found: C:55.53, H:7.66, 0:36.97;

1

m/e 201 (260-59); Voax 1705 c:m-1 with shoulder at 1725 cm ~; 8 1.06 (s,

6H, 2xCH,), 1.32 (s, 6H, 2xCH,), 2.34 (s, 2H, CB,~C=0), 2.66 (s, 2H,

2
CHZ-C=O), 3.94 (s, 2H, CHZ—O),-ll.Aé (broad singlet, ZH.—COOH); 13C n.m.T.
§ 24.84 (q) 25.57 (q), 33.69 (s), 40.61 (s), 42.62 (r), 44.18 (v},
71.55 (t), 176.40 (s), 177.73 (s), 178.22 (s). This half ester of 2,2-
diméthylsuccinic acid was tentatively identified'as §0. Compound §9 was
treated with diazomethane prepared from Diazald (Aldrich) and the pro-
duct 81 was analyzed by protoh n.m.r. § l}PG (s, 6H, ZxCﬁB), 1.32 (s, 6H,

2xCH,), 2.34 (s, 2H, CH,-C=0), 2.66 (s, 2H, CH

2

2-Cf0), 3.66 (s, 6H, CH3O-),

194(5,23,-d%4n.

d. Other reduction methods

Sodium in absolute ethanol. The reduction of 3 with Na/EtOH was
executed according to the method of Blanc.7 The material isolated con-
sisted of 65% lactonic product and 207 diacid 3¢. G.l.c. and 'H n.n.x.
analyses indicated the ratio of two lactones to be 11:9 in favour of
a,a-dimethyl-y-butyrolactone 23. The same reaction irradiated with a
sun lamp gave the ratio of the two lactones 3a:3b = 6:11, The total yield

P N

of lactonic product was 60%. ' -

Sodium in ethylacetate/glacial acetic acid. Anhydride 3 @.05 m'oles)

was added to a saturated aqueous solution of ethylacetate (150 ml). The
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mixture was cooled to +5°C. Sodium-(12 g) was added in small pieces
alternately with glacial AcOH (70 ml) in such a manner that the reaction
medium was at all times neutral or faintly acid (pH 5-7). The reaction.mix-
ture was stirred for 2-1/2 hrs (ice was allowed ¢o melt and temperature
slowly raised to 20°C). The reactionmixture was diluted with distilled
;ater and extracted twice with ether. Organic layers were combined,

dried over anhydrous MgSO4 and evaporated to give a yellow o;i. The aqueous
layer was acidified and extracted to give 2.08 g of’Z,Z—dimethylguccinic -"
acid 25. The oily product was distilled at reduced pressure (0.5 mm Hg).
¥ oos 1725 cmfl (C=0 ester), }?00 cm"l (C=0 acid); § 1.28 (m-singlet over

triplet, 9H), 2.60, 2.63 (two singlets, 2H, CH,-C=0), 4.18 (two super-

2
imposed quartets, ZH,CHB-CHZ-O), 10.2 (s, 1H, -COOH). This mixture when
treated with diazomethane (Diazald) gave mixture of two isomeric methvl,
ethyl estemsof 2,2-dimethylsuccinic acid. vmax 1720 cm_l {C=0 ester),

§ 1.26 (singlet over triplet 9H), 2.59 (s, 2H, CH -C=0), 3.66 (s, 3H,

2
CH3-O), 4.10 (two supgrimposed quartets, 2H).

Dimethylsulfide-~diborane complex (CH3)2S:BH3 reductton. The re-

-action was carried out according to the procedure described by Siiess.82

iTwo attempts were made, one at a bath .temperature of 40°c (18 hrs) and

Ethe other at 68°C (18 hrs). In both cases no reduction products could

.be detected by g.l.c. analysis.

> Reduction with Colman reagents INaZFe(CO)é]. 2,2-Dimethylsuccinic

hnhydride 2'(0.01 mole) in THF (10 ml) was added with stirring to NazFe(CO)4
gOth mole) in THF (50 ml) at room temperature under argon atmosphere.

After 20 minutes, the reaction mixture was treated with glacial AcOH
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(1.2 ml) and séirred for an additional 5 minutes. Then it was diluted
with water and exffacted with ether. The crude reduction product was
highly coloured -and gave poor i.r. spectrum. However, the bands
characteristic for the anhydride seemeé to have disappeared. The crude
oll was treated w?th NaBHA.in THF. Apart from the diacid ;E, lactone }g

was the only other compound present (no trace of the isomeric lactone_gy

could -be detected by g.l.c.).

e) Hvdrogen trapping experiments

Hydrogen evolution in L:I.AlH4 reduction of 2,2~dimethylsuccinic

anhydride é; The assembly showm in Figure 53 was used in H2 trapping

experiments. All glass apparatus was dried in an oven and cocled in a
stream of nitrogen. LiAJ.H4 (0.01 mole) was placed in the reaction vessel
and THF (50 ml) distilled directly into the flask. The anhydride (0.01
mele) was melted and poured into the pail containing a magnet. The re-
action apparatus was assembled, and the solution was stirred at room
temperature under a slow stream of argon for 15 minutes. The gas burette
was flushed with argon, then closed to the air. The reaction vessel was
placed in a dry ice/acetone bath and allowed to equilibrate for 15 mtnutes
and the argon flow was stopped. The three-—way stopcock was opened to the
gas burette and after a few minutes of equilibration the reading on the
burette was taken. At this point, the pail containing the anhydride was
dropped (with the help of a strong magnet) into the LiAlHA/THF solution.
The vigorously stirred reaction was allowed to warm to 0° over a period
of 90 minutes. The final reading on the burette was taken. The average

figure for three trials was 44 ml (47 ml, 42 ml, 44 m1). The blank run
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¥«
showed that volume expansion due to the warming of the reaction flask
from dry ice/acetone bath temperature to 0°C was on average 37 ml

A

(4 blank rumns).

It may_be deduced that the 7 ml increase in volu#e is due to H2
evolution. However, this figure is small and lies within the'range of
experimental error. Consequently, these results are inconclusive. Further-
more, the reaction mixture quenched with 020/D01 did not show deuterium
incoﬁporation into the product (protom n.m.T. analysis). This, however,
is to be expected since 7 ml (gas evolution) per 0.0l mole of anhydride

corresponds to only 3% enolizatiom.

HEydregen evolutior in LiAlHA reduction of three model ketones. The

apparatus was assembled as shown in Figure 53, The reduction of ketones’
"was commenced at 0°C (ice/water bath)} and terminated at room temperature
(23°C). Otherwise, the gemeral procedure described above was utilized.

The products were analyzed by g.l.c.

Cvclohexanone (0.01 mole) was added to the solution of LiAlH4 (0.01 mole)

in TEF (50 ml). There was a surge of gas (12.5 ml within 30 seconds) .
The total volume increase (noted after 1-1/2 hrs at 23°C) was 37 ml. "The

analysis of the product showed 90Z cyclohexanol and 10% of cyclohexanone.

Acetophenone (0.01 mole) was added to the solution of LiAlH& (0.01 mole)

in THF (50 ml). 10 ml of gas were collected within 30 seconds. At the

end of the reaction (1-1/2 hrs, 23°C) an adéitional 27 ml veolume increase

was observed. The g.l.c. analysis of the product showed a mixture of

aleohol (74%) and unreacted acetophenomne (26%).
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Benzophenone (0.0l mole). Under the reduction conditions described

above no initial gas evolution was observed. Total reading on the
burette atf&he end of reaction was 35 ml. The product cogpsisted of

alcohol (68%) and ketone (322).

Blank runs. The blank runs (4) showed the volume expansion due to

warming of .the reaction flask from 0°C to room temperature to be on

S

4. Reductlons of 2,2-dimethylglutaric anhydride &

average 25 ml (24 ml, 25 ml, 25 ml, 27 ml).

a. LiAlH4 reduction

2,2-Dimethylglutaric anhydride 4 was reduced under standard
conditions. The crude product was isolated in 89% vield. Lactomic
product (72%) was obtained by column chromategraphy. G.l.c. analysis

(6 ft, 10% carbowax, 135°C) of the crude product showed a ratio of

43:&? to be 9:1. 4&,4-Dimethyvl-d-valerolactone é384 Vo o 1730 cm—l'

>

¢ 1.06 (s, 68, 2xCH,), 1.69 (t, 2E), 2.56 (z, 2H, CH,=C=0), 3.97 (s, 2H,

2
CHZ-O).

b. Catalytic hydrogenation [with RuClz(PhsP)3]80

The crude reduction product (79%) was analyzed by g.l.c..
Essentially one lactonic product 2,2-dimethyl-é—valerclactone (ﬁP) was
present, ¢& 4.22 (t, 2E, CHZO)§ Only traces of the isomeric lactone ﬁs

could be detected by g.l.c.
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S. Reduction of steroidal anhydrides gg and 3}

[

N (

i .
#nalyses, i.r. and proton n.m.r. spectra were consistent with the

The anhydrides 29 and 21 were prepared by P. Crosby. The

assigned structures.

Reduction of anhydride 20

The anhydride 29 was reduced with LiAlH4 in THF according to
the general procedure. Crystalline lactonic product gga was Isoclated
in 90% vield. After recrystallization from chloroform/petroleum ether

(60-90°C), m.p. was 174-176°C, v___ 1770 cm '
max

(C=0 lactome); § 1.18 (s,
3K, CHS-)’ 3.80 (s, 38, —OCHS), 4.00 (g, 2H, -CHz—O). This product was
identical with the lactone obtaimned from the NaBHA reduction according

. to the method of Belleau and Puranen.ll

Reduction of anhydride E}

LiAlH4 ;eduction of the anhydride 21 under the gener%i c¢ondi-
tions gave the lacteone %&a (747 yield). Recrystallization from chloro-
form/petroleum ether (30-60°C) gave product melting at 159-160°¢C,
iéentical with the sample obtained from NaBE4 reduction according to the

method of Belleau and Puranen.ll YV ax 1775 cm_l (C=0 lactone); § 1.35

(s, 38, CH,), 3.72 (s, 3§, CH,0-), 4.09 (q, ZE, ~CE,~0) .

6. Synthesis and reduction of 2,2-diphenylsuccinic anhydride 19

.2,2—Diphenylsuccinic acid }2; was prepared according to the method

of quosza70 by condensing, under phase transfer conditions, diphenyl-
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acetonitrile with méthyl bromoacetate. The product, 3,3-diphenyl-3-
cyanopropionic aeid 46 was obtained in 76% yield, wm.p. 178-181°C,
m/e 251 (M) v 2220 em T (CaN)3 8 3.5 (s, ), 7.3 (s, 100).
Hydrolysis of the pure &9 by refluxing for 12 hrs in a mixture of conc.
H,SO

259,
yield), m.p. 179-180°C, m/e 252 (-H,0); v__ 1710 cm T3 83.6 (s, 2H),

and glacial AcOH (1:1) gave 2,2-diphenylsuccinic acid 19¢ (60%

7.33 (s, 10H). The diacid 19¢ was heatéd gently to melting; needle-like
crystals of 2,2-diphenylsuccinic anhydride 19 were formed upon cooling,
a.p. 89-91°C (Lit®® m.p. 90.5-92°C);v__ 1735 ew L and 1800 ca T (C=0

anhydride); & 3.66 (s, 2H), 7.36 (s, 10H).

1
N
2,2-Diphenylsuccinic anhydride 19 was reduced with LiAlH, according

to the general method. After the acidification step, the mixture was
extracted with ether and the extract was processed in the usual manner

to give a solid which was recrystallized from chloroform—petroleum ether,
(vield 86%) m.p. 98-99°C. Purification by chromatography gave the sample
of lactone 19a melting at 108-109° (Lit ° m.p. 109-110°); v_,_ 1780 cn

~ max

(c=0 lactone), & 3.28 (s, 2H), 4.90 (s, 2H), 7.36 (m, 10H). The reduction
of ;3 with NaBH&/THF gave %&Z vield of the identical preduct 3,3-diphenyl-

y=butyrolactone 19a.

7. Synthesis and reduction of 2!2—dimethyl—3,3-diphenylsuccinic anhydride Lg

Attempted methylation of 3,3-diphenyl~3-cyanopropionic acid ég.

Freshly distilled diisopropyl amine (2.75 ml1, 0.02 mole) dissolved
in dry TEF was cooled to -78°C. Butyl lithium (12.5 ml, 1.6 M solution in

hexane) was added with argon-swept syringe. Compound 46 (1.35 gm, 0.005
. a4
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mole) dissolved in dry THF was added slowly to the stirred solution of LDA
in THF (nitrogen atmosphere, -78°C). The resulting bright red solution

was slowly warmed to 0°C and-methyl lodide (1.5 ml) was added (upon addition
of methyl iodide red colour faded rapidly). The solution was diluted with
distilled water, acidified with 6N HCl and extracted with chloroform. The
extract was processed in.the usual manner. The solid residue was crys-
tallized from hot methanol-water to give white crystals (73% yvield), m.p.
157-159°C. This product was identified as f-phenylecinnamic acid iz. (Lit.88

m.p. 159-160°C); m/e 226 (M) v__ 1690 cu 3 & 6.34 (s, 1W), 7.33 (s, 10H).

2,2-Dimethyl-3,3-diphenylsuccinic anhydride 18 described by Salmon-

Legagneur and Neveu68 was prepared by an alternate condensation précedure.
Diphenylacetonitrile (19.3 g, 0.1 mole) dissolved in dry DMF (dried over—
night over PZOS, then distilled over molecular sieves) was mixed with

NaR (4.7 g, 0.11 mole, 57% oil dispersion), and stirréd under nitrogen

atmosphere. Ethyl 2-bromoiscbutyrate (19.5 g, 0.1 mole) was added slowly.

A

The reaction mixture was refluxed for 2—1/2 hrs, then cooled and poured
into ice/water slush. This was extracted with ether and the extr;ct was
decclourized with neutral charcoal, dried over anhydrous MgSOA and eva-
porated under reduced pressure. The crude oil was refluxed with conc. ECI

(6 hrs). AﬁEer usual work-up, the solid anhydride ;é was c¢rystallized from

1

methanol (57% yield), m.p. 88-90°C; Voo 1770 cm -, 1865 — (C=0 anhydride);

§1.32 (s, 38, CH,), 7'f4 (m, 58, C(E.).

" — . ’

" Reduction of 2,2{dimethyl-~3,3-diphenylsuccinic anhydride 18 with

L)

LiAlHa gave a'single lactonic product 2,2-dimethyl-3,3~diphenyl—v-butyro-

lactone %ﬁ? (95% yield); m.p. 130-132°C (the isomeric lactone %QP described



. G(Acetone—d ). 1 25 (s, 3H CH ) 4.91 (s 1H .CR ~0) ? 24, (m SH C4H
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in literaturg has ‘m. p. 120°C)., Elemental anal cdicd.,ror 01831802

c: 81. 17, H: 6. 81 found c 81 45, H 6.99) v 0 1770 e 1 (c-o lactone)

Ho).

L™

LiAIH4 reducrion[ofAthejlaotone ;gg-to the oorrgooonding diol‘ig

_ afforded 95% yield of the crude:product. . This proéoot,.without further

purification, was refluxed with excess HBr for 1 hour. The so;ucion was
cooled, diluted with water. and extracted w1th ether. The combined ether
solution was, ertr;\hgd with saturated solution of sodium bicarbonate and
then with water. The organic layer was dried over anh. MgSOa and pro-
cessed in tho osual manner to give a solid which was recrystallized from
methanol-water. 3,3—Dimethyl—4,4;diphenyltetrahydrofuran éé‘crystallized
as pale yellow needles (747 yield), m.p. 70-71°C; m/e 252 @; 5 1.15

(s, 3H, CH-I3), 3.71 (s, 18), 4.72 (s, 1¥), 7.24 (m, SH, C H )

Reduttion of the anhydride 18 with NaBH (mole to mole ratio) carried

out according to the general procedure gave the hemlacvlal 52 (87% vield),

m.p. 149-150°C, Anal. caled for C18H1803 C: 76.56, H: 6.43, found:

. . ! ~1 A N .
C:76.36, H: 6.52, v___ 3755 cu 1 (omy, 1765 cm (c=0), & (CDCL,) 1.1

(s, 38, CHp, 1.47 (s, 38, CH,), 1.9 (4, 1H), 6.44 (d, 1H), 7.34 (m, 10E),
(when proton n.m.r. was run with addition of DZO (d, 1H) at & 1.9 dis-

* . =t
appeared and (d, 1H) at § 6.44 became singlet); C13 n.m.r. § 21.29 (q),

24.65 (q), 49.47 (s), 63.89 (s), 100.18 (d), 127.14 (m).

¢ The hemiacylal 52 was reduced with I..iAlH4 to give 18a. Reduc-
tion of ;é with excess NaBH; {Z moles NaBH4 to 1 mele ;§) afforded the

lactone ;Eg (85%Z vield).
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8. Reductilons of camphoric anhydride‘g

LiAlH4 reduction

LiAlH4 reduction under standard conditions gave 70-~78% yield
of a lactonic product. The unreacted anhydride (20-252) was recovered.
The compositian of the mixtu?e wif_ggtexgined by g.l.c. analysis. The
ratio of B-campholide gs to B~campholide(§g was shown to be 3:2. The
two lactones were separated on alumina, Woelm basic (activity III), crystallized frot
low boiling petroleum ether and sublimed.B-Campholide 5a, m.p. 214-216°C

it85’86, m.p. 213-216°C): Yoax 1735 cn t (Lactone C=0); & 0.90 kd,'éH,

L
2xCH,), 1.08 (& 3H, CH;), 4.05 (q, zH,'EHZ—o). a-Campholide m.p. 210-
211°C (Lit3, m.p. 210—211°C);\Jmax 1730 cm-l (lactone C=0); & 0.95 (s,
38, ¢F3l<-5;10 (s, 38, CH;), 1.20 (s, 3H, CH,), 4.35 (w, 2H, CH,-0).
Unequivocal proof of structure for the two lactones was obtained by
direct comparison of the lactone 29 with g—campholide prepéred by

Baeyer-Villiger oxidation of camphor87.

Na/EtOH reduction of camphoric anhydride

Camphoric anhydride was reduced with Na/EtOH under the same
conditions as described for the reductiom of anydride 2: The reaction
was not clean and many products were formed. fhe major lactomic product
was shown to be g~campholide ;3, identical with the product of Baeyer-
Villiger oxidation "of camphor. G.l.c. analysis showed only a trace of

B-campholide 5a.
™)
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9. Reduction of bridged, tricwelic anhydrides

ext-2-Methylnorborn-5-ene-endo-2,3-dicarboxylic, acid anhydride 22

.a product of Diels-Alder addition was prepared by P. Crosby, m.p. 139-
141°C, Anal. caled for ClOH1003: C: 67.42, H: 5.62; found: C: 67.71,
H: 5.76, Voax 1770 cm_l and 1850 cmhl (anhydride C=0); § 1.6 (s, 3H, CH3),

1.86 (m, 2H), 3.08 (m, 1H), 3.15 (d, 1H), 3.46 (m, 1H), 6.38 (m, 2H).

The anhydride 22 was reduced with LiA.‘LH4 according to the general
[

procedure to give EngZ—methylnorborn—S-ene—ggggf(B—methyl-Z—carbo-Ba)
lactone %EP. Recrystallization from ethylacetate-petroleum ether (30-60°C)
gave white crystals (84% yield), m.p. 1377139°C. Anal. caled for CIOHlZOZ
C: 73.17, H: 7.31, found: C: 73.0L, H: 7.54; v___ 1765 cat (lactone
Cc=0), & 1.52 (s, 3H, CHBI;.&.OZ (m, 2E, CHZ—O), 6.33 (m, 2H); & (0.5N,

13 mim.r. § 22.44 (q), 46.71 (t), 47.59 (Q),

20D), 3.6 (d, 28, CH,=0)3 C
49.61 (d), 51.91 (d). 53.57 (s), 68.83 (t), 134.24 (d), 137.97 (d),
180.87 (s). A trace of the isomeric lactone %E; could be detected by
g.l.c.

The lactone ggp was reduced with LiAlB4 in THF under the usual con-

ditions to the diol 93. Protéon n.m.r. showed a2 complex multiplet centered

at 63.50. This diol 63 was cyclized to the corresponding ether, 3.5 (m).
Fa¥l

The anhydride 22 was feduced with LiAlD4 to give the lactone 61,
e o
m.p. 142-143°C, 81.45 (s, 3E, CH3), 1.64 (2H, -CHZ), 2.57 (1B), 2.78 (18),

2.96 (1E), 6.22 (2H).

The lactone 61 was reduced with LiAlH4 in THF according to the
—— ]

general procedure to give the corresponding diol 62. Proton n.m.r.
. Pty
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showed a characteristic AB quartet centered at §3.41 (2H, -CHZ—O).
The diol gg was refluxed with HBr to furnish the corresponding ether,

which was not purified furthar, §3.42 (g, 2H)..

exo-2-Methylbicyclo(2,2,2] oct-5-ene,2,3-endo~dicarboxylic acid

anhydride 23, was prepared by P. Crosby, m.p. 182-184°C; Anal. calcd for

c C: 68.73, H: 6.17..found C: 68.92, H: 6.29; v 1775 cm *
. max

11%1205°
and 1850 cmfl (anhydyide C=0)3; & 1.41 (s, 3H, CH3) superimpesed on the
multiplet integrating for 4H, 2.62 (4, 1H), 2.80 (m, 1H), 3.4 (m; 18},

6.33 (m, 2H).

The anhvdride Z} was reduced with LiAlHA according to the general
procedure to give the crysgalline lactone %ép. ‘The sublimed pioduct
melted at 184-185°C, (86% vield). Anal. caled for Ci1Hy40,: C: 74.15,
H: 7.86, found C: 74.75, H: 7.91; v___ 1755 cm = (lactone C=0); 61.37

(s, 38, Ci,), 4.05 (m, 2H, CE,~0), 6.30 (m, 28).

Reduction of the anhydride 23 with LiAlD4 gave the crystalline
deuterated lactomne, m.p. 176—179°C, 61.33 (s over multiplet, 7H), 2.19
(1), 2.66 (2H), 6.32 (2B). Reduction of the deuterated

lactone with LiAJ.H4 gave the corresponding diol. Proton n.m.r. showed

a characteristic AB quartet centered at 63.44 (2H, CH2

-0).

. 1%
10. Reduction of citraconic anhydride zf

LiAlH4 reduction

Citraconic anhydride was reduced with LiAlH4 as described in
the general procedure. Upon work-up a yellow oil was recovered (82-87%

yield). Proton n.m.r. of the crude product showed 4-hydroxy-3-methyl-
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cis-crotonic acid lactone %&9 to be the major product. The mixture con-

tained some unreacted anhydride and a small_quantit& of the isomeric

lactone g&p (%Qg:%iy = 9:1). -

The lactone %£§ was purified by distillation at reduced pressure,
91 -1
b.p. 84-89°C 3V ac 1780 em —, &2.16 (s, 3H, CH3), 4.74 (s, ZH,"CHZO),

5.80 (m, 1H, H-C=C). ) =

The isomeriec lactone ;&PQZ showed & 1.92 (m, CHS)' 7.22

(m, H-C=C-C=0}. -

The reduction of citraconic anhydride with NaBH, according
to the method of Belleau and Puranenll gave lactone 3&? as the principal

product (ratio of %&9:2&? in the crude product was 85:15).

NaBH&/MeOH reduction

Citraconic anhydride (11.2 g, 0.1 mole) was dissolved in
spectral grade MeOH. The stirred solution was cooled in an ice—water
bath. NaBH4 (2.27 g, 0.05 mole) was added carefully, portion wise

(vigordus reaction!).

After the addition of NaBH4 was completed, the reaction mixture
was allowed to warm to room temperature and stirring was continued for
' 1-1/2 hours. The usual work—-up yilelded é.9 gm of yellow oil. The crude
product consisted of citragonic acid dimefhyl ester, citraconic acid
and a small quantity of the lactone %&?. The distilled product-was a
mixture of diester and lactone g&?. Vs 1730 c:m-l {C=0 ester); 1780 cm,_l

(C=0 lactone), 63.85 (doublet, 6H, -OCH3)-
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Sodium in EtOH reduction

Citraconic anhydride 24 (6.3 é, 0.056 mole) dissolved in
absolute EtOH (100 ml) was added slowly to sodiumu(s:S g) cut in small
pieces. The solution was refluxed for 1-1/2 hrs. After cooling, the
reaction mixture was diluted with water, acidified with 6N HC1 and
extracted with ether. The organic layer was extracted with NaHC03
solution, which was then acidified and extracted with ether. The ether
extract was treated in the usual manner. to give crystalline prdduct.

It was identified as mesaconic acid §§,m.p. 199;501°C; 6@1cetone-g6),

2.24 (m, 38), 6.86 (m, 1H), 8.22 (broad band, 2H). No reduction pro-

duct could be detected in the crude reaction mixture.

1l1. Reduction of 3- and 4-nitrophthalic anhvdrides

" m.p. 135-136°C (Lit.

Reduction of 3-nitrophthalic anhvdride 2; with LiAlH4 was carried

out according to the general procedure. The product, a yellow crystalline
substance was isolated in 80% yield. The proton n.m.r. analysis showed

the presence of two lactones in the ratio 2:1, where 4-nitrophthalide géa

was the major product. Chromatography on silica gel yielded pure 23a,

93 n.p. 136°0); v__ 1780 em 1 (lactome ¢=0), 1550

cn ! and 1370 e (N0,); 65.75 (s, 2H, CH,-0), 7.82 (1H), 8.38 (28), and
7-nitrophthalide ;ép, m.p. 163°C; m/e 179 (M+); Yoy 1765 cmhl_(lactone

1

C=0), 1530 em = and 1350 cm - (NO,); 85.40 (s, 2H), 7.95 (m, 3H).

Reduction of 3-nitrophthalic anhydride %3 with NaBH4 in THF

according to the procedure described bycMcAlees, McCrindle and Sneddon62

gave a mixture of two lactones (total yiél&:zii), 4-nitrophthalide %E?
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(83%) and 7-nitrophthalide 25b (17%). The two lactones were separated ’
by column chromatography and compared with %59 and gép obtained from

the LiAlH, reduction of 25.
A ~5

4-Nitrophthalic anhydride 29 was produced by refluxing 4-nitroph-

thalic acid with acetyl chloride.78 The product (45% yvield) was re-

crystallized from AcOH (glaecial), m.p. 114°C, Voax 1790 cmul and 1860 cm-l

(C=0 anhydride), 1550 cm - and 1350 cm T (¥0,).

-

Reduction of 4-nitrophthalic anhvdride %? with NaBH, according to

the procedure of McAlees, McCrindle and Sneddon62 did not proceed cleanly.

The lactonie product was isolated in 56% yield. Chromatography on silica

gel afforded pure 5-nitrophthalide 26a, m.p. 148-149°C (Lit.94

1

, M.p. 151°C);

and 1330 em © (NO.), 85.45 (s, 2H,

2)s
GH,0-), 8.27 (m, 3H) and 6-nitrophthalide 26b, m.p. 140-141°C . (Lit.””,

v 1760 em > (lactome Cc=0), 1525 cm
max

m.p. 141%; mfe 179 (f); v 1780 em © (C=0 lactome), 1530 e ! and
max

1350 cm ~ (NO,); 65.45 (s, 2H), 7.75 (d, 1E), 8.62 (m, 28).

Proton m.m.T. analysis of the crude reduction product and the
isolated weights of the two lactones showed that S-mitrophthalide 26a was

in slight excess (26a:26b = 55:45).

The proof of structure for the lactome gép was obtained by
comparing it with 6-nitrophthalide prepared by nitratien (HNO3/H2504) of

phthalide 69.
' ot

Reduction of %9 with LiAlH4 gave a poor yleld (40%) of lactonic

product. The ratio of %gg:%éy-was estimated to be 60:40.

<
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12, Synthesis and reduction.of trans-2-methyl-3-phenylsuccinic avhydride 27

Synthesis of .the anhydride 27

Benzyl cyanide (11.7 g, 0.1 mole) was dissolved in warm
methylene chloride (30 ml). Sodium hydroxide (50% solutiom in water, 20 ml)
cont;ining triethylbenzylammonium chloride (TEBA chloride 0.2 g} was added
slowly and the mi;ture, stirred wviporously, was cooled in an ice-water
bath. Ethyl-2-bromopropionate (18.1 g, 0.1 mole) was added dropwise over
a period of 20 minutes (10 ml of methylene chloride were added at this
point). The reaction mixture was stirred for 1 hour at room temperature;
then warmed to 70°C for an additional 1/2 hour and the methylene chloride
was evaporated. The resulting brown solid was filtered, then dissolved
in water. The aqueous solution was acidified with 6N HCl and upon
standing overﬁight a white-gray solid precipitated (12.82 g, 67% yield).

A sample recrystallized from ethancl melted at 183-185°C; Voax 3080 cm-l

(characteristic, broad acid peak), 1720 cm—l (C=0 acid). The proton n.m.r.
suggested a mixture of two isomers erythro Zg and threo Zé in the ratio
2:1; 6{0.96 (d) and 1.32 (d)}, 3.12 (m), {3.76 (d) and 3.80 (d)}, 7.34
(s).

The mixture of Zg and'zg (9.02 g) was hydrolygzed by reflux}ng
in BCl-glacial AcOH (1l:1) for 12 hrs, then poured into ice-—water. T£e
precipitate was filtered, dried in air and crystallized from AcOH. 2-
Methyl-3-phenylsuccinic acid (two isomers Z& and Zé) was isolated in 77%

96 97

yield, m.p. 175-182°C Lit. 169-172°C” , 138-181°C”"). The mixture of Zﬁ

and Z? was wefluxed with acety1<chloride.78 Upon crystallization from

AcOH creamy-white crystals were obtained (30%7 yield), m.p. 118-125°C,
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v, 1860 em T

, 1780 cm™ " (anhydride C=0); 61.50 (4, 38, CHj), 3.2 (m, 1E),
3.88 (d, 1H), 7.34 (m, 5H). This product was identified as trans-2-methyl-
3-phenylsuccinic anhydride zz. (Proton n.m.r. of the mother liquor showed

3 0.977(d) indicating presence of uncyclized acid Zﬁ}.

Reduction of the anhydride 2} with NaBH4 according to the general

procedure gave a mixture of lactones gza and 27b, {total yield of crude
lactonic product 98%). Product ratio was determined, by proteon n.m.r.
analysis, o be 60:40 in favour of the lactone gzp {(reduced at the carb-
bonyl group mext to methyl substituent). The mixture éas separated on a
thick layver chromatography plates. The ratio of the isolated lacteones
27b:27a was 70:30 (65% total isclated vield). The major product lactone
%zp was cryvstallized from petroleum ether (60-80°C); m.p. 92-94°C (Lit98
93-94°C); v___ 1765 em" (C=0 lactome); §1.23 (4, 3§, CHj), 2.66 (m, 18),
3.28 (d, 1H), 4.18 {m, 2H-(3.86(t,1H), 4.49(:,1¥)}, 7.34 (m, 5H). The

1

<
isomeric lactonme 27a did oot crystallize, v 1770 em ~; §1.28 (4, 3H,
~o max

CH,), 2.73 (am, 18), 3.30 (m, 1H), 4.34 {m, 2B-(4.13(t, 1H), 4.54(t,1H)}.

Reduction of the anhydride ;3 with LiAlD4 according to the general

procedure gave a miéture of several products, which was difficult to analyze
by proton n.m.r. The major product,deuterated lactone %sz“as isolated upom
two crystallizations from dry ether, (402 yieXd) m.p., 91-93°C; Viax 1775
en (lactone C=0); 61.12 (4, 38, CH,), 2.52 (m, 1E), 3.26 (d, 1m), 7.28

(m, SE). The significant quantity of the major lactone %zP remained in. the
mother liquor. Separation by -thick layer chromatography afforded the iso-

meric lactooe, 61117 (d, 3H, CH,), 2.61 (am, 1H), 3.19 (d, 1H), 7.26 (m, 5E).
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Proton n.m.r. of the crude reduction product and the quantities
of the isomeric lactomes isolated by the thick layer chromatography in-
dicate that lactone gzp is the majer product (approximapely %IP:%Zf"70:30)'
However, it-is not possible to indicate accurately the original ratio of

the two lactones formed during the reduction.

13. Synthesis and reduction of p-methoxyphenylsuccinic anhydride g§

Synthesis of the anhydride’£§

p-Methoxyphenylsuccinic acid was prepared according to the method

87

of Askam and Linnell. The diacid (0.5 mole) was refluxed with acetyl

chloride (1.5 mole) for 2 hrs. Acetyl chloride and acetic acid were dis-
3 8
white precipitate formed rapidly, m.p. 83-84°C; Vhax 1870 cm-l and 1790 cm-l

stilled under vacuum. The dark brown residue was dissolved in dry CHCl

(anhydride, C=0); § 3.24 (m, 2E, -CHZI,'B.SZ (s, 3H, CHBO), 4.28 (m, 18),

7.04 (sym m 4H),

The anhydride £§ was reduced with NaBH4 according to the. general pro-

cedure. Work-up afforded a mixture of two isomeric lactones (cxude yield
97Z) . Proton n.m.r. analysis showed the ratio of 28a2:28b to be 2:1. The
lactones were separated by thick layer chromatography (78% vield of

the isolated lactonic prodﬁgt). 3-p-Methoxyphenyl—-y-but¥rolactone §§§,

m.p. 68-6%8°C, Voax 1765 cm-l (lactone (C=0); §2.72 (octet, H), 3.76 (s over
multiplet, 4H), 4.4 (sym. m -{4.20 (&; 1H), 4.61(t, 1E)}), 7.0 (sym. m. 4H).
2-p-Methoxyphenyl—y-butyrolactone EEP, m.p. 60-63°C; Vax 1760 c:m-l (lactone
C=0), §82.50 (m, 2H), .3.78 (s over multiplet, 4E), 4.4 (m, 2H), 7.0 (sym. m.

4B) . Unequivocal proof of structure for the two lactones was obtained
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by/ comparison of 2§F and 2§p with 3-p~methoxyphenyl-y-butyrolactone and
2-pzmethoxyphenyl-y~butyrolactone prepared by alternate methods by G.

Beauchamp in this laboratory.

Reduction of the anhydride %ﬁ with LiAlH4 gave a mixture of two

lactones (75% yield). The ratio of %59:%§P was found to be 2:1 (68:32).

14. Synthesis and reduction of p-nitrophenylsuccinic anhydride gg.

Synthesis of the anhydride 223' p-Nitrophenylsuccinic acid was pre-

pared by the modified method of Lange and Korykcwska.loo Phenylsuccinic

acid (24.3 g) dried overﬁight in the oven at 125°C was added portion—wige
to am  ice-cold mixture of fuming HNO3 (16.0 g)“ acetic anhydride (25.5 g),
glacial AcOE (15.0 g) and a few drops of conc. H;50,. The mixture was
stirred overnight at room temperature then poured into ice-water. The pre~-
cipitate was crystallized from boiling water (723 vield), m.p. 218-219°C
- @it.loo 219-221°C); &{acetone de) 3.0 (w, 28), 4.28 (m, 1H), 7.96 (sym. m.,
4H).
p-Nitrophenylsuccinic acid (3.0 g) was refIuxed‘with acetyl chloride

(7.5 g) for 1 hour. Unreacted acetyl chloride was removed by
careful distillation under reduce& pressure. In order to remove acetic

- acid, the crude anhydride (contaminated with AcOH) was placed in a beaker
in a d?giccator containing fresh NaOH pellets. The desiccator was evacuated
(5 mm Hg, fﬁr 18 hours). The resulting Hark brown oil was dissolved in
reagent grade chloroform and decolourized ;ith activated charecoal. Upon
ev§poration of the solvent a pale yellow o1l was obtained (1.2 8 Vo

1

1870 em ¥, 1790 em + (anhydride C=0).
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Eeduction of ﬁvnitrophenylsuCCinic[anh&dridefgg:(0!6.3),with NaBHA under_

the standard conditions yielded a yellow oil. Proton n.m.r. and i.r. spectra

showed presence of the lactonice product and the diacid. Separation on
thick layer chromatography plates gave 2-p-nitrophenyl-y~butyrolactone %EP
(0.05g) and 3-p-nitrophenyl-y-butyrolactoua229 (0.065g), a mixture of both
lactones (0.1 g) and the diseid (0.23 g). The total yield of lactonic
product was estimated to bé 35%. The ratio of %29:%2? was estimatéd to
be 55:45 from the proton n.m.r. spectrum of the crude reactiom product.
The lactone gjawas a yellow crystalline substance melting at
105-108°C; Voax 1770 :::m-l (lactone C=0); 6(CDC13), 2.8 (octet, 2H), 3.8
m, 1H), 4.4 (m, 2H); 7.7S8 (sym. multiplet, 4H). The isomeric lactome ggﬁ,

. : s -1
failed to ecrystallize; Voax 1765 sm

, 8(CDCLy), 2.95 (m, 2H); 4.22 (m,
-3E), 7.85 (m, 4EH).
The proof of structure for the two lactomes was obtained by

comparisoen of %29 and ;gp with 3- and 2-p-nitrophenyl-y-butyrolactone pre--

pared by alternate synthetic routes by G. Beguchamp in this laboratory.

15. Reduction of dicarboxylic acids

Reduction of 2,2—dimethylsuccinic acid ;5

A solution of 2,2-dimethylsuccinic acid, 29 (6.5 g; 0.045 mole)
in anhydrous ether (200 ml) was added at -20° to a stirred sélution of
L:LAlH4 (0.95 g, 0.025 mole) in anhydrous ether (50 ml over a period of 40
minutes). After allowing to warm to room temperature, the reaction mixture
was cooled in an ice-bath and acidified with 6N HCL. Stirring was continued
until the reaction-mixture became clear (1.5 hrs.). The organic layer.was

separated and the aqueous layer extracted twice with ether. The combined
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organic layers"were dried with anhydrous H‘gSO4 and cnncentrated The un-
reacted diacid (3.8 g) crystallized and was filtered. The remaining -
mixture was concentrated further to give an oigrproduct (1.7 g). The
g.-l.c. and proton n.d.r. analyses showed a mixture of two lactones: 8,8-

dimethyl-v—butyrolactone‘33 and’ o,a~dimethyl~y-butyrolactone ig in a ratio
o

of 2.3:1.
N /’
Reduction of 2,2-diphenylsuccinic acid %25
(a) A solution of 2,2-diphenyl succinic acidﬁ 19c.(2.7 g, 0.01 mole)

in dry THF (50 ml) was added at -15°C to a stirred solution of LiAlH4
(0.19 g, 0.005 mole) in THF (25 ml). The reaction mixture was warmed

to room temperature over a period of & hrs. After cooling in an ice-

bath the reaction mixture was acidified with 6N HCl. The organic- layer

was separated and the aqueous layer extracted twice with ether. Thgtcom—
bined organic layers were dried over aﬁhydrous HgSO4 and concentrated. The
oil obtained (2.18 g, 81%) was anzlvzed b§ proton n.m.r. The mixture con-
sisted of 50Z lactonic product and 50% unreacted acid. The acid was
removdd by extraction with saturated NaHCQ3 soluticon. The redaining
dactones were found to be present in a2 ratio of 2.5:1 in favour of
R,8-diphenyl-y-butyrolactone ;2;. N

(b) Overnight reduction at room temperature yielded crude cor-
responding diel., The product analyzed by proton n. m.r., shbwed a mixture
of 807 corresponding ether and.20% of lactonic material with g,R- diphenyl-Y

-butyrolactone 19a being more abundant (2:1).
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Reduction of cfs-l-methyleyclohex-4-ene-1;2-dicarboxylic acid llc

The reduction of llc according to methods A and B yielded only

crude starting material onm usual work-up.

16. Reduction of diisopropyl_2,2-dimethylsuccinate_i?

Preparation of the diester ﬁé

’ 2,2-Dimethylsuccinic anhydridedg (0.05 mole), isoPrdbyl alcohol

(45.0 g, 0.75 mole) and come. E SOA (3.8 ml) were refluxed for 180 hours.

2
Isopropyl alcochol was removed by distillation and product was distilled

at reduced pressure, 61.19 (d, 6H), 1.24 (d, 12H), 2.53 (8, 2H, CH,~C=0),

2
4.98 (split quintuplet, 2H, CH-b).

Reduction of diisopropylester of 2,2-dimethylsuccinic acid &g

l

The diester ﬁé (1.4 g, 0.006 mole) dissolved in dry THF (20 ml)

was cooled and added dropwise to a stirred solution of LiAlH& (0.19 g,
0.005 mole) in THF (10 ml), cooled in a dyy-ice-zcetone bath. The re-
action mixture was stirred for 4-1/2 hrs. at -15°C, then quenched with
distilled water and acidified with 6N HCl. The reaction mixture was
worked up in the usual manner to give an oil (0.99 g). The reduction
product was analyzed by g.l.¢. and proton n.m.rt. Tﬁe mixture consisted

of 2,2-dimethyl-y-butyrolactone %é £227) and unreacted diester 45 (45%).

)
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J

CLAIMS TO ORIGINAL RESEARCH
&

1. Mechanism for the reduction of unsymmetrically substituted cyclic
anhydrides with metal hydrides:
a) application of the results of crystallographic studies and of theoretical
calculations to predict the path of the nucleophilic approach_ﬁo the carbonyl
group in cyclic anhydrides;
b) definition of 2 new set of steric restrictioms for the transition state
of the H addition tothe carbonyl group in unsymmetrically substituted
cyclic anhydrides; ~ .

VN

c) /EEQPOSition that preferential attack of the alkaline cation occurs on the
caxhonyl group most basic in nature; ’ -
d) proppsition that sych an attack is site-~determining in moderately hindered

' ) ’ £
anhydrides; .

e) proposition that cation and hydride ion add to the same carbonyl group;

f) experimental evidence suggesting that the above stated factors are opera—

-

tive in the reductions of cyclic anhydrides with metal hydrides.

- .

2. ,Expe;imental evidence supporting the proposition that electromnic
factors play an Importaat fole also in controlling regioselectivity in the
reduction of unsymmetrically substituted diacids and diesters.

3. Several new reductions of unsymmetrical cyclic anhydrides. Analysis
and structure determination of products.

%. Optimization of the method appropriate for the reduction of cyclic
anhydrides.

|

5. *Development of reduction method selective for the less hindered ‘car-

bonyl function in 2,2-disubstituted cyclic anhydrides.



LIST OF PUBLICATIONS FROM THE THESIS

. Morand and M. Kayser J.C.S. Chem. Commun., 314 (1976).
. Kayser and P. Morand Can.J. Chem., 56 1524 (1978).
. Kayser and P. Morand Tetrahedron Lett., 695 (1979).

. Kayser and P. Morand accepted for publication, J. Org. Chem.





