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SUMMARY

" A convenient one-step synthesis of N-substituted azetidines
from 2-azetidinones by the reduction qf the latter with aluminium
hydride or diborane has been developed. With aluminium hydride, all
N-substituted 2-azetidinones investigated were reduced to the
corresponding azetidines in about 807% yield while with diborane, all
N~substituted 2-azetidinones, except N-methyl-2-azetidinones, were
reduced in only slightly lower yields to azetidines. These reductions
were in contrast to those observed with lithium aluminium hydride in
which only ring cleavage products were detected, and the difference is
discussed in terms of the nature of the intermediate organometallic
complexes,

Several other potential routes to azetidines were investigated *
although none of these were found to be of any synthetic importance.
The base treatment of 3-halopropylamines or tosylates, obtained in
very poor yields from the corresponding 3-aminopropanols, gave only
trace amounts of azetidines. The reduction of 1,4-diphenyl-2-azetidine-
thione with Raney nickel or aluminium amalgam gave only ring cleavage
) products with no evidence of any azetidine. Irradiation of a mixture
of a Schiff's base and an olefin or of N,N-diethylphenacylamine (in
benzene) also failed to yield any azetidine derilvatives.

The ¢is and trans isomers and the ring substituents and protons
in the n.m.r. spectra of azetidines were assigned by analogy with the
spectra of 2-azetidinones and by qualitative interpretation of the

shielding effects of various substituents. Vicinal coupling constants
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of the order of 7.7 to 8.8 c.p.s. for ¢is ring protons and 4.9 to |
7.7 c.p.s. for trans protons were found and these provided further
evidence for the stereochemical assignments. Geminal coupling constants
for the 2- and 4-protons in the azetidine ring of the order of -5.85
to -7.2 c.p.s. were found, while a value of about -10.0 c.p.s. for
the 3-protons was found. Changes in chemical shifts and coupling
constants were interpreted in terms of probable conformations of the
azetidine ring and the nitrogen substituents.

The benzylic protons of l-benzyl~4-substituted-azetidines and
l-benzyl-2,2,4-trimethylazetidine were magnetically non-equivalent.
The origin of this non-equivalence is discussed.

The fates of nitrogen inversion could be measured directly
by variable temperature n.m.r. spectroscopy for only l-bromo- and
l-chloro-2,2,3,3-tetramethylazetidine, the rates for all other azetidines
being too fast down to -67°C, the limit of the equipment available. The
rates of nitrogen inversion for 1,2,2,3,3-pentamethylazetidine and
l-benzyl-2,2,3,3-tetramethylazetidine were measured by studying their
variable temperature n.m.r. spectra in solutions of low pH.

The mass spectra of azetidines and 2—azetidiﬁone3'were studied.
The fragmentation modes were found to depend largely upon the
substitution pattern and involved specific cleavage of the four-membered
ring. In 2-azetidinones, the predominant ring cleavage process
occurred in such a manner as to produce the olefin radical ion in
contrast to the azetidines, in which fragmentation to produce the

Schiff's base radical ion predominated. The major peaks in the spectra
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of 2-azetidinones were not affected by the group attached to the
nitrogen atom whereas the spectra of azetidines were largely dependent
upon the nature of the nitrogen substituent. Several hydrogen
rearrangement reactions occurred. In some cases, cis and trans
isomers could be distinguished by large differences in the relative

abundances of certain fragment ions.
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CHAPTER 1. THE SYNTHESIS OF AZETIDINES

I. INTRODUCTION

l. The Synthesis of Azetidines

Azetidines, which are saturated four-membered nitrogen
heterocycles, have received relatively little attention, mainly
because of the low yields often encountered in their preparation.
The rate of cyclization of 3-bromopropylamine is much less than the
rate of cyclization of either 2-bromoethylamine or 4-bromobutylamine.l
It has been suggested2 that the ease of ring closure depends on the
distance between the bonding centres and the ring strainm of the product.
Each of these factors reinforce each other with the result that the
formation of the four-membered ring compared with other small and medium
sized rings is the most difficult. We were particularly interested in
the synthesis, stereochemistry and mass spectra of azetidines.

The first member of the azetidine series to be described was
the parent compound, azetidine, prepared by Gabriel and Wéiner3 in 1888
by treatment of 3-bromopropylamine with alkali. In 1890 it was found
that the dry distillation of 1,3-diamino-propane dihydrochloride also
yielded azetidine.4 Neither of these reactions yielded a pure product
and azetidine was not fully characterized until the formation of the
N-p~-toluenesulphonamide, followed by reductive cleavage to azetidine,

was described by Marckwald.s’6
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Until recently, there were only two general methods of
synthesis of azetidines: (1) the formation of the cyclic amine by
cyclization of a suitable acyclic precursor and (2) the formation of
the azetidine by reduction of a 2-azetidinone or malonimide. The
first of these methods may be represented by the reaction shown in

Scheme 1, which involves an internal nucleophilic displacement by an

]—__l_ base /j
—_—
R—N X N

| v

H R
Scheme 1

amino group of a suitable leaving group X in the 3-position of a
three carbon chain. Several examples involving different leaving

groups X are discussed below.

(1) Cyclization of 3-haloamines

As previously mentioned, this method has been used for the
synthesis of azetidine itself,3 with yields ranging from six to
twenty-six per cent.7 Treatment of 3-chloro- and 3=-bromoamines with
a strong base has been the most widely used method. In many cases the
yields were very low and other products were not mentioned. A number
of competing reactions are possible, thus reducing the yield of the
azetidine or in some cases preventing its formation. These competing
reactions may include

(a) the formation of cyclic dimers and polymers viaq an inter-—
molecular nucleophilic substitution reaction rather than the desired

intramolecular one,
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(b) solvolysis of the alkyl halide,

base
i e l }
R-NH X R-NH OH

- . . 13 .
(c) elimination and fragmentation reactions, and

[\ A

+
R ND FX T R,N= F X
2+/ R

— 0O —
—O-2"

I
+ (=
|

(d) the yield of N-unsubstituted azetidines (secondary amines)
may be reduced by further alkylation.

In general, a primary halide cyclizes more readily than does
a secondary halide and this in turn cyclizes more readily than a
tertiary halide. This is what would be expected, with side reactions
from an SNl type process and from fragmentation13 being less for a
primary halide.

Mannich8 and Kohng_12 have prepared 1,3,3-trimethylazetidine
and 4-alkyl-1l,2-dimethylazetidines respectively from the corresponding
haloamines in reasonable yields although the purity of the products
may be open to questiom.

Vaughanl5 has considered that cyclization to the azetidine
system is a conformational problem. However, since the ring closure
is much slower than the interconversion of conformers in these systems
it would appear that the cyclization should be discussed in relation to
the energy of the transition state according to the Curtin-Hammett

14(a),l4(b)

Principle. Vaughan15 has suggested that the most favourable
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situation for effective cyclization to the azetidine system will be

found in the 3-aminopropyl system (1) in which there are no- substituents

Figure 1

on any of the carbons and a large substituent on nitrogen. Symmetrical
gem substitution on C, (provided the groups are not too large) with
no substituents on Cl and C3 or with gem substitution on C3 with no
substituents on Cl and C2 should have little effect on the success of
the cyclization. Threo substituents on Cl and C2 or on 02 and 03 (or
on all three carbon atoms) should not interfere with cyclization.
Erythro substituents at C2 and C3 should result in a slower rate of
cyclization since in the transition state they will be partially
eclipsed thus raising the energy of the transition state. Erythro
substituents at Cl and C2 should affect mainly the stability of the
product.

A very convenient two-step synthesis of l-alkyl-3-azetidinols
from primary alkylamines and epichlorohydrins has recently been

16,17 ' . ; . .
: The reaction involves a spontaneous cyclization of

reported.
the l-alkylamino-3-chloro-2-alkanol (2) carrying tertiary, secondary
or hindering primary N-alkyl groups. #n-Alkyl or aryl groups do not

provide sufficient hindrance or nucleophilicity for cyclization to



OH

RNH2 | /OH
DMSO -HCl
+ ——=>= > RNHCH,CHCH,C1 il |
(2) R”
CHZ——CHCH2Cl
N/

0

Scheme 2

occur. l-tert-Alkylamino-3-chloro-2-propyl acetates were found to
cyclize sluggishly and in lower yields than the propanols. This
contradicts the generalisation of Vaughanl5 mentioned above that
groups in the 2-position of 3-haloamines will hinder cyclization only
if they eclipse in the transition state with substituents in the 1 and
3 positions. The preparation of l-methyl-3-(methoxymethoxy)-azetidine
(3)19 from methylamine and 1,3-dichloro-2-(methoxymethoxy)-propane

is claimed to clarify the steric requirements for cyclization.

OCHZOCH3
1 ———
RNH2 + (XCH2)2CHOCH20CH3 .
X = Cl, Br =i
(3) R = CH3
Scheme 3
16,17

' 1 . .
However, Gaertner and Gaj and Moore ? have discussed these steric
requirements in terms of preferred staggered conformations depending
on the total steric bulk of the N-substituent and the oxygen containing

group, They further suggest that one conformation (A) favours inter-—

molecular reactions and another (B) favours cyclization.
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CFEC[ CHZCl
(4) (B)
Figure 2

Such an approach would appear to violate the Curtin-Hammett Principle
14(a),14(b) which states that provided the activation energy of the
reaction is large compared with the barrier to rotation {(which is
almost certainly the case), the proportion of the products in no way
reflects the relative population of the ground state conformations

but depends only on the activation energies of the processes leading
to these products. It thus appears that the steric requireﬁents for
azetidine formation are considerably more complex than the approach of

’ and Gaj and Moore19 would suggest. Furthermore, the

Qaertnerl
yields obtained by the latter19 for R ‘-\==CH3 (Scheme 3) were low (4-237%)
thus making it difficult to assess the mechanistic significance whichl
may be placed on these yields, especially in view of the fact that

the other products were not determined. Since fragmentation is unlikely
for primary halides,l3 the major side reaction would be expected to be

that of dimerization or polymerization. These could presumably be

minimized by using high dilution techniques.
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The parent azetidin-3-ol has recently been preparedl8 by
the cyclization of 3-chloro-l-diphenylmethylamino-2-hydroxypropane (4)
to give l-diphenylmethylazetidin-3-ol (5), followed by hydrogenolysis

with palladium/carbon.

RNH OH OH
2
OH | ’ Pd/C
¢ —> RNHCH.CHCH_Cl —> — N
CH,— CHCH,CL :
\20/ 2 (4) R = Ph,CH (5)
Scheme 4

A method for the preparation of azetidine and its lower
homologs. by the cyclization of the appropriate N-substituted - (2-
carbethoxy-ethyl)=-3-aminopropyl chlorides (6) in the presence of
sodium carbonate followed by saponification and subsequent cleavage
of 1-(2-carbethoxyethyl)azetidines has been described.20 This séquence
is summarized in Scheme 5.

1-Alkyl-2-carbomethoxyazetidines (7) have been prepared by
refluxing methyl o,y-dibromobutyrate (8) with alkylamines.Zl Basic

hydrolysis of the esters gave the corresponding acids.



CH == CHCO,,Et / CHyCHyCO, L
RlNHCHR4CR2RBCH20H > R1N\ |
C HRA CRZRBC H20H
R CH,CL R R
> - c . N N —_— N 1
oL RS CH (CH,),COEt 2293 Ry
=g | ' 200°
(6)
Ry ‘ Ry KOH R
N— (CH,),CO.EE | Kot N (CH,) ,CO K —o% NH
R3 ; 250° Ry ) 250° g
R, R, R,
Scheme 5

(1) 3RN1-12

CI'I3CN
BI’.‘CI‘IZCI'IZCIH'ICOZCH3 —tTos
Br (2) hClh
pentane
(8)
| 1 H,O
\ Ba(OH)2

N T C0CHg

(7

Scheme 6

Et3N
ST P S

| - 3
H Cl

—

N ——LC02H
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Cromwe1122’23

has found that trans-—o-(bromomethyl)chalcone

(9) reacts with tert-butylamine in pentane to give 2-[a-(N-tert-
butylamino)-benzyl]acrylophenone (10) as the kinetically favoured
product which readily rearranges in more polar solvents to the
thermodynamically more stable a-[(-tert-butylamino)methyl]chalcone
(11). Treatment of the acrylophenone or chalcone with hydrogen bromide

followed by reaction with base produced the cis- and trans-l-tert-

butyl-2-phenyl-3-benzoylazetidines respectively. The mechanism of

R / tBuNH,, \ // (1) HBr/CHCl, \ '
C=C —_—— H-C——C 5
A \ pentane | \ (@ tBunm,
H COCgHg tBuNH COCq Hg
9) (10)
tBulNH,/CHC1
2 3
polar solvent CH..OH/NaOCH
Z ' 3 3
Y #
Cg Hg - CHzNHLBu C6H5 9OC6H5
AN / (1) HBr/CHCL, /
C ——] C -
‘ / \ (2) tBuNH, N
tBu
H COC6H5

(11)
Scheme 7

the reaction leading to these stereospecific cyclizations to produce
the arylaroylazetidines are discussed by Cromwell23 by applying the

views of Grob13 and Vaughan.15



- 10 -

Silver perchlorate has been found to facilitate the cyclization
of some y-chloroamines to the azetidinium salts.24 A typical scheme

is shown below.

CHy H | (1) socL,
N / (1) RNH, _]’_‘ (2) OH-
C==¢cC = - +
7 \ (2) LAH NH  -0H (3) AgClo, = piN
|
CHyq COLEL - R 5 clo
Scheme 8

(2) Cyclization of 3-aminoalkylsulphates

Treatment of a 3-amino-alcohol with concentrated sulphuric
acid or treatment of the amine hydrochloride with chlorosulphonic
acid25 gives the sulphate esters which, on treatment with base, give
the azetidines, generally in very low yields., This should be compared
with. the cyclization of B-aminoethyl hydrogen sulphate to the aziridine
. . ) . 26
in nearly quantitative yield.

The direct conversion of a 3-amino alcohol into an azetidine

has not been reported although a hydroxyurethane (12) undergoes ring

e . 2
closure to the azetidine on heating. e

HOCH,, CH,, CH (CH,)NHCO, Et |

s
(12) EtCO»

Scheme 9
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27 (a)

Anderson found that dipolar salts were obtained in good
yields when amino alcohols were treated according to the procedure

of Reeves and Guthrie28 (chlorosulphonic acid and carbon tetrachloride);
Treatment of these inner salts (13) with aqueous alkali formed the

corresponding azetidines in excellent yields (84-92%). The sequence

is shown in Scheme 10.

CHy  ,CH,0H CHy  CH,0803 |
N4 €180 H N S _ —
C > C _— ‘
e \ PN + N —
CHy " CH,NHR CH3  CH,NH,R o
(13)

R =CH CH

3» CH,Ph, CH(Ph)CH,Ph

2

Scheme 10

(3) Cyeclization of 1,3-diamines

Although five-and six-membered cyclic amines have often been
successfully prepared by the thermal decomposition of diamine
hydrochlorides, no satisfactory syntheseés of azetidines have been

reported by this method.29

(4) Cyclization to l-(arvlsulphonyl)azetidines

This method involves dialkylation of a sulphonamide (14) by
a 1,3-dihalide (15)5 and is particularly useful for the synthesis
of the parent azetidine since it is possible to reduce the sulphonamide

to the free amine. The reduction has been accomplished in low yield
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ArSoO
\2N
XCH.CH.CH.X + ArSO.NH _ o, b
B a2 T2 N
/
(15) (14) ArS05 N
SOzAr
(minor)

Scheme 11

with sodium in liquid ammonia3o and with lithium aluminium hydride.31
Reduction with sodium and pentanol has been reported to occur in

yields ranging from 14 to 80%.7’32

Consistently good yields of
azetidine have been obtained using sodium and amyl alcohol as the
reducing agent under conditions of moderately high dilution.15

The preparation of ¢is- and trans-7-azabicyclo[4,2,0]-octane
(16) (17) has been reported by Moriconi53 by base treatment of N,0-
ditosyl-trans—2—-aminomethyl cyclohexanol (18) and N,0-ditosyl-trans-
2—amino—cyclohexanemethanoi (19) respectively followed by reductive

detosylation with sodium and isoamyl alcohol. WN,0-Ditosyl-cis-2-

aminocyclohexanemethanol (20) also gave the c¢is azacyclobutané.

H

2 0Ts :

base N/TS base . NHTs
k/—l
"CHyNHTs i CH,0Ts
(18) (20)
l Na/Zs0AmOH
H
1 /H
N

'}
H

(16)
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H H
NHTs s . 1 M
base N Na/Zs0AmOH —N
_— 5
» T .
""CH,0Ts | ;
i H

(19)

Scheme 12

(5) l-arylazetidines

A number of l-arylazetidines have been synthesized in low
yields by treating N-aryl-3-aminopropyl phenyl ethers (21) with

aluminium chloride34 as shown in Scheme 13.

AlCl3
! i
RC6H4NH(CH2)3OC6H5 N

(21)

Scheme 13

(6) Functional derivatives of azetidines

Except for 2-azetidinones, which are discussed below, there
have been very few reports of azetidine derivatives with functional

groups attached to the ring. Until the recently reported 2-carbo-

methoxyazetidines,21 3—acylazetidines23 and 3—azetidinols,l6’l7 which

have been mentioned above, the only such derivatives known were
35,36 , B
l-acetyl-3-hydroxytetramethylazetidine-3-

condensed 3-azetidinones,

carboxylic acid37 and azetidine-2-carboxylic acid.
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The sodium methoxide catalysed cyclization of methyl

o-tosylamino-y-chlorobutyrate (22) has been shown to give methyl

l-tosylazetidine-2-carboxylate (23).39 Hydrolysis or lithium aluminium

hydride reduction of the ester gave the corresponding acid (24) or

carbinol (25) respectively. l-Acetyl-2,2,4,4—tetramethyl-3-azetidinone

4

L_:::l
NaOH /

COZCH3 CIIOZCH:; /['s COQH

| . NaOCH
3 (24)
I(CHZ)ZCIIH — c1(CH2)2c|:H — | ..
NH NHTs e S
2 Ts CO,CHy
(22)
(23) N
Ts” CH,OH
(25)

Scheme 14

(26) and l-acetyl-2,2,4,4-tetramethyl-3-carboxylic acid (27) have

been prepared by the same workers39 by the methods shown in Scheme 15,

Oﬁh yp HO COZH ﬂ
benzylic Pb (OAc) :><:/i:><:
N/ \ . "
//</ acid
N 37 N N
] rearrangement | |
Ac Ac Ac  (26)

lp—toluenesulphonhydrazide

\
) | H< ,CO,H
\xf \_~ alumina hv
-~ re — :
/SN %N—A/ THF N
j | |
Ac Ac Ac  (27)

Scheme 15
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During a study of the tosylation of l-substituted 3-azetidinols
it was found that l-teri-butyl-3-azetidinol gave predominantly l-tert-
butylazetidinyl—3—tosylate40 (although l-cyclohexyl-3-azetidinol gave
mainly N-tosyl-l-cyclohexylamino-3-chloro-2-propanol). Treatment of
the 1-tert-butylazetidinyl-3-tosylate with potassium cyanide in
methanol gave the corresponding 3-cyanocazetidine which on subsequent
hydrolysis with barium hydroxide afforded l-tert-butylazetidine-3-
carboxylic acid in good yield.40 Similarly, 3-amino and 3-mercapto
azetidine derivatives were obtained by the reaction of l-terit-
butylazetidinyl-3~-tosylate with ammonia, primary and secondary amines,

and mercaptans.

(7) Reduction of 2-azetidinones

Although the reduction of lactams to the corresponding cyclic
imines with .lithium aluminium hydride proceeds in good yield with
five-, six- and seven-membered rings, similar reduction of N-substituted
2-azetidinones (28) consistently yields the corresponding amino-

15,42,43

propanols (29) (Scheme 16). Reductive cleavage has also been

R, R R. R
RE 2 R
R——L=Rr,  LaH R R,

———
N =K R-NH CH,OH
(28) R+H (29)
Scheme 16

reported to occur with the reducing agents sodium borohydride, lithium
borohydride, sodium borohydride-aluminium chloride and lithium

borohydride~aluminium chloride.l
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However, lithium aluminium hydride reduction of N-unsubstituted
2-azetidinones readily affords the corresponding azetidines in good
yields.44

Lithium aluminium hydride reduction of 2-azetidinones is

discussed in greater detail below.

2. The Synthesis of 2-Azetidinones

A number of methods are available for the preparation of

45,46 oo

2-azetidinones and these have been reviewed elsewhere,
a brief mention will be made of those methods which were used to

synthesize 2-azetidinones as starting materials for this work.

(1) The Reformatsky reaction

The reaction between an anil (30) and an a-bromoester (31)
in the presence of zinc to yield a 2-azetidinone (32) was first

observed by Gilman and Speeter47 (scheme 17). Recent work has

‘Al' $1 Ar R1
CH Br-C-R»
Z
I + | ————jl—4> R2
CO5EL
| 2 N S
R R” 0
(30) (31) (32)
Scheme 17

examined the reaction in greater detail so that the range of starting

materials which may be used and also the stereochemistry of the

46,48

products is now known. It was anticipated that it should be

possible to convert a 2-azetidinone into the corresponding azetidine
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without cleavage of the ring or rearrangement of the substituents.
In such a c;se, the stereochemistry of the azetidine would be known
by correlation with the corresponding 2-azetidinone. Accordingly,
the Reformatsky reaction was the method chosen for the synthesis of
the 2-azetidinones.

However, the Reformatsky reaction can be used only for the
preparation of N-substituted 2-—azetidinones and therefore alternative

procedures were required for the synthesis of N-unsubstituted

2—azetidinones.

(2) Cyclization of B—amino acid esters

Treatment of a B-amino acid ester (33) with a Grignard
reagent, usually methyl magnesium iodide, results in the formation

of the corresponding 2-azetidinone (Scheme 18). This reaction, which

Ry Ry R

1 Ry
r__éR
| "3 MeMgl R,

NH CO.Et
/ 2 Et,0O
R 2 R/

(33)

Scheme 18

has been studied in detail by Testa and coworkers,49’50 provides
the only general method of preparing N-unsubstituted 2-azetidinones,
although the yields are frequently poor. Several compounds required

in the present work were synthesized by this route.
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(3) Cyclization of isocvanates and olefins

GrafSl’52 has found that chlorosulphonylisocyanate (34)

reacts with olefins to form l—chlorosulphpnyl—2—azetidinones (35).

Subsequent removal of the chlorosulphonyl group has been accomplished

Ry Ry Ry f|?3
. . | |
o —_— N —_—
N
e \ W
C150,N=C=0 Clso, N H' o
(34) (35)

Scheme 19

using thiophenol or sodium hydroxide under controlled conditions of
temperature and pH.Sl This useful method of preparation of
N-unsubstituted 2-azetidinones is limited only by the availability
of suitable élefins. Moriconi33 has discussed possible mechanisms

of this addition reaction.
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IT. DISCUSSION AND RESULTS

1., W~N-Methvlation and N-benzvlation of 2-azetidinones

For reasons mentioned below it was found necessary in one

case and advantageous in the others to convert the N-unsubstituted
2-azetidinone into its corresponding N-methyl or N-benzyl derivative.
This was accomplished by adding the 2-azetidinone dissolved in
benzene, or better, dimethoxyethane, to a suspension of sodium hydride

in the same solvent followed by methyl iodide or benzyl chloride.

—‘r—l“ 1) WaH jj— <1> NaH
N __J (2) BzCl (2) BzCl
/ o ::

(54) (36)

Bz

Scheme 20

Theoretically, it would be possible for either N-alkylation or
O-alkylation to result. As expected, only N-alkylation was observed

as shown by the characteristic carbonyl absorption of the 2-azetidinone
in the i.r. spectrum as well as the presence of an N-substituent in

the n.m.r. spectrum. O-Alkylation would have resulted in the formation
of a l-azetine (36), where synthesis has only recently been

accomplished under completely different conditions.54
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In one case, a concentrated solution of 3,3-dimethyl-2-
azetidinone (37) in dimethoxyethane was added to sodium hydride in
dimethoxyethane and, instead of the expected product, a white solid,
m.p. 235-240°, was obtained and tentatively assigned the structure

(38). The n.m.r. spectrum of compound (38) showed a singlet at

q_
|
D

T I i
(37) ot M 0=  F-H N
E y
0
(38)
Scheme 21

§ 1.17 and a broad doublet centred at § 3,25 in the ratio of 3:l.
Since it was not sufficiently soluble in o-dichlorobenzene it was

not possible to observe the effect on the doublet of increasing the
temperature. The i.r. spectrum of compound (38) showed intense bands
at 3380 cm_l and 1648 cm—l which were assigned to the N-H str. and

the C=0 str. respectively in the cyclic amide. It is equally probablg

that the compound may be a linear polyamide.

2. MN-Unsubstituted azetidines

The reduction with lithium aluminium hydride (LAH) of I/-

unsubstituted 2—azetidinones,44 which were prepared by the method of

49,50
a, °

Test proceeded in good yields. Using similar reaction




tBu tBu
| [ L
AN NN AN N\
H 0 H 0 H 0 H 0
(39) (40) (41) (42)
Figure 3

conditions, compounds (39) and (40) were reduced in fair yields after
refluxing in ether for 4 hours whereas compound (41) was reduced in
low yield (30%) under the same conditions. 3-tert—-Butyl-4,4~dimethyl-
2-azetidinone (42) did not react even after refluxing with LAH in
ether for 24 hours. Presumably the steric bulk of the fert-butyl
group prevents the attack by LAH. In this case the oxygen atom is

at position 6 relative to a hydrogen atom of the tert-butyl group

35,56 reaction at this

and so, according to Newman's "rule of six",
position would be expected to be slow. The azetidine corresponding
to the 2-azetidinone (42) was desired since it would be expected to
give a moderately simple ABX type n.m.r. spectrum. Accordingly, in
view of the method of reduction of N-substituted 2-azetidinones

discussed below, the 2-azetidinone (42) was converted to the N-benzyl

derivative by the method outlined above.
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3. N-Substituted azetidines

15,42,43

In spite of the repeated failures to reduce 2-azetidinones

[(43), R¥H] to the corresponding azetidines (44) [the corresponding

R, Ry R, R4
RZ‘/» _J“‘R 3/ RA} R3/
N NH OH
R’ R
(44) (45)
Figure 4

3-aminopropanol derivatives (45) were obtained in every case], this
method still appeared to be the most attractive.
57 . . .

Brown™ ' has reported that the reduction of tertiary amides to
the corresponding amines with diborane proceeds without reductive
cleavage of the carbon-nitrogen bond. Accordingly, the reaction of
a number of 2-azetidinones with diborane was investigated. Since the use of
sodium borohydride is known to result in the reductive cleavage of

. 15 . LEr ]
the carbon-nitrogen bond™ ~ in 2-azetidinones the diborane was generated
externaily. Initially diborane was generated from sodium borohydride
. . 5 .
and boron trifluoride etherate 8 but subsequently it was prepared
e . . . . 59
from iodine and sodium borohydride in diglyme.

Table I shows the results obtained on the reduction of several

2-azetidinones. The amino-alcohols were identified by comparison

with authentic samples which were obtained by lithium aluminium hydride
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(46)
(47)
(48)
(49¢)
(50t)
(51)
(52)
(53)
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(55)

(56)
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TABLE I.

Reduction of 2-Azetidinones with Diborane

2-Azetidinone (43)
Substituents
R, Ry,
CH3 CH3

H H
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CH3 H
H C6H5
C6H5 C6H5
CH3 CH3
CH3 CH3
CH3 CH3
H H
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(compound no.)
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(64)

(65)
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(70)

% Amino

Alcohol

trace

20

35

% Recovered

2-azetidinone

30

trace

100

10

trace

cont'd
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reduction of the corresponding 2-azetidinone. The structures of the
azetidines were confirmed by the usual physical methods, and, in
particular, b; the absence of bands in the i.r. spectra in the C=0 str.,
N-H str. and O-H str. regions and their n.m.r. and mass spectra which
are discussed in detail in Chapters 2 and 3 respectively. N-Benzyl-
2-phenyl azetidine (69), prepared in this manner, was identical in

all respects with an authentic sample of N-benzyl-2-phenyl azetidine6o

which was prepared from 2-phenyl azetidine and benzyl chloride (Scheme 22).

N
H benzene Bz/ Bz \\‘O
(69)
Scheme 22

From Table I it can be seen that diborane reduces a variety of
N-substituted 2-azetidinones to the corresponding azetidines in good
yields, and since diastereomeric pairs of 2-substituted 2-azetidinones

"are readily available,46’48

reduction with diborane provides a convenient

and versatile synthesis of azetidine derivatives of known stereochemistry.
Attempted reduction of N-unsubstituted 2-azetidinones and

N-methyl-2-azetidinones with diborane yielded only aminopropanol

derivatives, unchanged starting material and, occasionally, polymeric

material,
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The behaviour of diborane in the reduction of 2-azetidinones
is almost complementary to that of lithium aluminium hydride and the
nature of the intermediate organometallic complexes (75) and (76) in

the two reactions provides a plausible explanation for this behaviour.

E=" W <+ —_
[r\ i/"%\*mm Y | Lo—s] T _o=8]
AN | ~N - /N ' ~
H R H R H

(75) (76) (77)

R

Figure 5

The &ecomposition of the complexes (75) and (76) would be expected
to be controlled by the availability of the lone pair of electrons
on the nitrogen atom and the strength of the O—él— or O—B:: bond.
It is well-known that reductive cleavage6l is favoured in N,N-
disubstituted acyclic amides when at least one of the groups is
electron-withdrawing. In the case where the nitrogen substituent

is hydrogen, reduction of the 2-azetidinone to the azetidine with
LAH may be explained by considering that the relatively easy loss of
a proton from the nitrogen atom would favour carbon-oxygen bond

cleavage rather than carbon-nitrogen bond cleavage (Scheme 23).62
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I \ — l \o—_AIL— — N[ ‘ - H

N N-— | == N —-

WY Ny o W H
(78)

Scheme 23

For a particular nitrogen substituent, R, the difference in the
reduction products obtained with lithium aluminium hydride and
diborane must depend on the relative bond strengths of the O—%l-—
and O—B:: bonds., Dipolar structures such as (77) (Figure 5) would
contribute to the strength of the B-0 bond and facilitate the
elimination reaction (76) to give the intermediate ketimines, which
on further reduction would yield the N-substituted azetidine, in
contrast to the cleavage of the relatively weaker O-Al bond (75) to
form the amino-aldehyde. Further reduction of amino-aldehydes would
produce the 3-aminopropanols. Dipolar structures such as (77) have
recently been considered to be one of the contributing factors to
"the driving force involved in the conversion of ketones to hydrocarbons
by diborane.63 There has also been some recent evidence supporting
B-0 w-bonding in dimethylboric anhydride.64

The reductive cleavage of N-unsubstituted or N-methyl-2-

azetidinones with diborane may reasonably be ascribed to the formation

of a complex between borine (BH3) and the amide nitrogen (79) which
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would be sterically unfavourable in compounds with bulkier nitrogen
and ring substituents.65 The ring cleavage reaction would then be

favoured by the presence of a quaternary nitrogen atom.

il
N

S
~=-77 2
—B
pZ (79)
Figure 6

It was thought that since aluminium hydride is related to
lithium aluminium hydride as diborane is to sodium borohydride and

15,42,43,44 and sodium borohydride15

since lithium alumiﬁium hydride

both result in reductive cleavage of the N-substituted 2-azetidinones

then aluminium hydride might have the same reducing properties as

diborane. One might conceivably imagine that the initial attack by

the Lewis acids aluminium hydride and diborane would be on the oxygen

atom whereas that of the ionic hydrides might be on the carbon atom

of the carbonyl group.66 Thus a number of 2-azetidinones were treated

with aluminium hydride and the results obtained are shown in Table II.
The results recorded in Table II show that aluminium hydride

is a very good reducing agent for converting N-substituted 2-azetidinones

to the corresponding azetidines, A comparison of the yield of a

particular azetidine from the corresponding 2-azetidinone using aluminium

hydride as the reducing agent (Table II) with that obtained using diborane

as the reducing agent (Table I) reveals that the yield using the former
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CH3CH2CH2

TABLE TII. Reduction of 2-Azetidinones with Aluminium Hydride

Substituents

R R
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CH, CH,

CH, CH,

CH, CH,
CeHe H
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(CHy),C  H

H (CHy) 4C

CH3

65

Cells

65
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2-Azetidinone

Cpd.No.
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807% (68)
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CH
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is always as good as, and in most cases better than that obtained

with the latter. Furthermore, 3-aminoalcohols were detected in the
reduction with aluminium hydride of only two 2-azetidinones (46) and
(50t) [t means the trans isomer, c the cis isomer]. The yields of
qzetidines reported in Table II are those of the pure compound,except
for the azetidines (61) and (65t), which were contaminated by about

15% and less than 37 of the corresponding 3-aminoalcohols, respectively,
as shown by v.p.c. and n.m.r. spectroscopy.

It may be significant mechanistically, and it is certainly
useful synthetically, that N-methyl 2-azetidinomes [(80t), (81), (84t)
and (85)] are reduced with aluminium hydride in satisfactory yields
to the corresponding azetidines (86t), (87), (90t) and (91). The
physical characteristics of compound (87) were identical to those

reported for 1,3,3—trimethyl—2—phenylazetidine27(b)

prepared by a
completely different procedure. No azetidines could be isolated from
the reaction of N-unsubstituted 2-azetidinones. If our postulate that
N-methyl 2-azetidinones complex with borine in the reduction with
diborane, thus favouring ring cleavage, 1s correct, then the
successful reduction of N-methyl 2-azetidinones with aluminium hydride
would imply that aluminium hydride does not complex with the nitrogen
atom of 2-azetidinones as readily as does borine. If it is assumed
that a 2-azetidinone is a soft base then, according to Pearson's

67,68

principle of hard and soft acids and bases (HSAB), it should

complex more readily with the soft acid borine than with the hard
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acid aluminium hydride. However, the use of this argument requires

el Although we have no direct evidence that

cbnsiderable caution.
borine complexes more readily than aluminium hydride to the nitrogen
atom of 2-azetidinones it would seem fairly clear that borine complexes
more readily than aluminium hydride to azetidines, (this is the opposite
to that predicted by HSAB if an azetidine is assumed to be a hard

base). When N-benzyl-3-tert-butyl-4,4—dimethyl-2-azetidinone (56)

was treated with an excess of diborane it gave & white solid whose
analysis figures best fitted the molecular formula Cl6H25N'BH3 which

was assigned structure (92), This complex was very stable to treatment

|
+ | +
Bz— N =
|

Bz —N —
l
(92) (93)
Figure 7

with 107% sodium hydroxide solution and decomposed slowly on heating
"under reduced pressure (0.5 mm) to the azetidine (70) and diborane.

The i.r. spectrum showed a very intense band at 2400 c:m_l with shoulders
at 2340 cm_l and 2300 cm_l in carbon tetrachloride which may be
asgigned to the B-H str. vibrations.70 Treatment of N-benzyl-=2,2,3,3-
tetramethylazetidine (68) with a solution of diborane also yielded

the correéponding borine complex (93), which was reasonably stable.
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It decomposed on treatment witﬁ 10% sodium hydroxide solution and
also on heating under reduced pressure to the azetidine (68). Again
the i.r. spectrum showed intense bands at 2410 cm_l with shoulders
at 2350 cm—l and 2290 cm—l. The n.m.r. spectrum of compound (93)
showed sharp singlets at & 1.50 (two methyl groups), § l.44 (one
methyl group) and § 1.07 (one methyl group) and two AB quartets, one
for the ring methylene protons and one for the benzylic methylene
protons with a coupling constant of -10.0 c.p.s. for the ring methylene
protons, This value is numerically greater (more negative) than that
for normal azetidines [-6 to -7 c.p.s. (see below)], as would be
expected if the nitrogen atom has some positive chargé.7l A coupling
constant of -10.0 c.p.s. for the ring methylene protons of the
hydrochloride of compound (68) was also observed. The treatment of
compound (56) with excess aluminium hydride under similar conditions
gave the pure azetidine (70) with no complex being observed, i.e. the
aluminium hydride complex appears to be much less stable than the
borine complex.

The solutions of aluminium hydride used in this study were
prepared by treating three moles of lithium aluminium hydride in ether

with one mole of aluminium chloride72 and filtering the solution to

3LiAlH4 + AlCl3 — 4AlH3 + 3LicCl

remove the precipitated lithium chloride. It is known that ether
solutions of -aluminium hydride prepared in this manner are metastable

with the aluminium hydride forming a polymer which precipitates out
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XA1H3 —i= <AlH3)x

72,73

of solution. 2

However, this was not a major problem in this

case since the reduction of the 2-azetidinones occurred more rapidly
than the polymerization. In most cases reduction was essentially
complete after fifteen minutes whereas formation of a white precipitate
from the filtered solution of aluminium hydride in ether did not
usually become serious until after this time, Accordingly, it was

not found necessary to prepare the aluminium hydride solutions from
100% sulphuric acid and lithium aluminium hydride in tetrahydrofuran,6
a method which is reported to give more stable solutions of aluminium

hydride. Brown66’75

has recently studied some applications of
aluminium hydride for the reduction of other organic compounds.

Since diborane and aluminium hydride both reduce N-substituted
2-azetidinones to the azetidines, without carbon-nitrogen bond cleavage
to the 3-aminopropanols, it seemed difficult to explain why Vaughanl5
obtained only the 3-aminoalcohol when 3,3—dimethyl—l,4—diphenyl—2—
azetidinone (46) was reduced with mixed hydrides such as sodium

borohydride and aluminium chloride. We found that the reduction of

compound (46) with sodium borohydride and aluminium chloride in the

3NaBH4 + AlCl3 —. 3NaCl + AlH3 + 3BH3

molar ratio of 3:1 gave a mixture of the azetidine (61) and the

3-aminopropanol (94) in the ratio of 1:2. Although Vaughan did not

report the molar ratios of sodium borohydride to aluminium chloride
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NH OH

(94)

Figure 8

which he used, it is probable that he used a ratio different from
that of 3:1, in which case the 3-aminopropancl could well be the
only observed product. V.p.c. and n.m.r. spectroscopy showed that
only pure azetidine was formed when the 2-azetidinone (46) was
treated with a mixture of lithium aluminium hydride and aluminium

chloride (3:1).

4, Attempted Syntheses of Azetidines

(1) 3~Haloamines and tosylates of aminopropanols

It was mentioned above that in the preparation of azetidines
from 3-haloamines by treatment with base £hZt a number of competing
reactions reduced the yield or even precluded the formation of the
azetidines. Apart from these factors, it is often difficult to prepare
suitably substituted 3~haloamines for conversion to an azetidine with
the desired substituents. Therefore it was thought that the lithium
aluminium hydride reduction of an N-substituted 2-azetidinone to the
corresponding 3~aminopropanol would provide a suitable starting material

which could subsequently be converted to the azetidine via the
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3-haloamine, Initially, 3,3-dimethyl-4-phenyl-2-azetidinone (46)
was chosen as the starting material since it was thought that the
3-haloamine (95) would then undergo ring closure on treatment with

base, rather than a B-elimination reactiomn.

LAH> ‘ N base - | __J

N — NH OH NH X N
RN 7 s
0 o o’ ¢

(46) (94) (95) X=Cl,Br,0Tls (61)

Scheme 24

All attempts to convert the 3~aminoalcohol (94) into the
3-haloamine (95) using either hydrogen bromide in acetic acid,
487% hydrobromic acid or phosphorous tribromide in ether77 vere
unsuccessful; a blue oil, from which no pure compound could be
isolated, was obtained in each case. Since the alcohol (94) resembles
neo-pentyl alcohol, it might be expected that some methyl migration
could occur. The n.m.r. spectrum of the mixture of compounds, which
were obtained after treating the blue o0il with base, indicated that
some methyl migration had occurred, since there was now.an ethyl groﬁp
present. There were also other peaks which could have been assigned to

the aziridine (96). The sequence shown in Scheme 25 is merely a suggested

possible one with even the final product (96) doubtful. The reaction.
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CH ¢ CHj 4
+ @ . l ) H+ + | l"—:y“:’
$-NH,—CH—CCH, OH >  p-NH,—CH—C —CH, ——
~ Br | Bl l’
CHy CHy
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CH £ >\CH
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B-NHy L= CHyCHy B-NH T—CH2CH3 - N
~Br CHj S £ CoHg
o
X = Br, OAc 6

Scheme 25

of compound (94) with thionyl chloride gave several compounds from
which a colourless liquid was obtained but the structures of these

compounds have not been established.
Attempts to convert the amino-alcohol (97), obtained from

1,4~diphenyl-2-azetidinone (47), to the corresponding 3-bromoamine (98)

@ & ¢
T — 71 — ]
_NH OH ¢)/NH Br gb/N

(47) 7 (98) (62)

al

N*\
¢

Scheme 26
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were only slightly more successful. The hydrobromide of compound
(98) was obtained in good yield by heating compound (97) in a sealed
tube with 487% hydrobromic acid for 10 hours at 170°. Compound (98)
was then obtained by treating the hydrobromide with dilute sodium
bicarbonate solution and quickly extracting it with ether. Compound
(98) was treated under a variety of conditions with base without further
purification. The best yield of a yellow liquid was obtained by
leaving compound (98) at room temperature for 10 hours with a 25%
solution of potassium hydroxide although even then the yield was only
10%. However, much of the other material was the amino-alcohol (97)
which could then be recycled. The colourless liquid was subsequently
shown to be the azetidine (62) by comparison with a sample prepared
by aluminium hydride reduction of compound (47).

Only trace amounts of what was presumably the tosylate of
compound (94) could be detected by t.l.c. when the amino-alcohol (94)
(Scheme 24) was treated with p-toluenesulphonyl chloride in pyridine
under a number of different conditions. In every case an almost
quantitative recovery of the amino-alcohol (94) was obtained. 1In one
case, when the 2-azetidinone (46) was reduced with lithium aluminium
hydride and then the reaction mixture treated with p-toluenesulphonyl
chloride, very small amounts of the azetidine (61) were detected by
t.l.c. and v.p.c. together with the amino-alcohol (84). No azetidine
(61) could be detected on subsequent reactions. Benzyl alcohols have
been converted to their tosylates using sodium hydride78 and therefore
the amino-alcohol (94) was treated with sodium hydride at -20° under

nitrogen and then a solution of p-toluenesulphonyl chloride added.
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The isolated material was shown to be a mixture of two compounds by
t.l.c. and they were separated by preparative t.l.c. under nitrogen
and shown to be recovered starting material (85%) and the azetidine
(61) (5%) by comparison with authentic samples. The formation of
the azetidine could be explained by a base catalyzed ring closure as

shown in Scheme 27. However, it is difficult to explain why no

@ [ @ | ¢
\{_J}‘ NaH iR o o .

N i

Y H 0Ts /ﬁ uOTs r

® P Na v
Scheme 27

ditosylate was detected nor why such a small yield of the azetidine
(61) was obtained if this is a favoured reaction. Apparently the

only possible explanation must be that the monotosylate is very
difficult to form under these conditions and that the ditosylate is
even more difficult., The formation of the small amount of the
azetidine (61) observed in the reaction of p-toluenesulphonyl chloride
with the crude LAH reduction mixture could also possibly be explained

by a similar base catalyzed ring closure as shown in Scheme 28.
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(2) Reducticn of 2-azetidinethiones

Thioamides (99) have been reduced under a variety of conditions

2,20 Several 2-azetidinones have

to the corresponding amines (100).
]
R1—C—NR2R3 — R1CH2NR2R3

(99) (100)

Scheme 29

been converted to the 2-azetidinethiones with phosphoxrus penta-

81,82

sulphide. Accordingly, it was thought that the sequence shown

in Scheme 30 might be a possible method of preparing azetidines.

g ¢ :
P)Ss Red™ ) \|—}
R e

(101)

Scheme 30
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Since it was known that some azetidines are unstable under acid
condition529 it was decided that a neutral or basic medium would be
desirable and therefore the reduction of the 2-azetidinethiome (101)
with Raney nickel was investigated.

When compound (101l) was treated with Raney nickel (W&4) or
degassed Raney nickel under a variety of different conditions either
the 2-azetidinethione was recovered unchanged or a mixture of at least
six products were obtained, none of which was the required azetidine.
In the latter case five fractions were collected by preparative v.p.cC.
and three compounds were obtained in the pure state. The n.m.r.
spectral data and structures of these compounds (166), (167) and (168)
are given in Table III and Scheme 31 respectively. All compounds
were basic and contained nitrogen. There was an intense band at
3400-3500 cm_l in the i.r. spectra of all compounds except compound
(167) corresponding to an N-H str. vibration and all compounds had
similar u.v. spectra. The n.m.r. spectrum of one of the impure compounds
showed the presence of an N-benzyl and possibly an N-ethyl group and
therefore one of the compounds was assigned structure (169). The
n.m.r. spectrum of the other impure fraction indicated the presence
of a —CHCH2CH3 group and therefore the major component in this fraction
was assigned structure (170). On the basis of the above facts it
would appear that the products were derived from the cleavage of

each of the four bonds of the four-membered ring as shown in Scheme 31.




- 42 -

TABLE ITI. N.m.r. Spectral Data of Compounds (166), (167) and (168)

Cpd.No. Absorption (8§ from TMS) Assignment

(166) 1.5
3.4
4.4

6.4-7.2

(167) 1.5
3.0
4.7

6.5-7.2

(168) 1.8
2.6
3.0
2.8

6.4-7.2

(3 protons) CH3
) N-H
(1) CH
(10) Aromatics
(3) CH,
(3) N—CH3
(1 CH
(10) Aromatics
(2) CH,
(2) CH,
(2) CH,
(1) N-H
(10) Aromatics

b3
Under fast scan

Multiplicity

doublet (J 7 ¢c.p.s.)
singlet

7)

quartet (J

multiplet

doublet (J 7)

singlet

7)

quartet (J

multiplet

quartet®
doublet*®
triplet®
singlet

multiplet

The approximate yields, which varied slightly with conditions of

the reactions, are shown in brackets.

Compound (108) was identical

in all respects to that obtained by hydrogenation of the anil of

cinnamaldehyde and aniline.

It is pessible that one of the other

products in either of the two impure fractions was an acyclic thiocamide
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¢

I
$CH,,NCH, CH., , 9CH, CH, CiL,NHg

X3 c
(169) (5%) \ = / (168) (38%)

NS
o 1S
d ¢
Ci, ‘b/ (101) K NH
l |
¢N(|]HCH3 5 &d $CHCH ,CH,
i o
(167) (18%) ~ | (170) (20%) |
¢NHCHCH,,

(166) (15%)

Scheme 31

since in several runs, although not in most of them, the presence

of sulphur was detected in one of these two fractions.

. 83 ] )
Aluminium amalgam -~ has been used to reduce thioamides to
the corresponding amine. However, in this case the reaction of
the compound (101) with aluminium amalgam gave the same mixture of

at least six compounds in about the same ratio as did Raney nickel.

(3) Photochemical methods

A number of four—-membered ring compounds have been synthesized

by photochemical method884’85

although when this work was commenced
there had been no reports on the synthesis of azetidines by this
means. 1In view of the readily available potential starting materials

the possibility of a photochemical synthesis appeared to be an attractive

one.
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The photolysis of aldehydes or ketones in the presence of
an olefin has been found to be a good method of preparing oxetans.

Several examples are given in Scheme 32. There appéar to be two

R
0 { |
¢ |
(a) @—Q‘,—R * >“—/ i - | <10% (Ref. 86)
. no solvent |
R = H,CH3 2
0

[l hv ]
(b) /\-—/= = = o (Ref. 87)

| P2
() ¢,0=0 + m —hy “ l ' (Ref. 88,89)
0 L,
(94%)

h ¢ —
=0 + >“-— i i Ref. 90)
(d) ¢2C - benzene (Ref,

0 —
(93%)
o N e
i |
(e) 4 by o .__J + '___#_— A |
. 0 AN
>:::C:::< rﬂ @2—“**—0 O'__“_¢2
(37%) (28%)

(15%) (Ref. 91)
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90,92,93 .

factors which influence these cycloéddition reactions.
first is that only carbonyl compounds whose lowest triplet state is

of the n>n* type react and second is that cycloaddition depends on the
triplet energy of the olefin. If this energy is below that of the
carbonyl compound than triplet-~triplet energy transfer occurs and no
oxetan is formed. On the other hand, if the triplet energy of the
olefin is greater than that of the carbonyl compound, the oxetan is

90,91,92,93

formed. The favoured mechanism for such cycloadditions

is shown in Scheme 33. The orientation of the substituents in the

o ¢ 6 ¢ o ¢
N N\ NS

C av : C -

'I hE R ” I

' ¥ 0

0 TO: 1\O:
s/ T/

N

| b
+ \\ﬂ// —_ ¢.—{T \%»//
0 (===l

¢ )
¢ i¢ ﬁﬁ// ¢"%_i:jF“
T =

Scheme 33
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resulting oxetan appears to be governed by the relative stabilities
. . . . 90 90

of the intermediate diradicals. Arnold has shown that both

isomers are formed and that the isomer which has the most stable

diradical precursor predominates (Scheme 34).

o o ¢
1] .y
¢ ¢ /” 0 0 (84%)
¢
~ A q>.‘t_
| —|— O_]!_._(%)

—

Scheme 34

In view of the facile cycloadditions of carbonyl compounds
to olefins to form oxetans it was decided to investigate the reaction
of Schiff's bases with olefins. Several studies of photochemical
reactions of Schiff's bases have been reported in the literature,94_99
but no cases were found where a Schiff's base was irradiated in the
presence of an olefin. After the irradiation of a mixture of the
Schiff's base (102) and 2-methyl-2-butene (103) by the use of a high
pressure mercury lamp or by exposure to sunlight in toluene, benzene
or ether as solvents for periods of up to 10 days the Schiff's base

was recovered quantitatively. The Schiff's base was also recovered

. 100 . ; S
when triphenylene was used as a photosensitizer. The irradiation




= Ml =

¢—=N=CH¢
(102)
\ hv
or M >—/ : — N\ no reaction
- (103) |
$, C=NH
(104)

Scheme 35

of diphenylketimine (104), whose u.v. spectral characteristics very
closely resemble those of benzophenone [209 mp (¢ 17,000), 250 mu

(e 15,000) and 325 mp (e 880) and 205 mu (e 21,000) and 253 mp (e 16,000)
respectively (in ethenol)], and the olefin (103) under the same variety
of conditions also failed to yield any azetidine. The diphenylketimine
was recovered quantitatively in each case. On one occasion, when a

low pressure mercury lamp was used, a small amount of polymeric olefin
was obtained together with the quantitative recovery of compound (104).
It is not easy to explain why these attempted reactions failed. If

the conditions for cycloaddition of Schiff's bases to olefins are the
same as the conditions for cycloaddition of analogous carbonyl compounds

to similar ole.fins,go’92’93

then either the lowest triplet state of
the Schiff's base may not be of the n»n* type or the triplet energy
of the Schiff's base may be greater than that of the olefin. There
does not appear to be sufficient data available to determine which,

if either or both, of these factors apply. Prima facie, one might

expect the triplet energy of a Schiff's base to be lower than that
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100 PR . P

of a carbonyl compound, thus eliminating the latter possibility.
However, the isclation of a small amount of the polymeric olefin
mentioned above suggests that the latter condition is the more likely,
since this type of reaction would presumably be a photosensitized

. o . 101
polymerization, by the Schiff's base, of the olefin.

102 .

Clasen has also been unable to detect the formation of
azetidines when Schiff's bases and olefins were irradiated together.

In a photochemical study of the dimethyl maleate~dimethyl

109 . ;
fumarate—acetone system, Albone has presented evidence which
supports a mechanism involving the attack of the excited unsaturated
diester on the ground state ketone to form the oxetan. Also, studies
of the photochemical additions of alkyl ketones to the electron
deficient double bond of a,B-unsaturated nitriles indicate that this
reaction proceeds viq a singlet (nm*) state of the ketone and that
the orientation of the resulting oxetan is not that expected from
. . - L . ; 74 ,

consideration of the more stable biradical intermediate. It thus

N . ; 90 ;
appears that the mechanism proposed by Arnold to account for the
formation of oxetans is not always adequate., In view of the complex
nature of this reaction it is perhaps not so surprising that Schiff's
bases and olefins failed to react.

Another useful photochemical method of preparing four-membered
ring compounds involves the photolysis of ketones (105) with a

y-hydrogen atom to cyclobutanols (106).103’104

If the B-carbon atom
. . 105
is replaced by an oxygen atom then the 3-oxetanol (107) is formed.

Ciearly, the next step would be an examination of the photolysis of
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(105) (106)
R
R’ | R =06, R' = H
RCOCH.OCH.R' ~ ——s I - of R = zp R' = CH
N g = 1% in j ’ 3
benzene 0 R = tBu, R" = H

(107) (29%)

Scheme 36

the carbonyl compound (105) with a nitrogen atom replacing the

f-carbon atom. Accordingly, the photolysis of N,V-diethylphenacylamine
(108) in benzene using a high pressure mercury lamp was studied.

- The solution was irradiated for 135 hours, by which time no V,V-
diethylphenacylamine remained in the reaction mixture., Only two
products could be detected and these were separated by chromatography
and subsequently shown to be acetophenone (109) (85% yield) and a
polymer of N-ethylacetaldimine (110). These are the expected products
from a Norrish Type II cleavage as shown in Scheme 37. After this

work had been completed, Clasen and Searlele6 reported the

"successful cyclization of N ,N-dimethyl-, V,V-diethyl- and N,V-diisopropyl-
phenacylamines (111) in ether to the azetidinols (112) in yields of

9, 26 and 227 respectively. Acetophenone was obtained as a by-product

in 30-50% yield.
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N-Phenylbenzoazetine (171) has been prepared by the
irradiation of a solution of 3-phenyl-4H-benzo-1,2,3~triazine (172)
in benzene107 and N-phenylnaphtho[2,3-bJazetinone (173) by the
irradiation of a solution of 3-phenyl-3,4-dihydromaphtho[2,3-d]-

108(a)

1,2,3-triazin-4-one (174) in tetrahydrofuran. The existence

of N-phenylbenzoazetinone (175) in solution has been proved by

trapping reactionslos(b) and by i.r. spectroscopy.llO
N-Cg Hg By </ T .
§ = | L
Né W N CBHB
(172) (171)
0
il 0
- /
I,,/l ~ N=CgHg N 7
(174) (173)
Scheme 39
A SN—O

X~ N=CgHg
(175)

Fipure §
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CHAPTER 2, NUCLEAR MAGNETIC RESONANCE (N.M.R.) SPECTRA

AND STEREOCHEMISTRY OF AZETIDINES

I. INTRODUCTION !

1l. N.M.R. Spectroscopy

The successful application of n.m.r. spectroscopy to stereo-
chemical problems involves the measurement and interpretation of one
or more of three effects: (1) the chemical shift, (2) coupling
constants and (3) exchange effects. These effects have been discussed
112-117

at length in textslll and reviews and only a brief summary of

some of the factors influencing these variables is given below.

(1) The chemical shift

A spinning positive charge such as a proton has a magnetic
moment  associated with it. The magnetic moment vector is collinear
with and directly proportional to that of the angular momehtum‘R.ll8
When the proton with its magnetic moment is placed in a magnetic field
H the magnetic moment may align with or against the field thus creating
two different energy levels. A radio frequency now applied to this
system may induce a transition from the lower to higher energy level
and this absorption may be detected as the resonance signal. The
resonance frequency depends on the applied magnetic field, the gyromagnetic
ratio (y = pu/p) and to a small but very important extent on its nuclear

environment, As a résult, nuclei of the same species resonate at
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slightly different applied fields depending on their nuclear
environment. This arises from the magnetic screening effect of

the extra-nuclear electrons and the magnetic field experienced by
the nucleus is not quite the same as the applied field. 1In general,

the following relationship holds::'L19

= - " 2—
HA Happ(l OA) (2-1)

where HA is the applied magnetic field at the nucleus (i.e. effective

field), Happ is the applied magnetic field and Oy is a dimensionless
number known as the shielding coefficient or shielding constant. The
value of the shielding constant is determined by local fields at the
nucleus which arise from electron circulations induced by the applied
magnetic field. These electron circulations can be broken down on

an atomic basis in the following way:lzo

+ Loy * oieloc (2-2)
B¢A

_ dia para
Op = Opn + 9AA

where IV corresponds to the local diamagnetic currents which are
induced by the applied magnetic field and which are caused by the
circulation of electrons around the nucleus in a plane perpendicular
to the applied ficld, thereby producing a field which is in opposition
to the applied field. As a result, shielding at the nucleus is
increased and the resonance is shifted to higher field. Local
diamagnetic circulations about one nucleus in the liquid or gaseous

dia

state (OAA

) average to zero and therefore make no contribution to

the shielding of a neighbouring nucleus.
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ara , . . . .
ZA is the contribution to Op of induced paramagnetic

currents on the nucleus A, and arises as a consequence of the mixing

of the ground and excited electronic states by the applied magnetic

field.120

The term 2 OAB is the contribution to OA from local induced
BxA 120

currents on atoms other than A and can be expressed approximately as:

L 2 2
o = ——— [(1 = 3cos” 8 ) + (1 - 3cos” 0)
AB 3RiB N, [ %’ Vxx y) Yy

o o ~ Bl 0) v_] (2-3)

where N is Avagadro's number; Y__, ¢  and ¥ are the three principle
o xx’ Tyy ZZ

axes of the magnetic susceptibility tensor of the atom or bond B;

OX, ey and ez are the angles between the principal axes and the AB

internuclear. vector and R,  is the magnitude of the internuclear

AB

vector, 9up is zero unless the magnetic susceptibility tensor is

anisotropic (neighbour anisotropy effect).

deloc

The last term, Ty s

in Equation (2-2) arises from induced
currents involving electrons which are not localised on any one atom

or bond in the molecule and includes, for example, the deshielding

of the aromatic protons of the benzene ring. When a benzene molecule

is oriented with its plane perpendicular to the applied field, extensive
circulations of delocalised electrons occur and this circulation
produces an opposing magnetic field at the centre of the ring as

shown in Figure 10. The peripheral hydrogen atoms lie in the recgion

where the induced field reinforces the applied field thus causing the




- 55 -

aromatic protons to resonate at a lower field than would otherwise

be the case.

x Ty

T

Figure 10. The deshielding of aromatic protons

The ring current effect (Orlng) can be approximated by an

expression similar to that for o and for an axially symmetrical

AB

electron distribution wxx = wﬁy = Y1 (perpendicular to the rotational

axis) and sz = w“ (parallel to the rotational axis) and hence121

Gring -t 1 - 3cos2 9) (2-4)

3R3 N
[e]

where Ay ; wé: - w‘l and 6 is the angle between the axis and the
vector R. ' This expression can satisfactorily approximate (for
distances greater than about 33) the ring current effect in benzene
derivatives where Ay is now the diamagnetic anisotropy of the aromatic
ring, 6 is the angle between the vector joining the proton to the
centre of the ring and the six-fold rotational axis of the ring and

ﬁ is the distance of the proton from the centre of the benzene ring.
More refined methods122 of calculation are unnecessary for the present

work.,
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Much of the stereochemical information reported in this
work has been either obtained or confirmed by a qualitative application
. . . 123
of known anisotropies of functional groups. Such a procedure has
been used in the assignment of cis and trans isomers in, for example,

benzocyclobutenes124 and 2—azetidinones.46 The compounds (49c) and

Figure 11, The shielding effect of a phenyl substitutuent in

2-azetidinones

(49t) in Figure 11 illustrate this method and it requires the
assumption that the 4-phenyl group exists in a preferred conformation
in which the plane of the aromatic ring is approximately at right
angles to the plane of the 2-azetidinone ring in its equilibrium
position. Recent X-ray analysis has shown this angle to be 79 £ 2°

in compouhd (164).125

Thus, from Equation (2-4) and from models it
is clear that the methyl group in compound (49c¢) is in the shielding

region of the aromatic ring and thus resonates at a higher field
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Cl
(164)

than does the methyl group in compound (49t). [Both R and 8 are

smaller for compound (49c) than for compound (49t) and therefore

ring

o is greater]

(2) Coupling constants

Resonance lines which under low resolution appear as only
single lines can show considerable multiplicity or fine structure
under higher resolution and this results from spin-spin splitting.
Spin-spin splitting proceeds by the Fermi contact term between an
electron and the nuclear spin and is transmitted by bonding electroms.
As would be expected on the basis of this explanation, spin-spin splitting
is independent of the applied magnetic field but the effect of one
proton on another depends on the number and kind of intervening
chemical bonds and the stereochemical relationships of the interacting

groups. These effects are discussed below,
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(a) Vicinal Coupling Constants (H—C—C'—H")

Karplus126’127

has discussed the factors influencing vicinal
coupling comstants and the main ones are the magnitude of the dihedral

. angle ¢ (Figure 12), the presence of electronegative substituents, the

bond angles 6 and 6' (Figure 12) and the C—C' bond length.

LS H,// N \J:I ¢ /
™y e el / /
N / N
DI e RC——-—L’/

Figure 12

Using valence bond calculations, Karplus has derived an
equation (2-5) relating the dihedral angle ¢ to the vicinal coupling
constant J . . From this it can be seen that J_. will have a maximum

vic vie

2
JVic A + Bcosp + Ccos ¢ (2-5)

[+] o = ] . =] -]
at 0° and 180° [actually Jvic(¢ 0°) is usually less than Jvic(¢ 180°) 1]
and a value of 0 when ¢ = 90°, Clearly, values of A, B and C will vaxy
with the particular éystem and so it is dangerous to attempt to
obtain quantitive measures of ¢ from measured values of Jvic' A
modified Karplus equation has also been applied to olefins, where it
was predicted that Jvic for the transg olefinic protons is greater than
J . for the cis olefinic protons.
vic

Theoretical calculation5126 suggest that the coupling constant

Jvic depends on the electronegativity of the substituent R in the

system (143). The direct inductive effect on the polarity of the

C—H and C'—H' bonds involved is relatively small; the changes in



the hybridisation of the C and C' carbon atoms (Figure 13) on
substitution have a greater effect. The calculations suggest that
the observed couplings will decrease slightly with the increased
electronegativity of R (Figure 13). (See, for example, the effect
of substituent electronegativity on vicinal coupling constants in

hexachlorobiéyclo[2,2,1]heptene8129,l30

).

This electronegativity effect shows a stereochemical dependence,

131 . i
and Booth has suggested that the maximum electronegativity effect
appears to coincide with the trans coplanarity of the system
R—C—C'—H'. The three most important consequences of this
generalization are:

(i) When R is an electronegative substituent attached to a

cyclohexane ring, the maximum effect on JVic occurs in conformation (144)

rather than (145) with Je o [Figure 14, (144)] being smaller than Ja

122 12
Ha Ha
H 2,12
e 3 R 1 3
R He HaHe
(144) (145)

Figure 14




& 60 —

[Figure 14, (145)] (provided that other factors such as bond angles,
bond lengths, etc. remain constant).

(ii) In a reduced six-membered heterocycle, the maximum
electronégativity effect will be experienced at position 3 [compound
(146), Figure 15]. Thus it is anticipated that jazej will be less

than Je a ®
23

(iii) In a substituted ethylene (147) any variation in R

will affect J_. c¢is more than J_, trans.l32 This effect is only
v1ic vic

(147)

Figure 16

slight although Jv. ¢is usually shows more variation with electro-

ic
negativity of R than does JVic trans. It should be noted, however,

that in five membered heterocycles JVic increases with increasing

N 1 .
electronegativity of the heteroatom, e in contrast to the above rule.
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Cohen and Schaefer134 have compiled sets of values of
vicinal coupling constants between the protons ch and HC3, and
HC3 and HC4

substituent of varying electronegativity for several acyclic, alicyclic

in the fragment RHCl—-HC2—~ch—-HC4, where R is a
and aromatic systems. For increasing electronegativity of R, an

increase in coupling between HCZ--HC3 was observed, while coupling
between HC, and HC

3 4

Valence bond calculations have shown that Jvic should decrease

showed a slight decrease.

for most dihedral angles ¢ as the angles 6 and 6' (Figure 12) increase.126

° and

35

This prediction is more easily confirmed in the case where ¢ = 0

6 = 06', i.e. in symmetrically substituted cis olefins (148)-—(151).l

> e n e AR

Jvic = 0,5-2 ¢.p.5.3; 2.5=4 c.p.5.; 5.1-7 c.p.S.; 8.8-10.5 c.p.s.
(148) . (149) (150) (151)
Figure 17

A decrease in Jvic is predicted for an increase in bond length
(for constant bond angles and hybridisation) and for vinylic systems
calculations yield an almost linear dependence.lz6 There is some

experimental evidence in agreement with these theoretical calculations.

(b) Geminal Coupling Constants (H—C—H'")

Pople and Bothner—By71 have given a molecular orbital

treatment of geminal coupling constants and this has provided a
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qualitative rationalization for the signs of observed coupling
constants. It is suggested that the value of the geminal coupling
constant provides a means of distinguishing between inductive and
hyperconjugative electron transfer. An excellent correlation of
experimental and theoretical data was obtained by Barfield and

Grant138,139

using a semi-empirical valence bond description of
hyperconjugative effects,

Empirical regularities in geminal coupling constants have
now been established with some certainty,71 the principal trends being:

.(i) In the simplest hydrocarbons, the geminal proton-proton
coupling constant Jgem increases (becomes more positive) as the
hybridization of the C—H bonds increases in s character. Thus, the
value fof methane (sp3 hybridization) is #12.4 c.p.s. (most probably
-12.4 c.p.s.), while that for ethylene (sp2 hybridization) is +2.5 c.p.s.
The value for cyclopropane rings (intermediate between sp2 and sp
hybridization) is about -4 c.p.s.

(ii) The substitution of an electronegative atom in a position
o to the —CH,— group leads to a positive shift in the geminal coupling

2
140,141

constant. This applies to both sp2 hybridization and to sp

hybridisation.
(1iii) Substitution of an electronegative atom in a position B,

to the — CH,— group leads to a negative shift in Jgém' There is

2
evidence that the trend applies to both sp2 hybridized compoundsl32’143

and to sp3 hybridized compounds.lzg’130
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(iv) The presence of a m-electron system next to a —-CH2
group generally leads to a decrease of Jgem (becomes more negative).
138,144,145 This shift seems to be greatest when the H—H axis (the
axis bisecting the C::g bond angle) is perpendicular to the nodal
plane of the m—electrons. Grant138 has calculated the effect of

changing the angle between the H—H axis and the nodal plane of the

m-electrons.

(c) Long Range Coupling Constants (i.e. coupling across four

or more chemical bonds)

Theoretical valence bond treéatments using electron spin
resonance (e.s.r.) hyperfine coupling data for estimating o-w
exchange terms have been successful in correlating a variety of n.m.r.
long range coupling constant data in unsaturated and aromatic
systems.l46-lSl These treatments use only those coupling paths
associated with the 2p n—eleétrons. The principal trends have been
summarized in Sternhell's extensive review112 and are as follows:

(i) CZsoid and transoid allylic and homoallylic coupling
constants should be of a similar magnitude.

(ii) The magnitude of the long-~range coupling constants shogld
depend on the angle made by the bond joining the proton(s) to the sp3
hybridized carbon atom(s) and the plane of the multiple bond.

(iii) Coupling constants for protons separated by an odd

number of bonds should be positive and for protons separated by an

even number of bonds, negative in sign.
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(iv) The replacement of a =C—H grouping by =C-—CH3
should alter the sign but not the magnitude of the coupling across
the intervening m system,

All of these predictions have been verified experimentally
in allylic, homoallylic and allenic systems.

Compounds which exhibit long range coupling may be divided
into a number of groups112 based on the type of structure involved
and include allylic, homoallylic, allenic, acetylenic, saturated,

J where some of the intervening carbon atoms are sp2 hybridized,
conjugated systems, long range meta and para coupling in aromatic
rings, protons situated on different rings of polynuclear heterocyclic
compounds, long-range coupling between ring and oa-protons and long
range coupling across heteroatoms. All of these groups have been
extensively reviewed.112 Only coupling through 4o-bonds 1s discussed
here since 1t is the main long-range coupling observed in compounds
discussed in Part II of this Chapter.

The occurrence of significant long range coupling constants
across four single bonds in saturated systems, together with the
observation of appreciable positive couplings across four bonds of
substituted norbornenes and norbornadieqes where the protons are in

the nodal plane of the m electrons (the above theoretical'predictionsl46—151

152-154 1.4 Barfield™> to

predict negligible long range coupling),
formulate a semi-empirical valence bond treatment which was used in

conjunction with the spin-spin coupling formulation of Karplus and

Anderson156 to determine the angular dependence of long range coupling
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constants across four bonds in saturated (and unsaturated) hydro-
carbons. It was predicted that in saturated hydrocarbons thet the
maximum long range coupling constant should correspond to a planar
zig-zag arrangement ("M", "W" or '"tail-to-tail"). This is analogous
to the explanation suggested earlier by Meinwald and Lewis157 that
long-range interaction may be due to a direct overlap between the
small orbitals of the carbon atoms 1 and 3. Experimental evidence
(e.g. 11z, 157’158’159) supports Barfield's155 predictions. For
allylic long range coupling, Barfield's155 formulation predicts that
cisoid coupling constants are slightly less than transoid and that
there are positive maxima for dihedral angles of 90° and 270°. For
example, in propene the calculated c¢isoid and’ transoid allylic long

range couplings are -0.9 c.p.s. and -1.3 c.p.s. respectively while

the experimental values are -1.3 and -1.7 c.p.s.

(3) Exchange effects

The n.m.r. spectrum of a molecule may be modified if the
. . 160 .

molecules present are taking part in some rate process. Chemical
exchange or hindered internal rotation, for example, may affect the
n.m.r. spectrum. One important application of n.m.r. spectroscopy
involves conclusions which can be drawn about the conformations of
molecules, such as cyclohexanes and substituted ethanes, by a study
of the n.m.r. spectra at varying temperatures. In general three types

of rate processes may arbitrarily.be distinguished.l6l These are:
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(i) the slow rate processes in which the observed spectrum
is a superposition of spectra corresponding to the individual species
or environments present,

(ii) the intermediate rate processes for which, in general,
rather complex spectra are obtained and for which detailed mathematical
treatment 1s necessary for interpretation and

(iii) the rapid rate processes in which the observed spectrum
is the weighted average of the individual species or environments
present.

Ihese three processes correspond to different ratios of the
frequency of exchange (At sec—l) to the differences in chemical shift
(v c.p.s.) of the groups involved in the exchange process. Where
At >> l'ﬂA\) (fast exchange) only a single weighted average spectrum

2

is observed [type (iii)]. Where At = %ﬂAv (intermediate rate process)

broad bands result [type (ii)] and where At << %ﬂAV (slow exchange)

the spectra of the individual species present are observed [type (i)].
The theoretical methods of analysis of such systems and the
qualitative and quantitative results have been extemnsively

162,163,164

reviewed, Some of these aspects are discussed in more

detail below (Section I.4).

2. The Conformation of Four-Membered Rings

The non-planarity of cyclohexane and the resulting axial and

. . ] N , . 165
equatorial orientation of substituentswere first suggested in 1890

but were not generally accepted until 1925.166 The conformational

properties of cyclohexanes have been extensively studied (e.g.l67) and
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require no further discussion here. On the other hand, until recently,
the planar character of the skeletal carbon atoms of the cyclobutane
ring has been accepted as a fact168 in spite of physical evidence
_to the contrary.l69-l74
Recent evidence, particularly from X-ray diffraction and
n.m.r. spectral studies, has shown that most cyclobutanes are non-planar.

For example, an angle of puckering (0) of about 20° has been found

by electron diffraction studies in cyclobutane itself. Several further

examples of the angle of puckering for several substituted cyclobutanes,
together with the technique used to determine the angle, are given in

Table IV,

TABLE IV. Angle of Puckering in Cyclobutane Rings

Compound Angle © Technique (Ref.)
cyclobutane 20° electron diffraction (170) -
cyclobutane 35° n.m.r. spectroscopy (175)
octafluorocyclobutane 20%4° electron diffraction (176)
octachlorocyclobutane 22°,27° X-ray diffraction (177,179)

bromocyclobutane 29°22'+08' microwave spectroscopy (173)
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cis-1,3-cyclobutane-
dicarboxylic acid
trans-1,2-dibromo-1,2-di-
carbomethoxycyclobutane
cts-1,2-dibromo-1,2-dicarbo~-
methoxycyclobutane
chlorobutane
trans-1,3-cyclobutanedi~
carboxylic acid
trans—l,3;cyclobutanedi—
carboxylic acid (with an
equimolar amount of di-
sodium salt)
octahydroxycyclobutane
1,1-difluoro-3~phenyl-
cyclobutane
trang-1,3-dicyano-2,2,4,4~
tetramethylcyclobutane
eis-1,3~dicyano-2,2,4,4-

tetramethylcyclobutane

31°

27°

30°

20°

00

25°

00

27°

24°

42°

X-ray diffraction (178)

X-ray diffraction (180)

X-ray diffraction (180)

microwave spectroscopy (181)

X-ray diffraction (182)

X-ray diffraction (183)

X-ray diffraction (184)

dipole moment (185)

dipole moment (186)

dipole moment (186)
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The replacement of a methylene group by a heteroatom, as in
oxetan, removes two 1,3-(cross-ring) interactions and four 1,2-
(vicinal) interactions. Oxetan has been shown by microwave
spectroscopy to be planar with an energy barrier to ring inversion

L8 168 Similarly, steric

being estimated at only 35 cms-l (0.1 Kcal).
interactions in cyclobutanone and cyclobutene would be less than in
cyclobutane. These compounds would therefore be expected to be

185,189 .,

planar and this has, in fact,been found to be the case.
it has been concluded185 that the non-planarity of the four-membered
ring system is due to steric interactions; the replacement of a
carbon atom by a carbonyl group or an oxygen atom reducing the
steric interactions and hence enabling the system to become planar.
A comparison of the puckering caused in the two 1,3-dicyano compounds
(penultimate énd last compound in Table IV) illustrates this suggestion,
where steric interactions result in a greater degree of puckering in
the cis compound. Furthermore, non-planarity may arise in highly
substituted four-membered rings even if one methylene group has been
replaced by a carbonyl group, provided the substituent interactions
elsewhere in the mblecule are high.190

In Table V are summarized the barriers to inversion of some
four-membered rings obtained from far-infrared spectral measurements
and also the -corresponding dihedral angle (8). In cyclohexanes, it

is found that the replacement of a -CHZ- group with either a nitrogen

or sulphur atom results in an increase in the ring inversion energy
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TABLE V. Puckering Data for some Four-Membered Rings

Compound Barrier height Dihedral Angle Ref.
(e (6)

cyclobutane 400,448 20°l70, 35°175 171,192
cyclobutanone 5 planar 194,195
oxetan 15,3,35%5 planar 196,197,187,188
thietan 274 28° 194,195,198
silacyclobutane 440 35,9°£2° 193
2=bromocyclobutanone 153 - 199

whereas the replacement of the methylene group with an oxygen atom

.. 200 . ]
lowers it. In the case of four-membered rings it can be seen
that the barrier is considerably lower for oxetan than for thietan.
The energy barrier for azetidine does not appear to have been reported
but it is probably about the same as for thietan. This means that,
although we may adopt the model of interconverting conformers by

analogy with that of cyclohexane, the size of the barrier is such

that the model is more closely related to that of rapidly interconverting

B— =
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ethane rotamers (the possibility of simultaneous inversion of the
nitrogen substituted is discussed below). In other words, ''freezing
out" the two possible conformers at low temperature would not be
expected to be feasible. However, it was hoped by n.m.r. spectroscopy
to observe temperature dependent vicinal coupling constants and
chemical shifts of ring protons and substituents corresponding to
changes in conformer populations.

Several azetidines reported in this work are crystalline solids
and therefore X-ray diffraction studies would be useful in determination
of the conformation of azetidines in the solid state. Unfortunately,

- neither time nor equipment was available for this to be done at
present. Similarly, microwave studies on azetidine itself would
give useful information.

The absence of any significant change of chemical shift
difference between the methylene protons 1n the 2-azetidinone (161),
2-azetidinethione (162), and l-azetine (163) has been taken as conclusive
evidence that these three ring systems are planar.zol However, the
results would also be consistent with non-planar interconverting
conformers if the chemical shifts of the methylene protons were very

similar.

¢ ¢ Ce M1

(161) (162) (163)
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A study of the u.v. spectrazo2 and n.m.r, spectra46’125’202’203

of 2-azetidinones indicates that the heterocyclic ring is planar and
that .in N-aryl-2-azetidinones the three valences of nitrogen are
planar with the N-aryl ring in the plane of the 2-azetidinone ring.
These features have been conclusively confirmed by X-ray diffraction

studies of the chloro and bromo 2-azetidinones (164).125 Some of

Cets ju
T3]
1 2
N X
o
X (164) X = Cl, Br

the parameters obtained for these compounds are listed in Table VI.

TABLE VI. X-ray Diffraction Data for Compound (164)125

X=Br X=Cl

Distances (R) of atom to the mean plane 0] -0,007 +0.018
N -0.013 =0.001
C4 +0.036 +0.004
C3 -0,025 ~-0.009
C +0.011 +0.006
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Angle between the four-membered ring C,-Ph  80%2° 79+2°
and aryl groups N-Ar 5+1° 8x1°
Angle between the N-Ar bond and mean

plane of 2~azetidinone ring 8.5° 9.3°
Angle between the plane of Ar group and

mean plane of 2-azetidinone ring 5.6° 8.0°

A detailed study of the X-ray diffraction data of l-benzyl-
1,2,2-trimethyl azetidinium bromide indicates that the heterocyclic
ring bears a close resemblance in bond distances, bond angles and

conformation to the 2-azetidinone ring found in penicillin-.zo4

3. Nitrogen Inversion Rates in N-Substituted Aziridines and Azetidines

The repeated failures to resolve amines which would owe their
. . 205,206

_ asymmetry solely to the non-planar trivalent nitrogen atom
indicates that the nitrogen inversion rate is rapid. However, in
certain cases, the inversion rate may be sufficiently slow to allow
it to be measured by n.m.r. spectroscopy or even possibly to allow
the resolution of optical isomers. Such a situation is found, for
example, in aziridines. Table VII lists the coalescence temperature

(Tc) for several aziridines (i.e. where the inversion rate is

approximately equal to ﬂAvAB//§207).' Recently Brois218 has isolated
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TABLE VII, Coalescence Temperature

(Tc) for Aziridines

Aziridine substituent(s)

l-ethyl
1=-cyclohexyl
1,2,2-trimethyl
l-ethyl=-2-methylene

1-phenyl

l1-trifluoromethyl-2,2-difluoro
l-methansulphonyl
1-carbomethoxy

1—802061-15

l—SOC6H5

l-SC6H5

1—P0(C6H5)2
2,2,3,3~tetramethyl

l—CF3CFHCF2

1-t=butyl

1-chloro-2,2-dimethyl

l-bromo~2,2~dimethyl

Tc

108°
95°
97°
~-65°
<=77°

-65°
(in methanol)

-50°
-25°
-138°
-30°
0°
_ll° i
-108°
52°
11°
<=77°
52°
>180°

>140°

Ref.

208,209
209
210
209
209

209

211
212
212
213
213
213
213
214
215
209
216
217

217
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the c¢is (165c) and trans (165t) isomers of l-chloro~2-methylaziridine.

A similar separation of diastereomeric isomers of 7-chloro-7-

azabicyclo[4,1,0]heptanes has been accomplished.219

CH3\ CH3
) |
é[ Cl
(165¢) (165t)

The above results have enabled some of the important factors
which influence the rates of nitrogen inversion in aziridines to

be determined, and they may be summarized as follows:—76’209’213

(1) Steric effects

An increase in the size of the group attached to the nitrogen
atom or to a ring-carbon atom should result in an increase in the
rate of inversion since the nitrogen substituent should be more
compressed in the non-planar groupd state than in the presumably
planar transition state for the nitrogen inversion. For example,

compare l-ethylaziridine and l-t-butylaziridine (Table VII).

(2) Inductive effects

Electronegative substituents on nitrogen would be expected
to decrease the rate of inversion because of the tendency of such

gubstituents to increase the s character of the unshared electron
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pair on nitrogen.zzo In the planar tramnsition state this electron
pair must be in a p orbital.213 This would explain the high Tc for
N-chloro and N-bromo aziridines although it was considered that the
transition state would be stabilized by d-orbital resonance221 prior
to the experimental proof that the rate of inversion for the N-chloro

and N-bromo aziridines was slower than for N-alkyl aziridines,

(3) Conjugative effects

Since conjugation, especially of the p~p type, is greater in
a planar system than in a non-planar one, a group on the nitrogen
atom or on a ring-carbon atom which is capable of conjugation should
lower the energy of the transition state more than that of the
ground state and so increase the inversion rate. A comparison of Tc
for l-ethylaziridine with that for l-ethyl-2-methyleneaziridine or
of Tc for the former with that for l-phenylaziridine supports this

view (Table VII).

(4) Electrostatic effects

When the atom attached to the nitrogen atom carries an unshared
electron pair, repulsion between this pair and that on the nitrogen
is less in the ground state than in the transition state, Thus Tc
for 1—802061-15 should be lower than for l-SC6H5 bgt other factors may

also be important.

(5) Effect of solvent

Inversion rates most probably are decreased in hydroxylic

solvents because of the stabilization of the separate conformations
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by hydrogen bonding between the solvent and the nitrogen atom.
209 . N 3
Roberts observed that nitrogen inversion rates of
N-substituted azetidines were too great to be measurable by nuclear
: o 217
magnetic resonance techniques at temperatures above -77°., Lehn
has reported the only examples of hindered nitrogen inversion in

azetidines and the coalescence temperature for these azetidines are

given in Table VIII. When this work was commenced, no cases of

TABLE VITI. Nitrogen Inversion in Azetidines217

Compound Solvent Tc AGc* Group

1,3,3-trimethyl- CFCl3 -98+3° 8.85 kcals/mole CH3

azetidine -93x3° 8.5 CH2

l-chloro=-3, 3~ CF.Cl3 -54%2° 11.5 CH3

dimethylazetidine -46+3° 11.4 CH2
(-]

CH2C12 47+£2 11,9 CH3

=43£2° 11.6 CH2

l-bromo=3, 3- CH2C12 -56+2° 11.5 CH.3

dimethylazetidine singlet(-71°) - CH2

hindered nitrogen inversion in azetidines had been reported and we
were interested in studying this phenomena in a series of azetidines

to determine what factors affect the inversion rate.
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4, Measurement of Rate Processes by N.M.R. Spectroscopy

When a magnetic nucleus can undergo exchange between two
structural sites in a molecule it may have a different chemical shift
in each of the two environments., If the exchange process is slow
two separate signals will be observed for the resonance of this
nucleus. If the process is accelerated (e.g. by increasing the
temperature) eventuélly the rate of exchange will be sufficiently
rapid to give a single resonance line appearing at an intermediate
position. Similar reasoning applies to the averaging of spin-spin
multiplets. At intermediate rates of exchange broad lines may result.
From a measurement of line widths and shapes it is possible to
determine the rate of the process responsible for the line broadening.

Mathematical expressions have been developed which describe
the relationship between line shapes and rate processes and these
have been discussed elsewhere.l6o-164 These expressions may be used
to calculate rate processes from observed spectra although several
assumptions must be made to simplify the expressions for convenient
use. Errors involved in these assumptions have been discuSsed164
and it appears that, where possible, the use of computer programs,
based on the complete density matrix, is preferable to the simplified
equations., However, in this work, a suitable program was not available.

Accordingly, simplified equations were used and these are discussed

very briefly below.
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Consider two equally populated uncoupled sites A and B with
a rate of exchange k(= é%). If k is too slow to coalesce the AB
doublet to a singlet k is related to the measured peak separation

Ave or the maximum to central minimum intensity ratio r by Equations

(2--6)242 and (2—7)243_245 respectively where AvAB is the chemical

shift difference between the doublet when the exchange rate is very slow.

1
1 2 2.2
= - (n/ﬁ)(AvAB - Av) (2-6)
1.1
1 2 2.2
5 = (nAvAB//E)[r + (" - )7] (2=-7)
These equations require
L and av, . »> (A/7T,") = W (2-8)
T AB 2 -
"y, — o '
where (l/T2 )y = (1/T2 ) + (l/T2 )

(l/Tzo) represents the relaxation contribution to W"
and (l/Tz') represents the inhomogeneity, instability and other
instrumental contributions to W", the effective line width in the
absence of exchange; line width here is defined as the full width
in c.p.s. at half-maximum intensity.l64 Equations (2-6) and (2—7)
are only applicable up to and at the coalescence point.
Equation (2—9)246 is a somewhat more general expression which

is valid at and above coalescence provided expression (2-8) is
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1

= (v, /D [y, % - avia, )P+ 20 (2-9)

satisfied, W% is the full width at half-maximum intensity, in c.p.s.,
and 1f it is further defined as the width of the spectrum at the
point where it possesses an amplitude one-half of the central intensity,
Equation (2-9) is also valid below coalescence.

Uncoupled line-shape equations are often used to obtain
intramolecular exchange rates for a coupled AB system. It has been
shown164 that the error in k, obtained by the use of Equation (2-9),

is less than 5% if

—— = k » 15J (2-10)

In the case of two coupled and equally populated sites, k,

24
at coalescence, becomes: J

1
2 2,2 :
ko= 163, + v, )7/V2 (2-11)
Eyring's rate equation is
/
—AG¥
k = XL oTAGY/RT (2-12)

h

where k = rate, k' = Boltzman's constant, h = PlancKs constant and

AG* = free energy of activation. If the transmission coefficient f = 1,
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AG* = 4,57T [10.32 + log(T/k)] (2-13)
or, since AG* = AH* - TAS*,
AS* AH*
log (k/T) = 10.32 + 257 = 4.57T (2=14)

Thus a plot of log (k/T) against-% should give a straight line, and
from the slope and intercept AH* and AS* values may be obtained.
However, unless the rates are obtained by a complete line shape
analysis using a computer, the errors in k may result in considerable
errors in AH* and AS¥*,

The line-width changes appreciably only over a small
temperature range, and as a result, k values can be measured over
only a small range. This may result in an appreciable error in the
slope and intercept of a plot of log (k/T) vs %-and thus in AH* and

AS* values. Other sources of error have been discussed in detail

, elsewhere.164
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II. DISCUSSION AND RESULTS

1. N.M.R. Spectra and Stereochemistry of 2-Azetidinones and Azetidines

(1) 2-Azetidinones

(a) Chemical Shifts (2-Azetidinones)

The chemical shifts of 2-azetidinomes are listed in Table IX.
The compound numbers refer to those allotted in the discussion of their
synthesis in Chapter 1 or in the details of their synthesis in Chapter 4.

The numbering system for the 2-azetidinone ring is shown in Figure 18,

Only 2-azetidinones for which chemical shifts have apparently not been
reported previously are given here. All spectra were recorded as
approximately 10% CDCl3 solutions containing tetramethysilane as an

internal reference (8 in ppm from TMS).

(i) Assignment of the 3 and 4 protons and substituents in
2-azetidinones.
46 . .
Barrow = found that a substituent in the 3 or 4 position of
the 2-azetidinone ring induces a marked non-equivalence in the

" neighbouring —-CHZ— group, the proton cis to the substituent being
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shifted to higher field and that trans to the substituent to lower
field, A methyl group in the 3 or 4 position of the azetidinone

ring was found to cause a separation of approximately 0.5 ppm between
the adjacent c¢is and trans protons. A smaller, but corresponding

difference in chemical shift (0.16 ppm) was shown by the effect of

TABLE IX. Chemical Shifts of 2-Azetidinones in CDCl3 (§ in ppm from

Tetramethylsilane )

Cpd.No. Substituents and Chemical Shifts
N 3 3! 4 4"
(115) H: 7.2 C6H5: 7.3 CH3: 1.60 H: 3.46 H: 3.34
(57) pMeOC6H4CH2 CHS: 0.76 CHB: 1.30 C6H5: 7-7.4 H: 4.10
MeO: 3.74
C6H4: 7-7.4
CHZ: 3.81,4.86
(118) SOZCl H: 2.92 H: 3.26 CH3: 1.85 (CH3)3CCH2
(CH3)3C: 1.04
CH,: 2,02

2
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(40) H: 7.3 H: e. 2.7 H: e, 2.7 CH3: 1.47 (CH3)3CCH2
(CH3)3: 0.97
CHZ: 1.68
(121) SOZCl CH3: 1.30 H: 3,27 CH3: 1.62 CH3: 1.75
(39) H: 6.7 CH3: 1.16 H: 2,88 CH3: 1.27 CH3: 1.40
(120) SOZCl (CH3)3C: 1.15 H: 3.07 CH3: 1.76 CH3: 1.85
(42) H: 7.0 (CH3)3C: 1.08 H: 2.70 CH3: 1.40 CH3: 1.50
(119) SOZCl CH3: 1.33 CH3: 1.33 CH3: 1.64 CH3: 1.64
(41) H: 6.2 CH3: 1.18 CH3: 1.18 CH3: 1.46 CH3: 1.46
(48) C6H5: 7.1-7.3 CH3: 1.17 CH3: 1.22 (CH3)3C: 1.02 H: 3.68
(54) C6H5CH2 CH3: 1.08 CH3: 1.08 CHB: 1.18 CH3: 1.18
C6H5: 7.3
CH,: 4,25
(56) C6HSCH2 (CH3)3C: 1.08 H: 2.64 CH,: 1.18 CH3: 1.27
C6H5: 7.23
CH,: 4,21
(85) CH3: 2,58 CHS: 1,12 CH3: 1.12 CHB; 1.21 CH3: 1.21

TABLE X. Coupling Constants in 2-Azetidinones (c.p.s.)

Compound No. Value Type
(115) - 5.2 J44, geminal
(57) -15.0 geminal benzylic CH,
(118) -16.0 J33, geminal
(121) 7.7 CH.-CH vicinal

3
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(42)
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7.4
1.1

0.9

CH,-CH wvicinal

3

N-H to C3—H

N-H to C3-H

3'

3'

long range

long range

TABLE XI, Chemical Shifts of Azetidines in CCl4 (§ in ppm from
Tetramethylsilane)
2 ‘/&3
2//" TTe3/
./‘4
AN
R T4
Cpd.No. Substituents and Chemical Shifts
N 2 2! 3 3! 4 4"
4
(124) H H H C6H5 CH3 H H
1.7 3.83 3.72 7.1 1.58 3.83 3.72
(125) C6H5CH2 H H C6H5 CH3 H H
C6H5: 7-7.3 3.32 3.20 7-7.3 .58 3.32 3.20
CHZ: 3.51
(61) C6H5' C6H5 H CH3 CH3 H H
6.,3-7.3 7.3 4,61 0.85 1.28 3.70 3.50
(66) (CH3)BC C6H5 H CH3 CH3 H H
0.88 7.1-7.4 4,02 0.71 1.08 2,97 2.83
(73) (CH3)2CH C6H5 H CH3 CH3 H H
CH: 2,37 7.2 3.67 0.72 1.11 3.12 2.58
(CH,4),

0.70,0.92



(67) C6H5CH2
C6H5: 7.3
CH2
3.33,3.89
(87) CH3
(c.f. Ref,
27(b)) 2,26
(74) CH3CH2CH2
CHg: 0.86
(72) C6H5(CH2)2
C6H5:
(CHZ)Z: c. 2.7
(71)  pMeOC/H,CH,
C6H4:
CH,: 3.22,3.79
MeO: 3,67
(132) H
2,2
(130) H
1.8
(131) C6H5CH2
C6H5: 7.2
CHZ: 3.42
(70) Q6HSCH2
C6H5: 7.2
CH,: 3.36,3.52
(88t) Cglig
6.1-7.5
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65
7.3

S

7.15

s

7.2-7.3 7.2-7.3

Sty

6.7-7.4 6.7-7.4

cH

1.17
CcH

1.10
CH

0.99

CB

1.14

gt

7.3-7.5

3.85

3.54

3.69

3.77

B9

CH
1.17
CH
1,18
CH

1.07

CH

1.19

4.56

CH

0.80

CH
0.76
CH
0.78
CH

0.78

CH

0.78

CH
1.10
CH
0.98
CH

0.97

(CH3)3C

0.90

H

2.46

CH

l.l7

CH
1.13
CH
1.16

CH

1.15

CH

1.15

CH

1.10

2.31

2.11

1,99

(CH3)3C

0.87

3.03

3.11

3.18

3.19

2.97

3.08

2,95

2.57

2.76

3.93

2.59

2.58

2,62

2.67

2.56

3,08

3.40

3.20

3.06

3.44
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(63)

(68)

(128)

(140)

(141)

(135)

(91)

6

Y

C6H5:

CH,:

CeHs
.1-7.5
Gptis
6.3-7.2
)
7-1“77.2

3.44

1.6

Br

Cl

(cH
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C5is

7.3-7.5

1.05

1.05

3.19
CH
1.14
CH
1.21
CH

1.39

cH

1.01

37 3¢

5.09

3.35
CH

1.05

3.19
CH
1.14

CH3

1.21
(CH3)3CCH2

(CH C: 0.93

373
CH2: 1.55

CH3

1.01

(CHB)SC
0.73
CH3
1,13
CH

1.00

CH

1.18
1.09
CH

1.13

1.84

CH

0.93

H
2,71
CH3
1.25

CH

1.00

1,18
CH
1.09
CH

1.13

2,13

CH

0.93

3.87 3.71

3.26 3.83

2.73 2.73~

3.19 3.19
3.47 3.47

3.56 3.56

H H

2,67 2.67
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. TABLE XII. Chemical Shifts of Selected Groupings in Azetidines

in CCl4 (8§ in ppm from Tetramethylsilane)

Cpd.No. Substituents and Chemical Shifts

N 2 2! 3 3! 4 41

(139) . C6H5CH2 CH3 CH3 H H CH3 H

C6H5: 7.3 1,02 1.15 - - 0.91 -

CHZ: 3.41,3.61
(69) C6H5CH2 C6H5 H H H H H
CH2 - - - - - =
3.33,3.77

(89) CH3CHZCH2 CH3 H CH3 CH3 H H
- - - - - 2,30 2,97

(90t) CH3 C6H5 H H (CH3)2CH H H

2.17 7.3 - - (CH3)2 - -

0.70,0.77

(64t) C6H5 C6H5 H H CH3 H H

6.3-7.2 7.2 4,38 - 1.22 - -

(64c) C6-H5 C6H5 H CH3 H H H

6.3-7.2 7.2 5,02 0.85 - - -

(138) (CH3)2CH H H OH H H H

(CH3)2: 0,91 - - 5.5 4,33 - -

Cli: 2,32
(137) (CH3)3C H H OH H H H

0.95 - - 5.2 4.37 - =
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(142) C6HSCH2 H H C6H5 H H H
CH2: 3.56 - - » - - -

(86t) CH3 C6H5 H H C6H5 H H
2,33 7.0=-7,3 = - 7.,0-7.3 - -

one methyl group on an adjacent eis or trans methyl group. Similarly,
the asymmetry induced by a phenyl group in the 3 or 4 position on
adjacent protons was found to be in the range 0.41-0.82 ppm and on
adjacent methyl groups it was found to be in the range 0.60-0.80 ppm.
The origin of the non-equivalence induced by a methyl group lies in
the anisotropy of the C--CH3 bond which shields a cis substituent or
proton relative to a trans substituent oxr proton. This is analogous
to the greater shielding of axial protons relative to equatorial
protons in cyclohexane derivatives by the anisotropy of the C2—C3
bond.137 Similarly, the anisotropy of the phenyl group is responsible
for the shielding of a ¢is substituent or proton relative to a trans
;ubstituent or proton. This effect has been discusseq in more detail
above [Section I 1.(1), Equation (2-4) and Figure 11].

The chemical shifts of protons and methyl groups in position
3 or 4 of the 2-azetidinone ring of the compounds listed in Table IX
were assigned on the basis of these observations. The higher field
methyl signal was assigned to the methyl group cis to the phenyl group

in compound (57). Similarly, the methyl group c¢is to the tert-butyl

group in the spectra of compounds (48), (42), (120) and (56) was
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assigned to the higher field signal in each case. The assignment of
the methyl groups for compounds (85), (54), (41) and (119) [Table IX]
was made on the basis of a comparison with compounds (39) and (121),
which revealed that in such systems the 4-methyl group resonates at
lower field than do 3-methyl groups. In the latter compounds, (39)
and (121), again the 4-methyl group c¢is to the 3-methyl group was
attributed to the higher of the two low field methyl groups.

Several assignments cannot be made with certainty. In the
spectrum of compound (115), the higher field doublet of the AB
system was assigned to the hydrogen atom at position 4 cis to the

methyl group as a result of a comparison of the chemical shift of

4,97 H--" _]1 4:57- H (Ref. 46)

the 4~proton in compounds (50t) and (49t). This indicated that a
3-methyl group shielded a 4-proton ¢is to it more than did a 3-phenyl
group. TFor compound (118), there did not appear to be sufficient
information available here to determine which of the two protons

at position 3 resonated at higher field. Accordingly, the correct

assignment could well be the reverse to that given in Table IX for
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the 3 protons of compound (118). The surprising thing, however,
is that in compound (118) there is a chemical shift difference of
0.34 ppm between the two protons at position 3 whereas in compound
(40), which lacks the N-chlorosulphonyl substituent, the corresponding
protons have nearly identical chemical shifts, with the resonance signal
being a broad singlet. This could be explained 1if it is assumed that
the -802Cl group is out of the plane of the 2-azetidinone ring, in
which case the proton at position 3 and ¢is to the —-SOZCl group
should be deshielded relative to the proton trans to the -SOZCl group.
The -—SOZCl group should have a higher probability of lying on the
opposite side of the ring to the —-CHZC(CH3)3 group.

An -SOZCl group on the nitrogen atom of 2-azetidinones causes
a large downfield shift of substituents at position 4, relative to
" the N—H unsubstituted 2-azetidinone, of the order of 0.18-0.38 ppm
and usually a somewhat smaller, but definite, downfield shift of
substituents at position 3 of the order of 0.07-0.56 ppm. [Compare
the spectra of compounds (118), (121), (120) and (119) with those of
compounds (40), (39), (42) and (41).]

A'comparison of the spectra of compounds (42) and (120) with
those of compounds (39) and (121) indicates that a methyl group cis
to another methyl group resonates at a higher field than does a methyl
group cts to a tert-butyl group. Furthermore, comparison of the

4,4-dimethyl resonance signals of compounds (39) and (42) with that

of 4,4-dimethyl-2-azetidinone (§ CH3 = 1,46 ppm46) suggests that a
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methyl group at position 3 results in an upfield shift of both
cis and trans methyl groups at position 4 with the effect on the
eis methyl group being the larger. On the other hand, a tert-butyl
group at position 3 causes only a small upfield shift of a c¢is methyl
group at position 4 and a similar small downfield shift of a ftrans
methyl group.
(ii) Non-equivalence of benzylic protons in 2-azetidinones.
As in the case of other l—benzyl—Z—azetidinones,46’203 a
marked magnetic non-equivalence of the benzylic —-CH2 protons was
observed in the spectrum of compound (57) [1.05 ppm]. In view of
the non-equivalence of the benzylic ---CH2 protons in the azetidine
(70), which was derived from compound (56), it is worth noting that

the benzylic — CH, protons of compound (56) are equivalent. The

2
non-equivalence of the benzylic --CH2 protons in the azetidine (70)

is discussed in more detail below,

(b) Coupling Constants in 2-Azetidinones

Coupling constants for the 2-azetidinones listed in Table
IX are given in Table X.

A long range coupling of the proton at position 3 to the
proton on the nitrogen atom was clearly resolvable in the spectra
of compounds (39) and (42) with values of 1.1 c.p.s. and 0.9 c.p.s.
respectively. This long range coupling has been observed in a

number of other 2-azetidinones.46
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(2) Azetidines

N inversion

! : ,//.< R,
R\ R N
' Ae R Aa
Ring Inversion
R/ f? RI
R/hi 'le
N inversion
Be Ba

Scheme 40, Conformations of the azetidine ring

The possible conformations of a 3~substituted azetidine are
shown in Scheme 401 Although nothing is known of the conformational
preferences of ring substituents for azetidines and very little for
cyclobutanes it is reasonable to expect the pseudo-equatorial position
to be preferred. On this basis Ae would be the preferred conformation
while Ba, with two axial substituents, should be unimportant. Aa and
Be may be significantly populated. It has been shown that the phenyl
group has an "equatorial" preference of "Vl kecal/mole in gem—difluoro-
cyclobutane185 (c.f. 3.1 kKcals/mole in cyclohexanezas).

The ring inversion in four-membered ring compounds and nitrogen

inversion in aziridines and azetidines have been discussed above in
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Sections I. 2 and I. 3, respectively of this Chapter. In piperidines
the usual chair’ inversions are much slower than bond-inversion at
nitrogen (e.g.248). In fact, the latter is so much faster in six-
membered ring compounds that the rate cannot, as a rule, be obtained
directly by variable temperature n.m.r. spectroscopy whereas the

rate of the former can. On the other hand, the rate of inversion

of the nitrogen substituent in aziridines is readily measured by
n.m.r. spectroscopy (see Section L. 3). In the case of cyclobutanes,
however, the.barrier to ring inversion is low and therefore the rate
of ring inversion high. On the basis of these observations it was
anticipated that azetidines would represent an intermediate situation
as regards the rate of nitrogen inversion, the rate being somewhere
between that in piperidines and aziridines. As far as ring inversion
is concerned, it was anticipated that the rate of ring inversion of

azetidines would be much greater than that of cyclohexanes; possibly

about the same as cyclobutanes.

(a) Chemical Shifts (Azetidines)

The chemical shifts of the azetidines are given in Tables XI
and XII. The compound numbers refer to those allotted in the discussion
of their synthesis in Chapter 1 or in the details of their synthesis
in Chapter 4. The numbering for the azetidine ring is shown in
Figure 19. All spectra were recorded as approximately 10% carbon
tetrachloride solutions containing tetramethylsilane (IMS) as an
internal reference. Chemical shifts are expressed as 6 in ppm from

TMS.
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The spectra of all compounds given in Table XI were analysed
as AB or ABX systems in the usual waylll or in cases where the spectra
222

.MXY) by using the Ferguson or

were more complex (ABXY or A3

Bothner—B%Z%.m.r. programs adapted for use on the University of
Adelaide CDC6400 computer and in the former case chemical shifts
quoted to 2 decimal places are accurate to at least 0.01 ppm. The
errors in the chemical shifts obtained using the iterative programs
were less than 0.001 ppm for all cases recorded in Table XI. The
chemical shifts reported in Table XII are those for selected groupings
in azetidines whose spectra were not completely analysed.

(1) Assignment of 2,3 and 4 protons and substituents in
azetidines.

A priori, in the series of compounds (61), (66), (71), (73),
(67), (72), (74) and (87), for example, one would be tempted to assign
the methyl group at position 3 and ¢is to the 2-phenyl group to the
higher field signal by analogy with the 2—azetidinones.46 In these

azetidineés the phenyl group induces asymmetry of the order of
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0.37-0.43 ppm in the adjacent methyl groups and this shift arises

by a combination of the effects of the anisotropies of the phenyl
group and the C—C bond joining the phenyl group to the azetidine
ring. A c¢is methyl group can lie well within the shielding region

of the aromatic ring current, whereas the trans methyl group will
probably be in the deshielding region122 if it is assumed that the
phenyl group exists in a preferred conformation in which the plane

of the aromatic ring is approximately at right angles to the plane

of the azetidine ring in its equilibrium position. The anisotropy

of the C—C bond should shield the c¢is methyl group relative to the
trans methyl group. Thus the methyl group at position 3 and cis to
the phenyl group in the compounds (61), (66), (71), (73), (67), (72),
(74) and (87) was considered to resonate at the higher field. Such
an assignment is further substantiated by a comparison of the spectra
of the two compounds (64c) and (64t) [Table XII] in which the 3-methyl
group in compound (64c) is shielded relative to the same group in
compound (64t).

The proton at position 2 in compound (64t) [Table XIT1]
resonates 0,64 ppm higher than does the corresponding proton in
compound (64c) thus showing that a proton at position 2 and cis to
a methyl group resonates at a higher field than does a corresponding
prcton which is frans to the methyl group. Accordingly, the protons
at position 4 and ¢is to the methyl group in compounds (130) and
(131) were considered to resonate at higher field than the ones

trans to the methyl group. The higher of the two lower-field methyl
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signals was assigned to the 2-methyl group which is cis to the
3-methyl group in these two compounds (130) and (131).
The stereochemistry of the azetidines (88t) and (88c) is
trans and c¢is respectively since they were prepared from the corresponding
2-azetidinones (82t) and (82c), the stereochemistry of which has been

well established,48’125

by a method which does not result in any
stereochemical change of the ring substituents. It can be seen that
in the trwis azetidine the 3~proton is more shielded than the
corresponding proton in the c¢ig compound by 0.25 ppm. Similarly, in
the trans azetidine the tert-butyl group at position 3 is deshielded
relative to the teri-butyl group in the e¢is compound. In other words,
a proton and a tert-butyl group cis to a phenyl group are shielded
relative to the same groups in a trans relationship. Furthermore,

the proton at position 2 in compound (88t) resonates 0,53 ppm higher
than does the corresponding proton in compound (88c) showing that
protons c¢is to a tert-butyl group resonate at higher field than do
protons trans to a tert-butyl group and it seems justified to extend
this to the case of the effect of tert-butyl groups on adjacent methyl
groups. On the basis of these observations, the methyl groups at
positions 2 or 3 in compounds (63) and (70) and the protons at position
4 in compounds (70) and (88t) were assigned as indicated in Table XI.
However, satisfactory analysis of the spectrum of compound (88c)
required making the opposite assignment for the 4-protons to that
expected on the basis of the above discussion. This may reflect some
conformational feature of the azetidine ring or its substituents and

is discussed in more detail below.
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In the series of compound (61), (66), (71), (73), (67), (72),
(74) and (87) not only are the methyl groups at position 3 non-
equivalent but also the two protons at position 4. Thus the phenyl
group at position 2 also induces asymmetry at position 4, Again,
if it is assumed that the phenyl group exists in a preferred
conformation in which the plane of the aromatic ring is approximately
at right angles to the plane of the azetidine ring, it appears from
models that the proton at position 4 and cis to the phenyl group would
be deshielded relative to the proton trans to the phenyl group. On
this basis, the protons at position 4 in this series were assigned
as indicated in Table XI. Further support for these assignments is
given by an examination of long-range coupling constants which are
discussed below [Section (b)(iii)].

A tert-butyl group at position 2 also induces non-equivalence
of the protons at position 4. Since a 2-tert-butyl group should
shield a proton at position 4 and eis to it, the assignment of
the 4-protons in compound (63) was made as shown in Table XI, with
the 4-proton cis to the tert-butyl group being shielded relative to
the trans proton. Similarly, the 4-methyl group in éompound (139)
should shield the 2-methyl group which is c¢is to it relative to the
trans methyl group and thus the 2-methyl groups were assigned
accordingly.

The relative assignments of the protons at positions 2 and 4
in compounds (124) and (125) and of the protons at position 3 in

compound (135) are more or less arbitrary. The final decisions for
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compounds (124) . and (125) were made by analogy with the corresponding
2-azetidinone (115) [Table IX, Section 1.(1)(a)] and by an examination
of a model of compound (124).

(ii) Chemical Shifts in N-Benzylazetidines.

The replacement of the N—H of azetidines with an N-benzyl
group results in an upfield shift of protons or methyl groups in
positions 2 or 4. A similar effect is observed for protoms at
position 3 but the effect is negligible for 3-methyl groups. Thus,
a comparison of the chemical shifts of the 3-methyl groups in
compounds (124) and (125), in compounds (132) and (65) and in
compounds (130) and (131) shows upfield shifts of this group in the
N-benzyl compound relative to the N—H compound of 0.00, 0.10 and
-0.01 ppm. In compounds (124) and (125), upfield shifts of 0.51
and 0.52 ppm are found for 2 (and 4) and 2' (and 4') protons
respectively. Similarly, upfield shifts of the 2-methyl groups of
0.12 ppm are observed in compounds (132) and (68) and 0.35 ppm in
the case of the 2-protons. Again, upfield shifts of 0.1l and 0.1l
are observed for the 2 and 2' methyl groups respectively and upfield
shifts of 0.20, 0.38 and 0.20 ppm for the 3', 4 and 4' protons
" respectively in compounds (130) and (131).

The long range shielding effect may be explained in part by
assuming that one of the more preferred conformations of the benzyl
group is ome in which the phenyl ring lies underneath the azetidine
ring thus shielding the 2- and 4- protons and methyl groups and, to

a lesser extent, the 3-protons and methyl groups. This explanation
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has been used to account for similar observations in 2-azetidinones
[compare, for example, spectra of compounds (41) with (54) and (42)
with (56) in.Table IX]. However, there are apparently other important
factors involved, since the 3-methyl groups and 4-protons in
compound (91) (an N-methyl azetidine) are more shielded than these
groups in the corresponding N-benzylazetidine (68) [compare (41),
(54) and (85) in Table IX].
(iii) Magnetic non-equivalence of Benzylic -CH2 Protons in
Azetidines,
The protons of a methylene group (or an 1§9pfopyl group)
removed by one or more bonds from a centre of molecular asymmetry
may be magnetically non-equivalent and display AB-type nuclear magnetic
resonance spectra.zzl*_227 The existence of preferred conformations
of the methylene group (or the isopropyl group) with respect to the
asymmetric centre is generally considered necessary for magnetic
non-equivalence, but the possibility of small contributions to
magnetic non-equivalence arising from "intrinsic" asymmetry which
are independent of rotational conformer populations has been
pointed out.228’229
Non-equivalence of benzylic protons and methyl groups of
isopropyl substituents has been observed in 2-azetidinones46’203
[see also Section 1.(1l)(a)]. Magnetic non-equivalence has also been
recorded in a number of other N-benzyl cyclic amides.23o’231
As in the case of 2—azetidinoneé,46 the presence of a phenyl

group in the 2-position of an azetidine ring induces a marked magnetic

non-equivalence of the N-benzylic protons with a chemical shift
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difference of about 0.44-0.56 ppm [compounds (67), (69) and (71)].
The chemical shift difference for the corresponding 2-azetidinones
is nearly twice this value.46 This difference may be caused, in part,
by the removal of the C=0 group in tﬁe azetidine and/or a change in
the ring geometry. A phenyl group in the 3-position does not cause
magnetic non-equivalence [compounds (125) and (142)].

The non-equivalence of the benzylic ---CH2 protons may be
explained as follows. The possible conformations of a 2-substituted
azetidine are given in Scheme 41, In order to simplify the argument
it is assuméd that -

(a) in the general case the benzyl groups and the C(2)
substituents will have about the same conformational preferences so

that A(1)E(2) and E(1)A(2) are approximately equally probable,

Bz
!
Ring Inversiog_ e H
R
Bz\N
E(1L)E(2) A(1)A(2)
N inversion
. N inversion
H
R Ve
Ring inversion BZ,rN‘““*hhﬁﬁTdﬂjﬂfff“*
. R
N
|
Bz
A(L)E(2) E(1)A(2)

Scheme 41, Conformations of a 2—-substituted azetidine




- 102 -

-E(L)E(2)
.. Nea
4 X
R A i E RE: high
C
ViV c _
Hg £ "Ha HY 2N Ar AC: negligible
Ar Hpa
lp RE: low NC2 RE: low
AC: HB+ (shielding) AC: HA+’ HB-
A(1)E(2)
HA
= 1p NC4
HgPC <Ar
RE: high RE: wvery high
N AC: HA}+, HB-— AC: small
R
NC2 RE: low
AC: HA-, HB—?
E(1)A(2)
| 1p NC4
g RE: very high RE: high
C i i 3
ArvngBR AC: small AC: Hp+
Ha
NC2 RE: low
AC: HA+, HB-—
RE £ estimated relative energy, AC = estimated asymmetry contribution

Figure 20
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(b) A(1)A(2) will be of considerably higher energy than the
other conformations. This is not self evident. The 1,2-interactions
will be relieved by ring distortion and there is only one major
1,3-interaction destabilizing the axial form. However, it seems
to be a reasonable simplifying assumption - and the contribution to
the non-equivalence of the I—-CH2 protons of this form will be small,
in any case, and therefore A(1)A(2) will not be considered any further.

(¢) E(1L)E(2) should be the lowest energy and predominant
conformation.

It is now necessary to consider the 3 possible staggered rotamers of
the N-benzyl group for each of the conformers E(L)E(2), E(1)A(2) and
A(1)E(2), of which the important ones are shown in Figure 20. The
rotamers are classified as lp (the CH2 group staggered about the
nitrogen lone pair), NC2 (the CH2 group staggered about the N—C(2)
bond) and NC4 (the CH2 group staggered about the N—C(4) bond). The
estimated relative energy (RE) and asymmetry contribution (AC) to
the benzylic —-CH2 group of each conformer is also shown in Figure 20.
If we now neglect conformations of high energy, it seems that the
—-CH2 asymmetry would be produced by either or both (a) wunequal
populations of E(1)E(2)1p and E(L)E(2)NC2 and (b) equal population
of the above two, but with some contribution from E(1)A(2)NC2.

From compound (139) [Table XII] it can be seen that three
methyl groups at positioms 2, 2' and 4 are sufficient to cause a
magnetic non-equivalence of the benzylic —-CH2 protons of 0.20 ppm
although three methyl groups at positioms 2, 2" and 3 [compound (131)]

do not cause magnetic non-equivalence. The benzylic ~—CH2 protons
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of compound (70) show a chemical shift difference of 0.16 ppm
although in the corresponding 2-azetidinone (56) these protons are
equivalent. This aspect is further discussed in Section 2.(2).

The methyl groups of an N-isopropyl group are also non-
equivalent provided there is a phenyl group at position 2 as shown
by compound (73) where the chemical shift difference is 0.22 ppm,
The preferred conformation in this case would be the one in which
the proton of the Zsopropyl group approximately eclipses the phenyl
group. The methyl groups of the N-isopropyl group of compound (138),
which lacks a 2- or 4-substituent, are equivalent. The magnetic
non-equivalence is not confined to the N-substituent as the methyl
groups of a 3-isopropyl group are also non-equivalent in compound
(90t) [Table XII], which bears a 2-phenyl group.

| (iv) Effect of the N-Substituent on the Chemical Shifts of
Groups in the 2-Phenyl-3,3-dimethylazetidine Series:

The effect of varying the N-substituent of N-substituted
2-phenyl-3,3-dimethylazetidines and 4-phenyl-3,3-dimethyl-2-azetidinones
on the chemical shifts of the 2'- and 4'-protons respectively is
shown in fable XIII. From the table is can be seen that there is
a marked upfield shiff of the 2'-proton in an azetidine compared
to the 4'-proton in the 2-azetidinone. In view of the well-known

111(a) this would be

deshielding effect of the carbonyl group
expected. The nature of the N-substituent does not appear to have

any systematic effect on the chemical shift of the 4'-proton in the

2-azetidinones (except that the N-phenyl group markedly deshields
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TABLE XIII. Chemical Shifts of the 2'- and 4'-Protons in N-

Substituted 2-Phenyl-3,3-dimethylazetidines and N-Substituted

4-Phenyl-3,3-dimethyl-2-azetidinones, Respectively

Azetidine 2-Azetidinone
N-substituent Cpd.No. 2! Cpd.No 4! Av2,4, '

cH (87) 3,54  (81) 4,314 0.77

nPr (74) 3,69 (60) 4.38%  0.69

iPr (73)  3.67  (59) 4.36%¢ 0,67

CH 5 CH, CH, (72) 3,77 (58) 4.07 0.30
ple0C H, CH, (71) 3,79 (57) 4.10 0.31
CHsCH, 67) 3.85  (53) 4.15%%  0.30
C,Hs (61)  4.61  (46)  4.80%  0.19

¢Bu (66) 4,02 (52) 4.3 0,32

the 4'-proton). However, in the case of the azetidines there appears
to be a marked trend in which the 2'-proton moves to lower field

as the size of the N-substituent increases. The preferred conformation
for all of these substituents would be expected to be the one in which
the substituent is trams to the phenyl group and so the order of
shielding of the cis proton by the N-substituents is Me > nPr

tPr > C6HSCH2CH2 0 pMeOC6H4CH2 ~ C6H5CH2 > C6H5 > tBu. A similar
effect has been observed in aziridines216 in which protons c¢ig to

magnetically anisotropic N-alkyl groups are shifted upfield relative

to the N—H aziridine.
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The effect of varying the N-substituent of 2-phenyl-3, 3-
dimethylazetidines on the chemical shifts of protons 4 and 4' is
shown in Table XIV. From this table it can be seen that as the size

of the N-substituent increases the chemical shift difference Av44,

TABLE XIV. Chemical Shifts of 4—- and 4'-Protons in N-Substituted

2~Phenyl-3,3~dimethylazetidines

N-substituent - Cpd.No. 4 4! BV
CH3 (87) 3.11 2,58 0.53

nPr (74) 3.18 2.62 0.56

1Pr (73) 3.12 2,58 0.54
C6HSCH2CH2 (72) 3.19 2,67 0.52
C6H5CH2 (67) 3.03 2,59 0.44
pMeOC B, CH, (71) 2.97  2.56 0.41
C6H5 (61) 3,70 3.50 0.20

tBu (66) 2 . W 2.83 0.14

decreases. Thus the magnitude of the anisotropic shift decreases
with increased steric requirements of the N-substituent in an order
similar to that given above (i.e. anisotropic shift decreases in
the order Me > nPr ~ 2Pr > C6HSCH2CH2 v pMeOC6H4CH2 n C6HSCH2 >

C6H5 > tBu). Again a similar effect has been observed in N-substituted
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aziridine5216 where it was proposed that the somewhat unexpected
28 2

120,258,200 decreased shielding of the larger alkyl groups could be

accounted for by intramolecular van der Waals (dispersion) inter-

actions between the N-alkyl and ring protons.216’234_236

Furthermore,
a comparison of the change in the chemical shifts of the 4= and 4'-
protons (Table XIV) as one descends the series N-methyl- to N-tert-
butyl-2-phenyl-3,3~dimethylazetidine reveals that it is the chemical
shift of the 4'-proton which changes the more., This would be the
expected result if the 4'-proton were ¢18 to the terit-butyl group
which were in turn trans to the 2-phenyl group, since the shielding

of the cis proton at position 2 (Table XIII) follows the same trend
[i.e. the 2'- and 4'-protons in compound (66) are both deshielded
relative to the 2'- and 4'~protons in compound (87)]. The observation
that both the 2'- and &4'-protons in compound (66) are deshielded
relative to the same protons in compound (87), together with the

fact that Av44, decreases as one descends the series from the N-methyl
" to the N-tert-butyl compound, may be taken as further evidence that
the assignment of the 4-proton c¢is to the phenyl group as the one
which resonates at lower field in this series is the correct one.

(v) Chemical Shifts of the 3,3'-Methyl Groups in Azetidines
and 2-Azetidinones.

A comparison of the chemical shift difference of the 3- and
3'-methyl groups in the same series of azetidines (Table XV) shows
that the N-substituent has no significant effect. However, a comparison
of the chemical shift difference between the 3- and 3'-methyl groups

in azetidines with those in 2-azetidinones [Table XV] reveals that
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TABLE XV. The Chemical Shifts of the 3 and 3' Methyl Groups ia

N-Substituted 2-Phenylazetidines and L—Phenyl-2-azetidinones

Azetidine 2-Azetidinone
N-substituent Cpd.No. CH3 CH3 AvCH3 Cpd.No. CH3 CH3 AvCH3
CH, 87)  0.76 1.13 0.37  (81) 0.76 1.43*® 0.67
nPr (76)  0.78 1.16 0.38  (60)  0.77 1.44"® 0.67
iPr (73)  0.72 1.11 0.39  (59) 0.76 1.38"° 0.62
CHCH,CH,  (72) 0.78 115 0.37  (58) 0.69 1.22  0.53
PMeOC(H,CH, (71) 0.78 1.15 0.37  (57) 0.76 1.30  0.54
C(H,CH, 67y 0.80 1.17 0.37  (53) 0.79 1.35°° 0.56
Gl (61)  0.85 1.28 0.43  (46) 0.85 1.52°° 0.67
tBu (66) 0.71 1.08 0.37  (52) 0.71 1.32°° o0.61

the chemical shift difference in the latter compounds is nearly twice
that in the former compounds. There are at least three possible
explanations for this observationm. Firstly, the conformation of

the phenyl group in its equilibrium position in the azetidine may

be different from that in the 2-azetidinone. As has been discussed
above, the 2-azetidinone ring has been shown to be planar and the
2-phenyltgroup makes an angle of about 90° with the 2-azetidinone
ring.46’125’203 From models, there seems to be‘no reason why this
angle should change appreciably. Furthermore, any change in the

conformation of the phenyl group might be expected to affect the
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cis methyl group (higher field) to a greater extent than the trans
methyl group whereas, in fact, it is the trans methyl group which
moves upfield in the azetidine. Secondly, there may be a change

in the conformation of the N-substituent. That this is an unlikely
explanation may be seen by comparing the spectra of compounds (67)
and (53). It has been shown that the N——CH2 bond does not lie in

SOI208 and it seems that its

the plane of the 2-azetidinone ring
conformation would be fairly similar in the azetidine (67). However,
there is a chemical shift difference of 0.18 ppm for the 3'-methyl
group in the spectra of compounds (67) and (53)., Thirdly, the
difference between AVCH3 for the azetidines and 2-azetidinones may
reflect a change in the conformation of the ring. Clearly, if the
azetidine and 2-azetidinone were both planar, reduction of the C: = 0
group to the-CHi groupvwould not affect the chemical shift difference
AvCH3' On the other hand, if the azetidine ring were non-planar, the
two methyl groups would experience different. diamagnetic anisotropic
effects of the two C—N bonds, the two C4—-H bonds, the C2—-C phenyl
bond and the Cz—-H bond providing the Z—Ehenyl group was fixed in
the pseudo-egquatorial positiomn.

No systematic attempt was made to study the effects of various

solvents or changes in concentrations of solutions on the chemical

shifts.
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(b) Coupling Constants in Azetidines

Geminal and vicinal coupling constants for the protons of the

azetidine ring are given in Table XVI. The compound number corresponds

TABLE XVI. Coupling Constants of Ring Protons in

Azetidines (in c.p.s.)

Cpd.No. J J44. J2,3,cts J2,3trans J3,4.czs J3,4trans

33
(or J34) (or J34,)
(61) - —6.4 = - B -
63) - =7.2 - 5 B _
(64t) = ? = 6.4 ? ?
(64c) - ? 8.1 - ? ?
(66) -  =6.2 - - N "
(67)  ~ =6.2 . - - &
(70) - =6.1 - - 8.11 7.68
(711) - =6,2 - - - -
(72) - -6.0 - - - -
(73) - =6.0 . - - -
(74) -  -6.3 - - - -
(87) - -5.85 - - - -
(88t) - =7.03 - 6.79 8.01 7.47
(88¢) - =-7.15  8.84 & 8.72 4,92
(89) - -6.0 - - - =

(124) -  =6.9 - - - =
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(125) = =6.7 - = = =
(130) - =7.10 - - 8.18 7.16
(131) .- =6.01 - - 7.69 6.63
(135) -10.0 = = = . =

to that given in Tables XI or XII. The values are accurate to
+0.05 c.p.s. and in cases where a computer program was used the
error was less than *0,02 in all cases. The error in the geminal

coupling constant J for compound (135) may be somewhat larger

33"
since the AB quartet was broadened due to the deuterium coupling of
the deuterium atoms at position 4., All geminal coupling constants
have been'assumed fo be negative although the signs were not determined
experimentally,

(1) Vicinal Coupling Constants in the Azetidine Ring.

The relative magnitudes of the cis and trans couplings

(J . =17.7-8.8 c.p.s., and J

cie trans = 4.9-7.7 C-P-S-) are in qualitative

20, 2 (although

agreement with the predictions of the Karplus equation
obviously the same constants in the cosze rélationship do not apply
in the strained azetidine ring) as the dihedral angles of close to
0° and 120° for the cis and trams configurations (Figure 21) would be
expected to result in Jcis > Jtrans'

The magnitude of the vicinal coupling constants in these
azetidines are very similar to those observed in cyclobutanes237 and

237,238

cyclobutanones. However, in the case of the reported
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Figure 21

cyclobutanes and cyclobutanones there is considerable overlap of the
ranges of vicinal eis (4.6-11.38 c.p.s.) and trans (2.24-10.72 CePeS.)
coupling constants. These compounds contained a wide range of
substituents of differing electronegativity which would have had a
major effect in determining the magnitude of the coupling constants.
In the azetidines considered here there is no overlap in the ranges
of the vicinal cis and trams coupling constants and therefore they
may be used with some degree of certainty in assigning the stereochemistry
of azetidines which do not carry highly electronegative groups.

The magnitude of c¢is and trans vicinal coupling constants in
these azetidines are considerably greater than those observed in
2-azetidinones where the ranges of the c¢is and trans coupling constants

46,48,125

are 4.9-6,0 c.p.s. and 2-2,8 c.p.s. respectively.
explanation for this might be that the conformation of the azetidine
is different from that of the 2-azetidinone, i.e. the azetidine is

puckered or non-planar, although the removal of the C=0 group may

also have an effect. Unfortunately, conformational and electronegativity
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effects as well as the effect of the carbonyl group in cyclobutanes
and cyclobutanones on vicinal coupling constants have not been
A . 237 ] s
adequately investigated. Therefore a comparison of azetidines
and the corresponding 2-azetidinones with cyclobutanes and the
corresponding cyclobutanones was not possible.
Inspection of the usual curve associated with the Karplus

equation126’127 (Figure 22) reveals that small changes in the dihedral

16

10

(c.p.s.)

20 60 100 140 180
DIHEDRAL ANGLE (0)

Figure 22

angle between the cis protons (e.g. 0° to 20°) produces a smaller
change in Juic (in this case <1 c.p.s.) compared to a similar change
in the dihedral angle between the trans protons (e.g. 120° to 140°

results in a change in Jvic of v3 c.p.s.). Thus it was anticipated
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Ithat changes in the ring conformation of the azetidine should be
reflected to the greater extent by the trans vicinal coupling
constant. Table XVI, does, in fact, indicate that there is a
greater variation in trans vicinal coupling constants than in cis
vicinal coupling constants and this may therefore be due to con-
formational ring changes (compare239). The preferred conformation
for compound (88t) should be the one in which both the phenyl and
tert-butyl groups occupy pseudo-—equatorial positioms. A comparison
of the cis and trans vicinal coupling constants for compounds (88t)
and (88c) shows that the c¢is coupling constant is greater and the
trans coupling constant mucﬁ'smaller in compound (88c) than in compound
(88t). From Figure 22, this suggests that the dihedral angle between
both the c¢is and the trans protons in compound (88c) are smaller
than in compound (88t). In other words, the cte compound (88c)
would appear to be considerably less puckered than the transcompound (88t).
The effect of varying the temperature on vicinal coupling
constants is discussed below [Section 2.(1)].
No systematic studies of the n.m.r. spectra of azetidines
appear to have been reported. The n.m.r. spectra of several isolated

18,21,23,27(a),27(b),39,41,201,217 _ 4 ;o

azetidines have been reported
cases where they have been analysed have values in fair agreement
with similar compounds reported here.

(ii) ) Geminal Coupling Constants in the Azetidine Ring.

The geminal coupling constants J22, and J44, were found to

be in the range -5.85 to -7.2 c.p.s. The geminal coupling constant
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in a four-membered ring would be expected to be more positive than
methane (Jgem = -12.4 c.p.s.) because of the hybridization of the
carbon atoms in the strained ring.7l The effect of the nitrogen atom
on the adjacent carbon atom of the azetidine ring would be to withdraw
electrons through the ¢ bond (the C2-N bond) which would remove
electrons from the symmetric bonding orbital of the -CHZ—- group

and lead to a further positive contribution to the geminal coupling

71
44'°

. . . } .. 201 .
in the azetidine is less than in the 2-azetidinone it would be

constants J and J Since the electronegativity of the N-atom

22!

expected that J and J44, should be more negative in the azetidines

22"
than J44, in 2-azetidinones and this is found to be the case (J44,

in 2~-azetidinones = —-5.5,46 =5,2- =5.7 c.p.s.ZOl). The values

reported for J22, and J44, for several 3,3-disubstituted azetidines

are somewhat more negative (-~7.4- =8 c.p.s.) than the values obtained

in this work.201

A geminal coupling constant of -10.0 c.p.s. for J33, in

azetidines compared with a value of about -14.5 c.p.s.46 for J33, in.

2-azetidinones is reasonable since removal of the w electron

138,144,145

system and a decrease in the electronegativity of the

N-atom at a B-position to c37l’129’130

would both be expected to

result in a positive shift in the geminal coupling constant.
(iii) Long Range Coupling Constants across the Azetidine Ring.
Coupling across four bonds occurs between the proton at

position 2 and the low-field @roton in position 4 and the values are

listed in Table XVII. Although all 2-phenyl azetidines showed evidence
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TABLE XVII. Long Range Coupling Constants (c.p.s.) in Azetidines

Compound No. H Coupled group

4

(73) 0.9 Hy
(74) 0.8 Hyo
(89) 0.7 Hy,
(72) 0.7 Hoyy
(124) 1.1 Hy,

of this long-range coupling to the 4~proton only those cases in which
clearly resolved splitting was observed are given in Table XVII.
Irradiation of the 2'-proton removed the coupling to the low-field
proton at position 4 showing that the 4-proton is coupled to the
2'-proton. Although the resonance signal of the high~field proton

at position 4 was broad, the broadening was less than that for the
low-field proton. Again spin-decoupling showed that the 2'-proton

is also coupled to the high-field proton at position 4. Thus the
2'-proton is coupled to both the 4- and 4'-protons but the magnitude
of the coupling to the lower field proton is the greater. In

231,288 o 2—az'etidinones240 (Figure 23) there is

cyclobutanones
some evidence that the tramsoid coupling constant is greater than
the cisoid coupling constant. If a similar relationship holds for
azetidines, the low-field proton at position 4 should be in a

transoid relationship to the 2'-proton. This would mean that the

low-field proton must be the one cis to the phenyl group (i.e. the
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Figure 23

4-proton) thus providing further evidence that the 4-proton cis to
the 2-phenyl group resonates at a lower field than does the trans
proton. Of course, it is not possible to determine whether the
long-range coupling is transmitted viaq the carbon atom C3 or by the
nitrogen atom.ll2

It has been suggested that the long range coupling of the
proton at position 3 to the proton on the nitrogen atom in 2~
azetidinones is transmitted via the sp2 carbon of the carbonyl group
(or possibly by direct orbital overlap).241 The absence of any
detectable long range coupling of this type in the azetidines (130)
and (131) (<0.4 c.p.s.) compared with' the 2-azetidinones (39) and
(42) (Table X) (1.l and 0.9 c.p.s. respectively) tends to support
this view.

(iv) Other Coupling Constants.

Other coupling constants for azetidines are listed in

Table XVIII.
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_TABLE XVIII. Other Coupling Constants for Azetidines (C.p.S.)

Compound No. N-substituents Methyl Substituents Others

(67) -13.2 - -

(70) -12.8 = -

(71) -12.8 - =

(73) - - CH,=— CH; 6.0
(74) - - CH,— CH,; 6.6
(64t) Iy CH,~ CH; 7.0 -

(64c) - CH, = CH; 7.0 -

(69) -13.0 - -

(90t) - - CHS—-CH; 6.0
(130) - CH3—-CH; 6.93 -

(131) - CH3—-CH; 6.70 -
(139) -13.5 CH3—-CH; 6.0 -

The geminal benzylic coupling constants of -12.8 to -13.2 c.p.s.
in the azetidines (67), (71) and (69) are less negative than those for
the corresponding 2-azetidinones (53), (57) and (55) [-14.9 to -15.1

c.p;s.46 and Table X]. This suggests that the positive shift (Jgem

becoming more positive), which would be expected on reducing the

137,132,143

carbonyi group at the B-position, outweighs the negative

effect which a decrease in the electronegativity of the nitrogen atom
in the azetidine compared to that in the 2-azetidinone would '

produce.l37’142
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2. Variable Temperature N.M.R. Spectra of Azetidines

The possible conformations of a 3-substituted azetidine ring
are shown in Scheme 40 (page 93) and of a 2-substituted azetidine
" ring in Scheme 41 (page 101). Variable temperature n.m.r. spectral
studies designed to elucidate conformational properties of azetidines

are discussed below.

(1) Effect of Temperature on Vicinal Coupling Constants

In an attempt to investigate possible conformational changes
of the azetidine ring the spectra of several of the azetidines were
recorded at various temperatures from -60° to 165°. In most cases
only very minor changes in vicinal coupling constants were observed.

However, the spectrum of l-benzyl-3-tert-butyl-2,2-dimethyl~
azetidine (70) showed small changes as the temperature was increased

and the results are shown in Table XIX. If the population of the

TABLE XIX. Chemical Shifts (8) and Coupling Constants of Compound (70)

at 40° and 165° in o—dichlorobenzene

44" 3'4 374!
40° 2,72 3.02 1.94 -6.2 7.65 8.24

165° 2,79 3,03 1.94 -6.4 7.90 8.00
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conformer with the tert-butyl group in the pseudo-axial position
increases as the temperature is increased then, on an average, the

dihedral angle between the C —-HB, bond and the C,—H, bond and also

3 A

the dihedral angle between the CB_-H3' bond and the C4——H4, bond should
decrease and therefore J3,4, should increase and J3i4 should decrease.

This is the opposite to that observed and so presumably other factors

must be important.

(2) ©Non-equivalence of the Benzylic CH2 Protons in l-Benzyl-

ﬁ—tert—butyl—Z,2—dimethylazetidine (70).

The benzylic CH, protons of compound (70) show a chemical shift

2
difference of 0.16 ppm although in the corresponding 2-azetidinone (56)
these protons are equivalent. If the magnetic non-equivalence in
compound (70) were a result of restricted rotation about the HZC-N

bond with rotation being unrestricted in compound (56) the energy
barrier to free rotation in compound (70) should be small. However,
variable temperature n.m.r. spectral studies from 40° to 165°, in
o-dichlorobenzene as solvent, of compound (70) do not support the

view that the non—equivalence is due to restricted rotation in compound
(70). The AB quartet was still apparent at 165° although the separation
between the two central peaks had decreased from 3.3 c.p.s. at 40° to
1.2 c.p.s. at 165° and this indicates a free energy of activation

AG* 2 22 Kcals, which is much too high\for rotation about a single
bond.248

An alternative explanation is as follows. The ring conformations

for the azetidine (70) are shown in Scheme 40 (page 93) where
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R = CH206H5 and R' = tert-Bu. The high preference of a tert-Bu
group for the equatorial position in cyclohexanes suggests that
conformations Be and Ba will be unimportant. Accordingly, the
rotational conformations of only conformers Ae and Aa will be considered.
The preferred rotational conformations A, B and C for the conformer

Ae and D, E and F for the conformer Aa are shown in Figure 24. A
consideration of the steric effects indicate that conformers A, B

and E are the most likely. Conformers A and D appear to contribute

most to non-equivalence of protons H, and HB but conformer D appears

A
to be unimportant on steric considerations. If AG* for the nitrogen
inversion Ae -+ Aa and for 4Aa -+ Ae (Scheme 40) is small in each case
but not equal, then it seems that the effect of temperature will be
determined by AG®, the difference between the free energy of conformers
Ae and Aa, rather than AG*, 1If, for example, AG® = 1.0 Kcal/mole

then the ratio of the concentration of conformer Ae to Aa will be

about 85/15 at 25° and 80/20 at 85°, i.e. only a small change in
conformer populations with temperature will be observed. This means
that the population of conformer A (Figure 24), the one responsible

for the non-equivalence of the benzylic protons, will decrease only

slightly at higher temperatures with the result that the chemical

shift difference will change only slightly.
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(3) Nitrogen Substituent Inversion Rates in Azetidines

No evidence of hindered nitrogen inversion was detected by
variable temperature n.m.r. spectroscopy in any of the N-methyl,
N-iso-propyl, N-n-propyl, N-benzyl, N-phenyl or N-t-butyl azetidines
reported in this work, in CDCl3 solutions, down to temperatures of
-67°C.

Since the rate of inversion of nitrogen substituents in
aziridines decreases markedly when the substituent is changed from
methyl to bromine or chlorine,2l7 the variable temperature n.m.r.
spectra of l-bromo and l-chloro-2,2,3,3-tetramethylazetidine [(140)
and (141) respectively] were studied. Since these compounds were
not distilled before use, they were washed thoroughly with water to
remove any trace of acid. Any trace of acid would greatly affect
the observed rate.

The spectra of the methylene protons and methyl groups of
compound (140) at several temperatures are shown in Figure 25. The
signal from the methylene protons split into the expected AB quartet
at a temperature where the rate of inversion became slow. That of
the methyl groups split into three peaks although four peaks would
be expected theoretically. This may b; explained by assuming that
there was an accidental magnetic equivalence of two of the methyl
groups or at least the chemical shift between ghese two was very small,
The methylene group of compound (141) behaved similarly although there

was no change in the appearance of the methyl signals.



-20°C

-30°

~40°

-45° (Tc)

-65°

Figure 25.

- 124 -

Methylene protons Methyl groups
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N.M.R. Spectra of 1-Bromo-2,2,3,3-tetramethylazetidine
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(140) [at 60 Mc/sec]
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TABLE XX. Variable Temperature N.M.R. Spectral Data at Coalescence

(solvent: CDClB)

Compound Group Appearance when Tc AGe* (kcals/mole)
k slow
*‘ B CH, quartet ~45+1° 11.540.1
P2 : -43+1° +
Br (140) CH3 three peaks 43%1 11.6+0,1
T_____ CH2 quartet -37+1° 11.940.1
N CH3 two peaks - -
(/
(141)

At a given temperature, near Tc, the half-width at half maximum
intensity of either the signal from the methylene protons or the methyl
groups of compound (140) did not change significantly over a four-fold
concentration range of the azetidine. This confirms that the inversion
process is first order.

The free energies of activation AGce* (Table XX) at the coalescence
temperature (Tc) were calculated using Equations (2-11) [J = O for the
methyl groups, J = 7.5 c.p.s. for compound_(l40) and J = 7.0 c.p.s. for
compound (141)] and (2-13) [Section I.4]. The slower rate of inversion
in the chloro compound is in accord with the postulate that electro-
negative substituents on nitrogen decrease the rate of inversion.213

Equation (2-9) [Section I.4] was used to calculate the rate of
inversion at several different temperatures near Tc for compound (140)
from chaﬁges in the width of the methyl signals. A study of the

coalescence of the two outside peaks of the three signals (Figure 25)

suggested that these represented one of the doublets and the central
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peak and the highest field peak the other doublet. Measurement of
the full-width at half-height (W*) was possible for the narrowing of
the two outside peaks above Tc but notbelow Tc due to the fact that
changes in the other doublet (centre and highest field signals)
obscured the central intensity. This is required for the measurement
of W* below Tc. The values of k are summarized in Table XXI. The
values of AH* and AS* were obtained from a plot of log (k/T) versus

1/T (Figure 26).

TABLE XXI. Rate Constants and Thermodynamic Properties of Nitrogen

Inversion in 1-Bromo-2,2,3,3-tetramethylazetidine (140) [calculated

from changes in the methyl group resonances ]

1 3 1 -1

o = 8 % 3 *

T K T X 107 k o (sec 7) AGe AH? AS
~30° 243° 4,12 75.4 11.7 kecals/mole 5.7 kcals/mole =26 eu
-40° 233° 4.29 45,0 (at -43°C)

-45° 228° 4.39 33,2

Similar calculations were carried out for the methylene protons
in compound (140) and (141) using Equation (2-9) to obtain rates at
temperatures above Tc. However, the justification for the use of this
equation in this case is extremely doubtful since 15J is 112 and 105
whereas k at Tc is 42.9 and 43.4 sec—l for compounds (140) and (141)

respectively. Thus Equation (2-10) is not satisfied. Accordingly,
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[
The rates of nitrogen inversion in . l in CDCl3
N

Br”

A Plot of log (k/T) vs 1/T [k calculated from changes in line width

of methyl ( ©—& ) and methylene ( &——#%& ) resonances., ]

1/T x lO3
3.90 4,00 4,10 4,20 4.30 4.40 4,50
-0.10 : \ )
-0.20 f \
-0.30 L \
\ AG* = 11.3 kcals/mole
~0.40 ¢ \ AH* = 9.7 kcals/mole
\ AS* = =7 e.u.
log (k/T) \
-0.50 L
b\\
~0.60 F AG* = 11,7 kcals/mole
AH* = 5,7 kcals/mole
AS* = =26 e.u.
-0,70
-0.80 \
-0.90 *
Figure 26, ©&——& values obtained from methyl groups

A — £  values obtained from methylene groups
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the errors in AG*, AH* and AS*, the values of which are recorded in

Table XXII, are probably greater than for those given in Table XXI.

TABLE XXII. Thermodynamic Properties of Nitrogen Inversion in

1-Bromo- and 1-Chloro-2,2,3,3-tetramethylazetidines [calculated

from changes in the methylene group resonances]

Compound AGex® AH* AS*
(kcals/mole) (kcals/mole) (e.u.)

(140) 11.3° 9.7 —7

(141) 12.0° 10.6 -6

calculated from AG* = AH* - TAS#*

T = —45°

-37°

|
I

A plot of log (k/T) versus 1/T for compound (140), the values of k
being obtained from changes in the methylene group resonances, is

shown in Figure 26.

(4) Measurement of Nitrogen Inversion Rates in low pH media

Saunders and Yamada249 have shown that proton exchange rates
and nitrogen inversion rates of suitable amines can be measured in
acidic aqueous solution by n.m.r. spectroscopy. Recently this technique
has been applied and extended to the measurement of nitrogen inversion

: ‘ 250-252
rates in six-membered nitrogen heterocyclic compounds. SRES
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We have made preliminary studies of the effect of pH on
n.m.r. and variable temperature n.m.r. spectra of 1,2,2,3,3-
pentamethylazetidine (91) and l-benzyl-2,2,3,3-tetramethylazetidine

(68) in D20/pyridine solutions and the results are discussed below.
(a) 1,2,2,3,3-Pentamethylazetidine (91)

The n.m.r. spectra of compound (91) in D20/pyridine/H+ at pl
6.60 (20°C) at various temperatures are shown in Figure 27. The
N-methyl, ring methyls and methylene protons of compound (91) in
DZO each gave rise to singlets in the n.m.r. spectrum at §2.17, 1.07
and 2.83 respectively [8 = 0.00 for the sodium salt of 3-4{trimethylsilyl)-
l-propane-sulphonic acid (TMP)]. The addition of hydrochloric acid
caused a downfield shift, as expected,253 of each of these peaks with
those arising from the ring methyl groups splitting into two peaks.
The further splitting of these two peaks into four peaks on decreasing
the temperatﬁre (or pH) was the expected result of reduction in the
observed rate process. The outside peaks of the expected quartet for
the methylene protons were not visible at low temperature (or pH).

In concentrated hydrochloric acid/pyridine (no DZO present)
the N-methyl signal of compound (91) split into a doublet (J = 6 C.PsS.)
due to coupling to the proton on the quaternmary nitrogen atom. Under
the same conditions, the ring methyl groups gave four peaks which
were identical to those mentioned above [Figure 27 a£ 4°C]. These
facts indicate that the rate of proton exchange and nitrogen inversion

are both slow in concentrated hydrochloric acid. When the pH was
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Temp. —-CHZ— N —Me CH3
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o ——

e _/L. J — FW/L

27° ‘ \
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~

234.5 ,232.5
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Figure 27. Variable temperature N.m.r. Spectra of 1.,2,2,3,3~-

pentamethylazetidine (91) in DZO/pyridine at pH 6.60 (20°C)

[Shifts in c.p.s. from TMP, spectrum at 60 Mc/sec.]
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gradually increased, the N-methyl signal coalesced to a single peak
long before the ring methyl groups commenced to coalesce, thus
indicating that the rate of proton exchange is considerably greater
than the rate of nitrogen inversion.

At low temperature (or pH) the average lifetime of the azetidine
is too short to allow inversion of the N-substituent before reprotonation
(provided the rate of inversion ki << rate of protonmation). Inversion
is possible only for the unprotonated azetidine. As the temperature
(or pH) is increased the rate of protonation and of nitrogen inversion
will increase. This will result in a spectrum typical of one arising
from an intermediate rate process (not very fast or very slow) from
which a rate constant kmeas may be cbtained. Provided the rate of
protonation >> ki and the acid dissociation constant, Kl’ of the

protonated azetidine is small (Kl RS 10_2) the rate of inversion is

given by thée approximate Equation (2_15)’163,250
+
meas (2]
ky = — —— (2-15)
: K
1

It has been shown above that the rate of protonation for compound (91)
is considerably greater than the rate of nitrogen inversion. The
rate of protonation for other amines has been found to be in the

range 108—109 1/mole sec249’244

and, if the rate of protonation of
azetidines is also of this order, the rate of protonation is, in most

cases, very much greater than the rate of nitrogen inversion ki’ as

seen from values of ki recorded below.
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Clearly, the same effect on the n.m.r. spectrum will be
observed whether the pH is varied over a particular range or the
temperature is varied over a given range while the pH is kept constant
(the pH will change slightly with temperature, but this change can be
measured) . -

Since the coalescence temperature (Tc) for one set of methyl
signals was different from the other set (because AvAB was different)
for compound (91), values of ki and therefore AGe*, calculated from
Equations (2-11) and (2-13) respectively, may theoretically be used
to determine values of AS* and AH*, However, since values at only
two temperatures were known, such a procedure resulted in large
uncertainties in the values of AS* and AH*, Nitrogen inversion rates
and the free energy of activation at the coalescence temperatures

are given in Table XXIII. In all cases, K. was measured potentiometrically

il

TABLE XXITI. Rates of Nitrogen Inversion and AGe* ati Tc for

Compound (91) [in DZO/pyridine]

Substituents Tc pH Kl ki(sec-l) AGe* (Keals/mole)
Higher field methyls 28°C 6.37 1.07x107*0 7.78x10" 10.9+0.1
Lover field methyls 19° 6.60 3.47x10™™% 5.64x10" 10.70.1

in the same solvent at approximately the same concentrations as were

used in the variable temperature n.m.r. spectral studies.
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The rates of nitrogen inversion were measured at temperatures
above Tc for the high-field methyls using Equations (2-9) [Section I.4]
and (2-15). Similarly, the rates of nitrogen inversion above and
below Tc for the low-field methyls of compound (91) were also determined.
Values of ki obtained by these means are recorded in Table XXIV and
a plot of log (ki/T) versus 1/T is shown in Figure 28. The values

TABLE XXIV. Rates of Nitrogen Inversion for Compound (91) in DZO/

pyridine as Measured from Changes in Width of Methyl Resonances

Methyl resonances  Temp. pH PK, ki (sec_l)
Higher field 42° 6.02 9.24 2,98 x 105
" 39° 6.10 9.40  2.44 "

" 37° 6.15 9.50 2.11 "

" 34.53 6.22 9.62 1.8l "

o 32.5°  6.28 9.74 1.81 B

& 30° 6.33 9.86 1.41 B
Lower field 21.5° 6.54 10.32  9.09 x lO4
i 19.5 6.60 10.42 7.43 "

N 16 6.68 10,61 7.49 L

N 14 6.74 10.72  6.24 "

" 12 6.80 10.82 5.13 "

of AH* and AS* obtained by a least squares fit of these values are

9.34 kcals/mole and =4.0 e.u. respectively.

The values of AH* and AS®
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The rates of nitrogen inversion in I (91) in DZO/pyridine.

'“
CHY
3
A Plot of log (ki/T) vs 1/T [ki calculated from changes in the

shape of higher and lower field ring methyl doublets using Egs.

(2-9) and (2-15)]

40 ~
Least square values
AH* = 9,34 kcals/mole
AS* = —4.0 e.U,
3.0 S ki = 50 sec T at -69°C
ki
log ()
2.07
1.0 ! :
3.0 3.5 4,0
1 3
T X 10
Figure 28, o0—6 values from high field methyls

It values from low field methyls
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were substituted in the expression AG* = AH* - TAS* and this value of
AG* equated with that of Equation (2-13). The resulting equation

was solﬁed for ki & 50 se.c_l to give.T A -70°C., This indicates that
a theoretical coalescence should be observed at about -70° by n.m.r.
spectroscopy in DZQ/pyridine. However, the solvent freezes above
this temperature. In any case, it may be concluded that coalescence
in the absence of acid and in a non-hydrogen-bonding solvent will be
below -70°. Unfortunately, equipment was not available to study

n.m.r. spectra. below -67°,
(b) 1-Benzyl-2,2,3,3-tetramethylazetidine (68)

It can be seen from the variable temperature spectra (Figure 29)
of l-benzyl-2,2,3,3-tetramethylazetidine (68) in D20/pyridine at pH
5.25 (22°) that the spectra are similar to those for compound (91).
Again coalescence of different groups occurred at different temperatures

(because Av,, was different) thus suggesting that it should be possible

AB
to obtain values of AH* and AS* from the three different values of
AGe*, However, the error in AGe* (10.1 kcals/mole) resulted in such
large errors in AH* and AS* that these values were not very useful,

The values of AGc* at the coalescence of the respective groups are

listed in Table XXV,
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Ring methyls '

benzylic —=CH 2 |

methylene —CH

2

i

16° ‘K
i N s

14°

N A~

3° J\__/\_A_—/LA——

96-5 )
‘n92.
115.0 §2.0

270.0 245.0 215.2

-9° [ 255,0 205.2

Figure 29, Variable temperature N.M.R. Spectra of l-benzyl-

2,2,3,3-tetramethylazetidine (68) in DZO/pyridine at pH 5.25

(22°C) [Shifts from TMP] [60 Mc/sec]
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TABLE XXV. Rates of Nitrogen Inversion and AGe* at Tc for Compound

(68) in DZO/pyridine solution

Substituents Te pH pKl ki (sec_l) AGe* (Kcals/mole)
Higher field methyls 14° 5,06 9.82 1.28 x 106 8.8
Lower field methyls  19° 4,94 9.64 2.07 N 8.6
Methylene (ring) ' 25° 4,80 9.40 3.93 " 8.4

The rates of nitrogen inversion were measured at temperatures
above Tc using Equations (2-9) and (2-15) from changes in the line
width of both the higher and lower methyl resonance doublets. Values
of ki’ which were calculated in this way, are listed in Table XXVI and

k.
a plot of log Gﬁ%) versus l-:'Ls shown in Figure 30. From Table XXVI

T

or Figure 30 it can be seen that at a given temperature the rate
obtained from measurements of the lower field methyls gave a value
of ki almost double that obtained from measurements of the higher
field methyls. However, within each set of values, values of ki

. . 164
are consistent. It thus appears that the systematic error changes
in going from one set of signals to another. A comparison of the
rate of inversion for compound (68) at a given temperature [Table
XXVI] with that for compound (91) at the same temperature [Table

XXIV] indicates that the former is more than 10 times greater than

the latter. The rate of inversion for compound (91) is similar to
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The rates of nitrogen inversion in (68) in D20/pyridine
Bz~N '

A Plot of log (ki/T) vs 1/T [ki calculated from changes in the

shape of higher and lower field methyl doublets using Equs. (2-9)

and (2-15)]
Least squares values
5,0,
AH* AS¥* T
\‘\ (kcals/mole) (e.u.) (where ki
N 50 sec™d)
\ N
Higher field methyls 8.87 0.00 -96°
.9
log é%% 2%¥>Lower figld methyls 9.00 +1.6 -98°
&
4,0 F
3.0 '
3.0 3.5 4.0
3

1/T x 10
Figure 30, ©—6 higher field methyls

A — A~ lower field methyls
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TABLE XXVI. Rates of Nitrogen Inversion for Compound (68) in

DZO/pyridine as Measured from Changes in Width of Methyl Resonances

Methyl resonances  Temp. pH pK ki (sec_l)

1
Higher field 31° 4,64 9.20 2,71 x lO6
" 28.6° 4,71  9.28 2,47 "
Ly 26° 4,77 9.38 2.03 i
. 23.6° 4,83 9.48 1.76 "
" 21.2° 4.88 9.56 1.59 "
b 18.8° 4.94 9,65 l.44 N
Lower field 36° 4,52 9,00 5,55 N
" 33.6° 4.58 9.09 5.12 "
" 31° 4,64 9,20 5.11 H
N 28.6° 4,71 9.28 4,26 b

" 26° 4.77 9.38  3.52 "

Hoou 23.6° 4,83 9.48 2.93 "

that found for dibenzylamine249 (21 x lO5 sec:_l at 25°]. The greater
rate ofynitrogen inversion for the benzyl compound (68) is in accord
with the postulate that a bulky group will invert more rapidly than

a less bulky one.zog’213

This increased rate may, in part, account
for the inconsistency observed in values of ki obtained from the changes

in width of the two differemt sets of methyl groups. Equation (2-15)

is valid only if the rate of protonation >> ki and if the latter increases
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and the former remains about the same, the use of Equation (2-15)
may introduce greater errors when applied to calculations of ki fo;
compound (68) than when used to calculate ki for compound (91).

A least squares fit for the points obtained from the higher
field methyl groups [Figure 30] gave values of 8.87 kcals/mole and '
0.0 e.u. for AH* and AS* respectively. The theoretical coalescence
temperature for these signals in DZO/pyridine in the absence of acid |
was calculated to be about~96°C [i.e. where ki Y 50 sec—l]. Similarly,

‘a least squares fit for the points obtained from the lower field methyl
groups gave values of 9.00 kcals/mole, 1.6 e.u. and -98°C for AH¥,

AS* and Tc respectively.

The l-methyl group of 1,3,3-trimethyl-2-phenylazetidine 87)
may exist either in the pseudo-equatorial or pseudo-axial conformation.
In an attempt to investigate this possibility, variable temperature
n.m.r. spectra of compound (87) in acidic solutions were recorded
and studied. However, in all cases, the methyl group remained a
singlet. This may be interpreted as follows. Either the chemical
shift difference between the methyl group in the two possible
conformations is too small to be observed or there is predominantly
one conformer present (i.e. the one with the methyl group trans to the
phenyl group). In concentrated acid the methyl group should split
into a doublet due to co;pling to the N—H proton., The latter coupling

was, of course, not observed in this case since the solvent was DZO'



- 141 -

Further study of these topics is planned with a complete
line shape analysis being performed in order to obtain more
satisfactory rate constants ki. It is further intended to study

the rates of protonation in some of these azetidines.
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CHAPTER 3. THE MASS SPECTRA OF AZETIDINES AND 2~AZETIDINONES

I. INTRODUCTION

During the past decade, mass spectrometry has become a
useful physical aid to the elucidation of the structures of organic
molecules. The application of high resolution data and labelling
studies has assisted in the interpretation of fragmentation processes
in the mass spectra of many types of organic molecules. Details of

the theory, mode and application of fragmentation processes in organic

molecules have been extensively discussed in text8255_263 and require

no further discussion here.

264

The mass spectra of the parent compounds azetidine,

264,265 and thietan264 and also of cyclobutanes,266

267,268

oxetan
cyclobutanones, 2,2,4,4-tetramethylcyclobutan—l,3—dione,269
cyclobutanol?270 3—aroylazetidines,271 l,3-diazetidines,99
2—azeticlinones?'72_277 and 4,4—diphenyl-l,2—oxazetidin—3-ones278 have
been reported. The major fragmentation process of these four-membered
ring compounds is that of ring cleavage, examples of which are given
below.

The fragmentation process involving cleavage of the four-

20Yas2(08 to form the ionized ketene

membered ring in cyclobutanone
(m/e 42, 100%) and neutral ethylene is typical of four-membered ring

compounds and constitutes the main mode of decomposition in
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cyclobutanol,270 thietan264 and oxetan264’265

to give the ions
+ + +
:CHZCH==OH, CHf::S' and CHi: 0°, respectively, and ethylene. In

the latter case, however, the charge resides predominantly on the

hydrocarbon fragment.

267,268 and several

A study of the mass spectra of cyclobutanone
. 268 .
substituted cyclobutanones has shown that the number and position
of substituents have a pronounced effect on the observed fragments.
A small, but distinct, influence of stereochemistry was observed with

the peak at m/e 70 fiom compound (154) being more intense than from

compound (155). Similarly, several cyclobutanecarboxylates have been

0 N
’ — s D
’ Y c
,’( \\~ ”
o)
(154) m/e 70 (155)
Scheme 42

PR . 266 .
shown to undergo characteristic ring cleavage where it was noted
that eis substituents on adjacent carbon atoms caused characteristic
cleavage of the ring between the two substituents.
; . p— . 272
Again, in the case of 2-azetidinones it has been observed
that the four-membered ring may cleave in either of two ways to give

either ion (156) or (157). It was found that as the size of the R

group [CH3, CH3CH2, (CHB)ZCH’ (CH3)SC] increased the .intensity of the



- 144 -

Scheme 43

molecular ion from the trans compound gained in intensity relative
to that of the c¢ie¢ compound. Furthermore, the ratio of the intensities
of the ions (156) to (157) was greater in each case for the cts isomer
and this ratio increased as the size of the R group increased. Thus
it was concluded that, at a given energy of electron bombardment,
increasing steric interaction between the substituents favoured the
rupture of the bonds holding them. Similar stereochemical differences
g . . . 273
have been observed in cis~ and trans-3,4-diphenyl-2-azetidinones.
, - . 264
Apart from the mass spectrum of azetidine itself there
appears to have been only one other mass spectral study of azetidines
Lo 271 . ey
and that was of some 3~aroylazetidines. Since these azetidines
contain two heteroatoms it is not certain whether the fragmentation
pattern is controlled by the nitrogen or oxygen atom. Although it
is generally accepted that nitrogen is capable of stabilizing a

o . 279 .
positive charge more readily than oxygen there is reason to suspect

that in this case fragmentation, controlled by removal of an electron
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from the oxygen atom,is also a possible process. Since the carbonyl
group is adjacent to an aromatic system a positive charge on the
oxygen atom would be stabilized by resonance interaction with the
aromatic ring. A difference between the spectra of cis and trans
isomers was observed and this can best be explained by considering
the removal of an electron from the oxygen atom.

The mass spectrum of each trans compound shows an ion-at M=-17
which is absent in the corresponding cis isomer. This obvious difference
in the spectra may be rationalized on the basis of a rearrangement of
the hydrogen atom at position 2 onto the carbonyl group in the

isomer (158), followed by loss of hydroxyl radical to yield the

+..0
N Hol)
H ) C—ar C.H C—Ar CoH AT
X 65. S/ IR CU I
CoHg | 7 | —
N N — N —
R” R R’
(158) (159)
wt a-17)"
Scheme 44

diradical (159). Since the B-hydrogen is geometrically unavailable
in the cis isomer, the rearrangement cannot occur. It appears that
aroylazetidines fragment mainly by a-cleavage to the carbonyl group,

and ring fission is generally minor in comparison.
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We were particularly interested, therefore, in studying the
mass spectra of azetidines containing only the one hetercatom and
observing the relationship between substitution pattern and ring
cleavage.

We were further interested in comparing the mass spectra

of the azetidines with the corresponding 2-azetidinones.
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II. DISCUSSION AND RESULTS

1. The Mass Spectra of Azetidines

The mass spectra of the azetidines are given in Table XXVII
or Figures 31-41. Figures 31-41 are collected at the end of this
Chapter. The composition of fragment ions determined by exact mass
measurements are listed in Table XXVIII., Compound numbers correspond
to those assigned in Chapter 1. The symbolism used throughout this
chapter is that developed by Budzikiewicz, Djerassi and William8258’

259,263 260,261 and Shannon;284

from initial proposals by McLafferty
Although it is recognized that the structures written for fragment
ions are nominal, they have been used here since they serve the purpose
of relating the decomposition modes to the structure of the intact
molecule. The presence of a metastable ion for a particular process
is represented both in the text or in a figure by an asterisk (%) .

The mass spectra of azetidines which contain either onme or
two substituents are often quite complex. The interpretation of
the spectrum (Figure 31) of 2-phenylazetidine (122) was aided by
the spectra of the labelled derivatives, 4,4—d2—2—phenylazetidine
(133) and 1-d-2-phenylazetidine (160). The base peak (m/e 104)
in the spectrum of compound (122) is a doublet, and labelling studies
are consistent with the isobaric fragments being formed by the

processes a >~ b and a + d as shown in Scheme 45. Tragments b and d

then lose C2H2 and HCN respectively as shown in Figure 31. -As can
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Compound Numbers for Some of the Compounds Discussed in this Chapter

3

N—/\
S
R 0

2-Azetidinone

Substituents

17 765 2 37 T4 3

R = CcH
R = (CH,),C
R = C.H.CH,
'R = pCH,0C.H,CH,
R = C,HcCH,CH,
R = (CH,),CH
R = CH,CH,CH,
R = CH,

R, =R, = Ry = R, = CH,
R=H
R = CH,
R = C,H_CH

ﬁz R3
Ry 37
N
R’/
Azetidine

2-Azetidinone Azetidine
(46) (61)
(52) (66)
(53) (67)
(57) (71)
(58) (72)
(59) (73)
(60) (74)
(81) (87)
(41) (132)
(85) (91)
(54) (68)
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1 2 3
Ry = CH;, R= R, = & : (39) -
Ry = (CHy)4C, R, = H, R = C.HSCH, (56) (70)
R, = R, = H, Ry = CgH, R, = CHy
R=H (115) (124)
R = C.H/CH, - (125)
R, = CHy, R, = (CH;),CCH,, Ry = R, =R =H (40) (129)
R, = CcH, R, = H
Ry = (CH;),CH, R, = H, R = CHjy (84t) (90t)
Ry =R, =R=H (113) (122)
Ry = R, = R =H, 4-d, - (133)
Ry =R, =H, R=1D - (160)
Ry = R, = H, R = CHCH, - (69)
Ry = CH,, R, = H, R = CcH, (49¢) (64c)
33 = C6H5, R4 =H, R= CH3 (80t) (86t)
R, = (CHy)4C, R, = H, R = CcHg - (88c) and (88t)
R, = (cns) C, R, = H, Ry = R, = CH,
R = CH, (48) (63)

TABLE XXVII. The Mass Spectra of Azetidines [All peaks greater than

5% of the base peak (100%) (and molecular and M+1 ions less than this
value) are recorded]
Cpd.No.
(133) m/e 28 29 39 50 51 52 63 77 78 79 103

(%) 9 9 7 9 23 8 6 26 35 6 39



91) m/e
I(%)

(90t) m/e
I(%)

(63) m/e
I(%)

(129) m/e
(%)

(124) m/e

T (%)
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105 134 135(M)
28 15 9
39 41 42 43 44 55 56 57 69 70 71
10 25 15 5 21 9 100 5 29 5 20
72 112 127(M)
8 9 6
42 77 78 91 118 119 120 131 132 133 146
7 7.5 5 15 100 34 10 24 10 18 7
174 188 189(M) 190 (+l)
7 5 9 1
39 41 51 55 57 77 78 91 104 105 106
7 17 13 10 5 56 7 13 48 14 7
118 119 130 131 132 144 145 146 160 161 217 (M)
12 5 7 6 5 14 6 14 100 18 9
218 (M+1)
2
39 41 42 43 44 55 56 57 58 70 71
12 31 28 6 6 11 7 55 6 100 7
84 85 97 126 127 141QM)
15 12 7 13 2 0
77 78 91 103 115 117 118 147(M)
13 18 17 30 11 52 100 1




(68) m/e
I(%)

(70) m/e
I(%)

(125) m/e

I(%)

(137) m/e
I(%)

(87) m/e

I(%)

(66) m/e

I(%)
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39 41 56 65 69 91 92 120 132 146 147

6 15 16 6 18 100 8 6 5 8 13
203 ()

4

41 55 56 57 65 69 91 92 97 120 132
21 10 12 10 10 11 100 10 14 8 6
146 147 160 216 231()

18 10 5 34 5

39¢ 51 77 78 91 92 102 115 117 118 119
12 21 16 17 62 8 20 8 35 100 18
120 237Q8) 238Q+1)

14 12 3

39 41 42 43 55 56 57 58 70 71 114
17 3 19 11 6 6 100 6 57 6 60
129 ()

11

39 41 42 51 65 77 78 91 117 118 119

6 9 23 6 5 10 8 15 16 100 29
120 132 175(M)

8 11 20

3 41 55 56 57 70 77 91 104 105 106
10 30 14 10 56 86 10 20 20 40 46
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117 132 146 147 160 161 202 217(M)
24 36 100 10 16 22 32 5
(67) mle 65 91 92 115 116 117 132 194 195 251(M)
I(%) 12 100 32 7 8 30 16 26 14 11
(71) m/e 91 92 121 122 132 160 195 225 251 281(M) 282 (M+1)
(%) 7 10 100 13 7 8 7 16 13 33 8
(72) m/e 39 41 42 51 65 70 77 79 91 92 103
I(%) 13 15 100 14 14 30 27 9 83 8 6
104 105 117 118 119 132 145 174 175 265(M)
7 45 18 8 10 18 6 56 9 7

TABLE XXVIIIL Compositions of Some Ions in the Spectra of Azetidines

Compound m/e Composition

(122) 104 (C8H8 (65%)
(C7H6N (35%)

105 (C8H (70%)

9
(C7H7N (30%)

(69) 104 EC8H8 (60%)
(C7H6N (40%)
(132) 58 C3H8N
(86t) 104 Cglg
118 C8H8N

Compound m/e

(87)

(74)

(73)

(66)

(61)

132

118

132

132

132

104

117

(
(
(

(
(
(

Composition

Cioti2

C8H8N

C9H10N (95%)

C (57%)

10t12
C9HlON (95%)

C (5%)

10812
C1ot2
CHN

Colyg



- 153 -

— o+
+
Cq HS T ~CH,=NH ’
LA > CgHg—CH==CH,
1 F;o ¥
_N
H
- - b, m/e 104 (65%)
a, m/e 133
*l ~He
C.H %+
85 -C, 1
J/r‘ 24, CgHg—CH=N
W
S d, m/e 104 (35%)
¢, m/e 132

Scheme 45

be seen from Figure 31 and Scheme 45, the major fragments originate
by either 1,2 and 3,4 or 2,3 and 1,4 bond-cleavages. This is a
feature of the spectra of azetidines and is also a feature of other

four-membered rings as discussed above.264“270’2_72_277

The spectrum
(Figure 32) of l-benzyl-2-phenylazetidine (69) retains the features
of the spectrum of compound (122). The peak at m/e 104 is again a
doublet with the fragments being produced by the processes

M-—C8H9N (60%) and M-—C6HSCH2'—-C2H4 (40%). These cleavages are
analogous to the processes a + b and @ - d shown in Scheme 45 and

the fragments decompose further in the same way losing C2H2 and HCN

respectively. o-Cleavage to nitrogen produces the tropylium cation
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(m/e 91) which is the base peak in this spectrum. When there is

a phgnyl substituent at C-3 but not at C-2 the 1,2 and 3,4 bond
cleavages predominate, because stabilization of a nitrogen-containing
fragment can no longer occur. This effect is noted in the spectrum
(Table XXVII) of compound (124) in which the base peak is produced

by the process (124) + e as shown in Scheme 46. A similar process

is responsible er the base peak in the spectrum (Table XXVII) of

the l-benzyl derivative of compound (124) [i.e. compound (125)] being

at m/e 118.

BES

Cg Hg

CHy
____———%

N —CH.—
s CH,=NH cH

(124)

Hg
- \
—_—CH
/C 2
3

e, m/e 118 (100%)

Scheme 46

The spectrum (Figure 33) of 2,2,3,3-tetramethylazetidine
(132) contains the tetramethylethylenme radical ion (m/e 84, 427 of
the base peak) which is produced by cleavage of the 1,2 and 3,4 bonds.
However, the base peak is mf/e 58 andlwas shown by accurate mass measure-
ment to have the composition C3H8N. ~This ion can be produced only by
cleavage of the 2,3 and 1,4 bonds Qith accompanying hydrogen
rearrangement and the spectrum (Figure 33) of compound (134) shows

that a specific hydrogen rearrangement is involved with the hydrogen
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from the methyl groups at C-3 being involved. A possible mechanism

for the formation of m/e 58 is given in Scheme 47. When a methyl or

CH
~e 2 AR .
vl H/+N.\
f, m/le 58
Scheme 47

benzyl substituent is attached to nitrogen as in 1,2,2,3,3-penta~
methylazetidine (91), l-benzyl-2,2,3,3-tetramethylazetidine (68)
and l-benzyl-3-tert—butyl-2,2-dimethylazetidine (70) [all in Table
XXVII] the hydrogen rearrangement no longer occurs. Instead the
processes M-_CAHS__CHB. [compounds (91) and (68)] and M-—C6H12
[(70)] are observed, |

The fragmentation of l-isopropyl-3-hydroxyazetidine (138)
is shown in Figure 34 and that of l-tert-butyl-3-hydroxyazetidine
(137) in Table XXVII. The major breakdown process of compound (138)
involves B-cleavage of the Zsopropyl substituent to produce the
cation g which then loses C,H,0 to give h (base peak). A similar
process occurs for compound (137) except that a-cleavage is also

important giving m/e 57 as the base peak.
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OH
(138) ————> *-:S?L CH CH=N =CH
“CHyt () 4N * 3 .
V4
CHyCH n, m/e 56 (100%)
g, m/e 100
Scheme 48

The mass spectra of azetidines with more than two substituents
are generally much simpler than those which contain only one or two
substituents. Again the most important mode of fragmentation involves
ring cleavage although when alkyl substituents (othef than methyl)
are present, additional fragmentation of the side chain is also noted
and this may make the spectrum more complex than normal. The
completely different spectra (Figures 35 and 36) observed for the
isomers l-methyl-2,3-diphenylazetidine (86t) and 3-methyli-1,2-
diphenylazetidine (64c) indicate the ease with which mass spectrometry
can differentiate between, and identify these compounds.

When a phenyl éroup occupies C-2 and when there is a
substituent attached to nitrogen, the species (or an ion derived from
it) produced by 2,3/4,1 fragmentation (process A) constitutes the
© base peak of the spectrum. The alternative 1,2/3,4 fragmentation
(process B) is only minor in comparison. For example, the base peak

(m/e 118) in the spectrum (Figure 35) of compound (86t) is produced
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by loss of a hydrogen atom from fragment ¢ (m/e 119) which in turn
results from the fragmentation process A whereas the stilbene radical
ion g (m/e 180), produced by the fragmentation process B has an
abundance of only 10%. Similarly, the base peak (m/e 181) in the
spectrum (Figure 36) of compound (64c) is produced by process A

while the peak at m/e 118 produced by process B has an abundance of

only 36%.

: . +
C A CoH ;
65 &5 8 [CSHS—CH=CH —R’]
; I
B ! ~CyHeN g, mle 180 (R' = C.H, 10%)
v
CH _ .
3 (g6t) m/e 118 (R' = CH,, 36%)
A
-e
—C8118 —e
Y
—C7H7N
t A CH
[CGHSCHZN-—RJ e Cells 273
L=
~C.H o g
. 376 N
i, m/e 119 (R = CH,, 32%) Nz
) CgHs
m/e 181 (R = C6H5, 100%) (64¢)

Scheme 49
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In the case of 2-azetidinones it has been shown that a change
in the stereochemistry of highly substituted derivatives affects the

272,273
mass spectrum.

A similar effect was also found to occur in
the case of azetidines and is illustrated by the spectra (Figures 37
and 38) of cis and trams 3-tert-butyl-l,2-diphenylazetidine [(88c)
and (88t) respectivelyl. The ring may again cleave by processes A
and B and the difference between the spectra lies in the relative

abundances of ions produced by these processes. Although the Schiff's

base radical ion (process A) is the base peak in both spectra, the

CoHs 1 CHg

3

A

/,
CeHg

(88c) and (88t)

formation of the hydrocarbon species (process B) is only 6% for the
sterically-hindered cts isomer but 25% for the trans isomer. This
suggests fhat in the sterically-hindered azetidine process A is an
even more preferred one than in the less hindered compound. In other
words, the steric interaction of the bulky cis groups favours cleavage
of the 2,3 (and therefore 4,1) bond. This feature may therefore be
used in specific cases to differentiate between geometrical isomers.
As noted above for other N-substituted-2-phenylazetidines,
the abundances of the ions produced by cleavage A are generally

greater than those formed by cleavage B for the N-substituted 3,3-
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dimethyl-2-azetidines [(87), (74), (73), (66), (61), (67), (71) and

(72)] as shown in Tables XXVII and XXIX and/or in Figures 39, 40

and 41. In compounds (66) and (72) fragmentations of the side chains
complicate the issue. In the spectrum (Figure 41) of compound (61)
cleavage A is especially pronounced. The effect of changing the
substituent on the nitrogen atom is demonstrated by the differences
between the spectra (Figures 39 and 40 or Tables XXVII and XXIX) of

the compounds (87), (74), (73), (66), (61), (67), (71) and (72). A
considerable variation in abundances of those ilons and their decomposition
products produced by the two ring cleavages A and B are observed. The

abundances of ions produced by these processes are listed in Table XXIX.

TABLE XXIX. Abundances of Some Fragment Ions in the Spectra of N-

substituted-3,3-dimethyl-2-phenylazetidines

o + Process A Process B

Cpd.No N-subst (R) M R (M-—C4H8) (M-iRCH2N)
(87) CH3 20 = 28 12
(74) CH3CH2CH2 9 18 5 2
(73) (CH3)2CH 6 21 22 10
(66) (CH3)3C 5 56 22 36
(61) C6H5 10 30% 100 9
(67) C6HSCH2 11 100 16 15
(71 pMeOC6H4CH2 33 100 16 8
(72) C6H5CHZCH2 7 45 0 18

% Some of this species may originate from the 2-phenyl group.
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Apart from the variations in abundances of ions resulting
from the two ring cleavages A and B as the nitrogen substituent
changes from a methyl to a phenyl group, a very large difference from
changing the nitrogen substituent from an n-propyl to an Zso~propyl
group is also observed. This effect is illustrated by the spectra
(Figures 39 and 40) of the propyl compounds (74) and (73). The peak
at m/e 132 in the spectra of compounds (87), (66), (61), (67), (71) and

(72) corresponds to C

10712 (k), which is formed by cleavage B. However,
+
CeH Ce H CHjy .
675 ugn 3] \5 /
—_— C—2=¢
;N cleavage H/ \CH3
o)
R! 7 [(74), R=H, R'=CZH5] k, m/e 132
[(73), R=R'=CH,]
-R'.
Y
C6H5 +
;N cleavage
RCH/ m, m/e 118 (74)

mle 174 (74) m/e 132 (73)

m/e 188 (73)

Scheme 50



- 161 -

m/e 132 is a doublet in the spectrum of compound (73), with k being
the minor component (5%). The major component (C9H10N) is produced
by fragmentation of the N-alkyl group followed by loss of C4H8 by
ring cleavage. The base peaks in the spectra of compounds (74) and
(73) originate from the decomposition process I + m. Although m is
drawn as 'a linear structure, it is of course equally probably that
rearrangement may produce the appropriate azirine cation. Other
fragmentations are indicated in Figures 39 and 40.

The spectra of compounds (64c), (69), (88¢c) and (88t) were
obtained by the direct-insertion procedure in addition to recording
them by the heated inlet system method. In all cases, the "heated"
and "direct" spectra were very similar, except for some very small
differences in the abundances of several fragment ioﬁs. This observation

precludes the possibility of thermal decomposition.

2. The Mass Spectra of 2-Azetidinones

The mass spectra of 2-azetidinones are listed in Table XXX or
are shown in Figures 42 to 46, TFigures 42-46 are collected at the end
of this Chapter. The composition of fragment ions determined by exact

mass measurements are given in Table XXXI.

TABLE XXX. The Mass Spectra of 2-Azetidinones [All peaks greater than

' 5% of the base peak (100%) (and the molecular and M+l ions less than
this value) are recorded]
Cpd.No.
(40) m/e 39 41 42 43 53 55 56 57 58 69 70

(%) 10 23 35 8 5 14 15 100 9 5 5



(115)

(85)

(84t)

(39)

(54)

(56)

(48)

mfle

(%)

m/e

(%)

mfe

I(%)

m/e

(%)

mle

(%)

m/e

(%)

mle’

(%)
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83 84 97 98 99 112 140 155Q)
6 65 28 18 19 24 4 0
39 50 51 52 63 65 76 77 78 91 102
9 8 18 5 9 6 5 26 29 19 7
103 104 105 115 117 118 119 132 161(D
44 15 5 11 48 100 10 6 0
39 41 42 55 56 69 70 72 84 85 141 (M)
13 37 14 10 35 100 14 30 78 6 0
42 69 77 91 115 116 117 118 120 130 131 132
5 5 9 20 11 6 5 18 13 6 100 13
146 147 203(M)
61 8 3
39 41 42 55 56 58 70 71 113(M)
8 12 36 77 14 28 100 6 0
41 65 69 70 84 85 91 217(M)
7 6 57 6 100 7 23 2
55 91 97 98 112 113 245Q1) 246 (M+1)
11 29 100 8 43 6 1 1
69 97 98 104 112 118 146 231(M) 232 (M+1)
6 100 8§ 23 25 7 46 8 3
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(60) ml/e 91 115 117 118 131 132 133 148 217(M) 218(Mt+l)

I(%) 17 6 52 14 8 100 13 12 2 3

(59) m/e 41 70 77 91 104 105 115 117 118 131 132
I(%) 12 12 14 24 12 8 16 83 9 12 100
133 146 218(M+1)

12 5 1

(52) m/e 41 57 77 84 91 104 115 117 118 131 132
(%) 9 9 7 9 16 6 11 64 7 10 - 100
133 146 232(M+1)

10 8 1

(46) m/e 5L 77 78 91 104 115 117 118 131 132 133
(%) 7 29 7 14 10 12 62 7 9 100 11
180 181 182 251(M) 252(M+1)

48 76 14 23 5

(53) ml/e 65 77 91 92 104 115 117 131 132 133 194
(%) 7 7 100 11 6 6 63 9 100 11 15
196 265(M) 266 (M+1)

23 1 2

(57) m/e 77 91 117 121 131 132 133 295(M) 296'(M+l)

(%) 6 9 32 44 6 100 11 1 1
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(58) m/e 42 65 77 91 92 103 104 105 115 117 118
I(%) 6 8 13 68 7 7 8 12 11 48 26
131 132 133 210 279(M) @ 280(M+1)

10 100 11 6 1 2

TABLE XXXI. Compositions of Some Ions in the Spectra of 2-Azetidinones

Compound No. m/e Composition Compound No. m/e Composition
(113) 104 C8H8 (80¢t) 120 CSHlON
119 C8H9N (81) 120 C8H10N
(41) 58 C3H8N _ 132 ClOle
(48) 146 ClOleN (59) 132 ClOHl2

A comparison of the mass spectra of 2-azetidinones with those
_ of azetidines reveals that those of the former differ from those of
the latter in three distinct ways. These are: (1) many of the
spectra of 2-azetidinones are devoid of molecular ions but instead
contain M+l ions in contrast to the spectra of azetidines which
invariably contain molecular ions but no M+l ions (other than the
isotope peaks), (2) in 2-azetidinones ring cleavage by process B
produces the more abundant fragment ions in contrast to azetidines
in which fragmentation by process A generally produces the more
abundant fragment ions and (3) because of the extreme proclivity

of process B in 2-azetidinones, the major peaks in the 2-azetidinone
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Rl R//
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R A

spectra are not affected by the group attached to the nitrogen
atom whereas the spectra of azetidines are largely dependent upon
the nature of the N-substituent. Each of these features will now

be discussed in more detail.

(1) The Appearance of M+l ions in 2-Azetidinones

Although the mass spectra (Table XXX) of compounds (39), (40),
(85) and (115) showed neither an M or M+l peak and the spectrum
(Table XXX) of compound (84t) showed an M but no M+l peak, in general,
all other 2-azetidinones gave spectra either with no M peak but a
small (about 2%) M+l peak or an M and M+l peak. The only exceptions
among this group were observed when the nitrogen substituent was a
phenyl group. In this case the spectra (Table XXX or Figure 44) of
such compounds [e.g. (46), (48) and (49¢c)] showed M but no M+l peaks.
It is of interest to note that X-ray eviciencel25 has established the
approximate coplanarity of the phenyl and 2-azetidinone rings in
N-aryl-2-azetidinones. In other N-substituted-Z-azetidinones n.m.r.

46,203

spectral evidence suggests that the N-substituent bond lies out
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tBu
1/ | 4
J NCH;

N— Ne=—=\ N N —
TR N cHf o H” N

(39) (40) (85) (115)

'¢\\_ ) t Bu _ | 1

N N N N N -—J g

ot o " 0 57 o Bz” | Ny

(84t) (46) (48) (54)

of the plane of the 2-azetidinone ring. If these stereochemical
features are retained in the molecular ions it seems reasonable to
suppose that the abstracted hydrogen atom may bond to nitrogen. The
appearance of M+l ions have not been observed in the spectra of

280,281 282 283

amides, 2-pyrrolidones or barbiturates.

(2) Ring Cleavage

The olefin radical ion formed by process B, or a decomposition
product of that olefin radical ion, is always the base peak in the
spectra of 2-azetidinones. In azetidines the nitrogen containing

fragment produced by process A is generally the more abundant. The
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spectrum (Figure 42) of 4-phenyl-2-azetidinone (113) exhibits only
“cleavage B" fragments. The peak at m/e 104 is a singlet due to b
(C8H8, Scheme 45). Of all the compounds reported here, the loss of
CO was observed from only compounds (113) and (84t).

The major peaks in the spectra (Table XXX or Figure 43) of
compounds (39), (41) [Figure 431, (54), (56) and (48) are produced
by olefin radical ions. For example, in the spectrum (Table XXX) of
1-benzyl=-3-tert-butyl-4,4-dimethyl-2-azetidinone (56), cleavage B
produces the olefin radical ion n (m/e 112) which fragments by loss
of a methyl radical to produce o (m/e 97, base peak). The olefin fragment
(e.g. n) is always the base peak of the spectrum when the energy of the

electron beam is lowered to 15 eV,

tBu
|
B
N o
Bz
(56)
—e
—C8H7N0
T
CHjy YO Ak ~CH," CHs + ,CH3
~ 3 NA o
/ % / \CH
n, m/e 112 o, mle 97

Scheme 51
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Again, in the spectrum (Figure 43) of compound (41) the base
peak at m/e 69 is derived from the olefin radical ion (m/e 84). The
peak at m/e 58 results from type A cleavage with accompanying hydrogen
rearrangement and is formed by an analogous rearrangement tO that which
occurs to give an m/e 58 peak in the spectrum (Figure 33) of 2,2,4,4-
tetramethylazetidine (132) [Scheme 47, fragment f]. The same process
gives rise to an m/e 58 (f) fragment in the spectrum (Table XXX) of
3,4,4-trimethyl-2-azetidinone (39).

A comparison of the spectrum (Figure 35) of trams~l-methyl-
2,3-diphenylazetidine (86t) with the spectrum (Figure 45) of trans—
l-methyl-3,4~diphenyl-2-azetidinone (80t) again emphasizes the relative
ease of cleavages by processes A and B. The difference in the spectra
(Figures 44 and 45) of the two isomeric 2-azetidinones (49c¢) and (80t)
demonstrates further the ease with which mass spectrometry allows the
differentiation of structural isomers. Compound (80t) undergoes type
A cleavage (although type B predominates) with hydrogen rearrangement,
but it is ﬂot clear from Figure 45 whether the transferred hydrogen
originates from the phenyl group or hydrogen atom at C-3 [reaction
of (80t) with sodium/DZO/dioxan failed to exchange the hydrogen atom
at C-3]. A feature of the spectrum (Figure 45) of compound (80t) is
the appearance of a stabilized phenylketene radical ion p produced
by cleavage A. Although the spectrum (Table XXX) of l-Zsopropyl-
3,3-dimethyl-4-phenyl-2-azetidinone (59) and the spectrum (TFigure
46) of compound (81l) both contain small peaks due to dimethylketene
radical ions, in the spectra of 2-azetidinones reported here it is

unusual for the ketene species to retain the charge, although it has
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+
80 —=C — = )
(80t) “CHN [?sHscri——C-—O]

p, m/e 118

Scheme 52

been reported to occur in the spectra of cis- and trans-3,4-diphenyl-
2—azetidinone.273

Process A occurs in the spectra of l-phenyl-2-azetidinones
[e.g. compounds (46) and (48) (Table XXX) and (49¢) (Figure 44)] but,
as mentioned above, in the spectra of other 2-azetidinones it occurs
with hydrogen rearrangement to the nitrogen containing fragment. This

aspect is further illustrated for 3,3~dimethyl-4-phenyl-2-azetidinones

in Table XXXII. Figure 46 illustrates the general fragmentations of

TABLE XXXII. Relative Abundances of Molecular (M), M+l and Fragment

Ions in the Spectra of N-Substituted-3,3-dimethyl-4-phenyl-2—-azetidinones

Cpd.No. N-subst.(®) M& 1+l R 3§?fgsi g) M—C,HO" P?;ff;ENg)
4%
(81) CH, 7 4 - - .36 100
(60) CH,CH,CH, 2 3 3 2 13 100
(59) (CH),cH - 1 6 - 5 100
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(52) (CH3)3C 1 8 - - 100
(46) C6H5 23 - 29% 76 - 100
(53) C6H5CH2 1 2 80 - 23 100
(57) pMeOC6H40H2 1 1 44 - - 100
(58) C6H5CH2CH2 1 2 11 - 5 100

* Some of this species may originate from the 4-phenyl group.

2-azetidinones. A comparison of Tables XXVII and XXX and especially
of Tables XXIX and XXXII further illustrate the differences outlined
above. It is interesting to note that it has been reported that the
2-azetidinone (160) gives the fluorenone anil radical ion as the base

peak with no peaks due to the olefin.274

(3) Effect of the Nitrogen Substituent on Ring Cleavage

In the spectra (Table XXVII or Figure 32) of the l-benzyl-
azetidines (67), (68), (69) and (70) the tropylium cation (m/e 91)
dominates the spectrum. However, in the spectra (Tables XXX and/or

XXXII) of the l-benzyl-2-azetidinones (53) and (56) this is no longer
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the case. Similarly, the spectrum (Table XXVII) of l-tert-butyl-
3,3-dimethyl-2-phenylazetidine (66) is extremely complex due to
fragmentation of the tert-butyl group whereas the spectrum (Table
XXX) of the corresponding 2-azetidinone (52) is very simple. Thus
it appears that the tendency for the 2-azetidinones to cleave by
process B is so great that it masks any effect which the nitrogen
substituent may have on the fragmentation process. A comparison of
the two very different spectra (Figures 39 and 40) of the two propyl-
azetidines (74) and (73) with those of the two very similar spectra
(Table XXX) of the corresponding propyl-2-azetidinones (60) and
(59) again demonstrates that the nitrogen substituent of 2-azetidinones
has little effect on their cleavage.

The spectra of compounds (46) and (49¢c) were obtainea by
the direct insertion procedure in addition to obtaining them by the
usual heated inlet system method. The "heated'and "direct" spectra
were very similar, except for some very small differences in the
abundances of several fragment ions. This observation precludes

the possibility of thermal decomposition.
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CHAPTER 4. EXPERIMENTAL

1. Instrumentation

Melting points were determined using either a Gallenkamp
melting point apparatus or a Reichert-Kofler Micro Heating Stage and
are uncorrected,

Infrared (i.r.) spectra were recorded on either a Perkin-Elmer
237 IR Spectrophotometer, a Perkin-Elmer 337 IR Spectrophotometer or
an Unicam SP200 IR Spectrophotometer.

Ultraviolet (u.v.) spectra were recorded on a Perkin-Elmer
137 UV Spectrophotometer.

Nuclear magnetic resonance (n.m.r.) spectra were recorded on
a Varian DA-60-I1L Spectrometer operating at 60 Mc/s. The spectra
were calibrated by locking on tetramethylsilane as an internal
reference using the internal reference n.m.r. stabilized controller
V4354A, , The spectra were run in the frequency sweep mode, Variable
temperature spectra were run using the variable temperature accessory
V6040 and the temperature was calibrated using methanol or glycerol
and the graphs in the Varian manual.

Mass spectra (MS) were measured with an Hitachi Perkin-Elmer
RMU 6D double-focussing mass spectrometer, using the heated inlet
system (temperature 100-150°). The spectra of the compounds (46),
(49c), (64c), (69), (88c) and (88t) were additionally obtained by

the direct insertion procedure at 70°., Exact mass measurements were
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performed at a resolution (M/AM) of 10,000 (40% valley definition).
This is the maximum resolution (for this particular instrument) obtain-
able on the peak matcher. Heptacosafluorotributylamine provided the
reference masses. After calibration of the voltage range using
standard masses an accuracy of +*0.002 (m/e) was obtained for masses
less than m/e 250. All measurements quoted in Tables XXVIII and XXXI
are accurate to within these limits.

Vapour phase chromatography (v.p.c.) was carried out using
a Perkin-Elmer 800 Gas Chromatograph. An Aerograph Autoprep Model
A-700 was used for preparative v.p.c.

Microanalyses were performed by the Australian Microanalytical

Service, Melbourne.

2. 2—-Azetidinones by the Reformatsky Reaction

Schiff's bases were prepared by the standard methods and had
melting points and boiling points in agreement with those reported in
' the literature,

a-Bromoesters were prepared by the standard methods and had
boiling points in agreement with those reported in the literature,

The following 2-azetidinones were prepared by the Reformatsky

46,47,48

reaction using techniques fully described elsewhere. The
physical data for all these compounds were identical to the reported

values and consistent with the proposed structures.

3, 3-Dimethyl-1,4-diphenyl-2-azetidinone (46), m.p. 149°

. 46,48

(1i 149°), was obtained from benzal-aniline and ethyl

a-bromozgobutyrate in 85% yield.
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1, 4-Diphenyl-2-azetidinone (47), m.p. 154° (lit.%’47

m.p. 154°), was prepared from benzal-aniline and ethyl a-bromoacetate

in 707 yield.

d-t-Butyl-3, 3-dimethyl-1-pheny l-2-azetidinone (48)

The reaction between neo-pentylidene-aniline (2.2 gm, 0.014
mole) and ethyl a-bromoisobutyrate (3.0 gm, 0.017 mole) gave 2.0 gm
(65%) (recrystallized from aqueous ethanol) of 4-t-butyl-3, 3-dimethyl-
1-pheny l-2-azetidinone, m.p. 76-77°, I (nujol) 1753 cm_l. [Found:
c, 77.47; H, 9.17; N, 6.56; 0, 6.97. C..H,.NO requires C, 77.88;

1521
H, 9.15; N, 6.05; 0, 6.92%].

1, 4-Dipheny l-3-methy l-2-azetidinone (49¢), m.p. 108-110° (lit.46’48

m.p. 107-110°, 111°), was prepared from benzal-aniline and ethyl
a~bromopropionate in 85% yield. The n.m,r. spectrum showed the
product to be a mixture of 92% of the cis isomer and 8% of the trans

isomer (lit.46 70% of the cis isomer and 30% of the trans isomer).

1, 3, 4-Triphenyl-2-azetidinone (50t), m.p. 133° (lit.%’43

m.p. 133°), was prepared from benzal-aniline and ethyl a~bromophenyl-

acetate in 707 yield.

1-t-Butyl-3, 3-dimethy l-d-pheny l-2-azetidinone (52), m.p. 86°
(lit.46 m.p. 85-86°), was prepared from benzal-t-butylamine and ethyl

a-bromozsobutyrate in 75% yield.

1-Benzyl- 3, 3-dimethy l-4-pheny 1- 8-azetidinone (53), m.p. 40°

43,46

(11 m.p. 38°, 42°), was prepared from benzal-benzylamine and

ethyl a—bromoisobutyréte in 85% yield.
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1-Benzy 1-4-pheny 1-2-azetidinone (55), b.p. 140-142°/0.1 mm

46

(1it.”° b.p. 140-142°/0.1 mm), was prepared from benzal-benzylamine

and ethyl a-bromoacetate in 707 yield.

1—(p—MethoxybenzyZ)-3,3-dimethyZ-4—pheny2—2—azetidin0ne (57)

The reaction between benzal-p-methoxybenzylamine (4.5 gm, 0.020
mole) and ethyl a-bromoisobutyrate (4.6 gm,0.026 mole) gave 3.7 gm
(63%) of I-(p-methoxybenzyl)-3,3-dimethyl-d-phenyl-2-azetidinone as
g yellow oil, b.p. 180°/0.5 mm, D i (film) 1755 cm_l. [Found: C,
76.67; H, 7.21; N, 4.56. C. H,.NO requires C, 77.29; H, 7.1l4;

1921
N; 4.75%.]

3, 3-Dimethy L-1-B-pheny lethyl-4-pheny l-2-azetidinone (58),
m.p. 72-74° (lit.46 m.p. 72-74°), was prepared from benzal-B-phenyl-

ethylamine and ethyl a-bromoisobutyrate in 70% yield.

3, 3-Dimethyl-4-pheny 1-1-isopropy l-2-azetidinone (59), m.p.
41° (lit.46 m.p. 40-41°), was prepared from benzal-isopropylamine

and ethyl o-bromoisobutyrate in 85% yield.

3, 3-Dimethy L-4-pheny L~ 1-n-propy l-2-azetidinone (60), b.p.

46

128°/0.3 mm (lit. '~ b.p. 128°/0.3 mm), was prepared from benzal-n-

propylamine and ethyl a-bromoisobutyrate in 85% yield.

3,4-Diphenyl-1-methy l-2~azetidinone (80t), m.p. 67-69° (lit.46

m.p. 68-69°), was prepared from benzal-methylamine and ethyl-o-~

bromophenylacetate in 80% yield.
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1,3, 3-Trimethyl-4-pheny l-2-azetidinone (81), b.p. 112°/0.5 mm
46,285

(lit. b.p. 112°/0.5 mm, 139°/13.5 mm), was prepared from

benzal-methylamine and ethyl a-bromoizsobutyrate in 857 yield.

3-t-Butyl-1,4-dipheny l-2-azetidinone (82c) (82t) was prepared
from benzal-aniline and ethyl a-bromo-t-butylacetate in 85% yield.
The n.m.r. spectrum showed the product to be a mixture of 67% of the
trans isomer (82t) and 33% of the cis isomer (82c) (lit.48 75% of the
trans isomer and 25% of the ¢is isomer). The mixture (3 gm) was
adsorbed on to Spence alumina (250 gm) and eluted with a mixture of
light petroleum, ether and benzene (6:1:1). 100 ml fractions were
collected. Fractions 4-8 yielded 1.2 gm of pure trans-3-t-butyl-1,4-
diphenyl-2-azetidinone as long colourless needles, m.p. 151° (lit.48
m.p. 151-152°)., Fractions 9-16 yielded 1.45 gm of a mixture of the
cis and trans isomer with each succeeding fraction yielding an
increasing amount of the c¢is isomer. Fractions 17-26 yielded 0.3 gm
of pure cis-3-t-butyl-1,4-diphenyl-2-azetidinone as colourless prisms,
m.p. 174~175° (lit.48 m.p. for a 1:1 mixture of the cis and trans

isomer 138°).

I-n-Propyl-3, 3, 4-trimethyl- 2-azetidinone (83), b.p. 77°/1.4 mm

46

(1it.*° b.p. 77°/1.4 mm), was prepared from ethylidene-n-propylamine
P , par y

and ethyl a-bromoisobutyrate in 757% yield.

1-Methy I~ 4-pheny 1~ 3-isopropy - 8-azetidinone (84t) and (84c),
b.p. 138°/0.8mm (lit.46 b.p. 138°/0.8 mm) and m.p. 98-99° (lit.46
m.p. 98-99°) respectively, were prepared from benzal-methylamine and

ethyl a-bromoisovalerate in 85% yield and separated by chromatography

on a Spence alumina column.
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3, 2-Azetidinones by Other Methods

(1) Grignard Cyclization of a B—Aminocester

General procedure for the Grignard cyclization_50’286

To a Grignard solution of methyl magnesium iodide prepared from
magnesium (2.6 mg), methyl iodide (16 gm) and ether (60 mls) was added
_the aminoester (0.025 mole) in ether (30 mls) at 0° with stirring over
a period of one hour., The whole was allowed to reach room temperature,
stirred for 4 hours, kept for 12 hours and then cooled to 0°. The
mixture was treated dropwise with 207 ammonium chloride solution
(13 mls) at 0° and then acidified to pH 5 with cold dilute hydrochloric
acid solution (10%, 50 mls). The ether layer was separated, the
aqueous layer extracted with ether, the combined ether layers washed
with dilute hydrochloric acid solution, water until neutral and the
organic layer dried. The ether was removed and the residue redistilled
under reduced pressure or recrystallized from a suitable solvent.

In this way, the following 2-azetidinones were prepared,

The intermediate aminoesters were prepared by previously reported
methods and their physical properties were in agreement with those

reported in the literature.

4-Phenyl-2-azetidinone (113), m.p. 107-108° (lit.60 m.p. 107~

2
108°), was prepared from ethyl B-aminohydrocinnamate o in 19% yield.
Attempts to cyclize ethyl B-aminohydrocinnamate to compound (113)
with anhydrous potassium carbonate in dimethylformamide under’a

variety of conditions were unsuccessful.
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5-Phenyl-o-azetidinone (L14), m.p. 115° (11c.2%® m.p. 115-116°)

was prepared from ethyl a—phenyl—B—aminopropionate288 in 10% yield.
Attempts to cyciize ethyl a-phenyl-p-aminopropionate to compound (114)
with anhydrous potassium carbonate in dimethylformamide were also

unsuccessful.

3-Methyl-3-phenyl-2-azetidinone (115) m.p. 95-97° (lit.50

m.p. 96-97°) was prepared from ethyl a—methyl—a—phenyl—B—aminopropionateso

in 40% yield.

3-Benzyl-2-azetidinone (116) m.p. 89-93° (lit.49 m.p. 90-92°)

was prepared from ethyl oc—benzyl—B-amino—propionate49 in 35% yield.

3,3-Dimethyl-2-azetidinone (37) b.p. 70-72°/0.2-0.4 mm (lit.289

b.p. 70-73°/0.8 mm) was prepared from ethyl a,a-dimethyl-f-aminopropionate

in 55% yield.

Trans-3, 4-dipheny l- 2-azetidinone (117), m.p. 122-124° (lit.46

m.p. 123-124°), was prepared from threo methyl a,B-diphenyl-g-

aminopropionate290 in 277% yield.

(2) 1,3,3,4,4-Pentaphenyl-2-azetidinone (51) was prepared from
benzophenone—am’f91 and diphenylketene292 according.to the method

293

of Staudinger,293 m.p. 192-192,5° (1lit. m.p. 190-191°), in 68%

yield.

(3) Olefins and chlorosulphonylisocyanate

The following 2-azetidinones were prepared from chlorosulphonyl-

isocyanate and the appropriate olefin by the method of Graf.51 The
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N-chlorosulphonyl~2-azetidinone was hydrolysed to the N-unsubstituted-
2-azetidinone with sodium hydroxide solution (33%) according to the

method of Graf.5l

1-Chlorosulphony L-4-methy l-4-neo-pentyl-S-azetidinone (118)
was prepared from diisobutylene and chlorosulphonylisocyanate, and
on hydrolysis it yieélded d-methy l-4d-neo-penty L-2-azetidinone (40),

51

b.p. 114°/0.5 mm (lit.”” b.p. 108°/0.1 mm), in 85% yield.

1-Chlorosulphonyl-3,3,4, 4-tetramethy l-2-azetidinone (119) was
prepared from tetramethyl—ethylene294 and chlorosulphonylisocyanate,
and on hydrolysis it yielded 3,3,4,4-tetramethyl-2-azetidinone (41),

mop. 104° (Lit.”t m.p. 104°), in 85% yield.

3-t-Butyl-1-chlorosulphony -4, 4-dimethy l-2-azetidinone (120)
was prepared from 2,4,4-trimethyl-2-pentene and chlorosulphonyliso~-
cyanate, and on hydrolysis it yielded 3-t-butyl-4, 4-dimethy l- 2-azetidinone

51

(42), m.p. 75-76° (lit.”” m.p. 76°), in 90% yield.

1-Chlorosulphonyl-3,4, 4-trimethyl-2-azetidinone (121) was
prepared from 2-methyl-2-butene and chlorosulphonylisocyanate, and on
hydrolysis it gave 3,4,4-trimethyl-2-azetidinone (39), b.p. 84-86°/

2,0-2,5 mm (lit.Sl b.p. 74-75°/0.5 mm), in 80% yield.

(4) N-Benzylation and N-Methylation of 2-Azetidinones

1-Benzyl-3, 3,4, 4-tetramethy - 2-azetidinone (54)

3,3,4,4-Tetramethyl-2-azetidinone (9.6 gm, 0.075 mole) in dry

dimethoxyethane (90 mls) was added dropwise to sodium hydride (3.0 gm,
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0.125 mole) in dimethoxyethane (25 mls) under nitrogen with vigorous
stirring. The suspension was stirred for 6 hours while heating at 60°
on a-water—bath. After cooling, benzyl chloride (19.2 gm, 17.5 mls,
0.15 moles) was added dropwise and the resulting suspension heated
with stirring on a water-bath for 12 hours. The white slurry was
evaporated under reduced pressure, the residue mixed with water and
the suspension extracted twice with chloroform. The chloroform was
dried (magnesium sulphate) and removed and the residue fractionated
under vacuum. I-Benzyl-3,3,4,4-tetramethyl-2-azetidinone (11.6 gm,
71%), b.p. 136-137°/1 mm, was obtained as colourless needles, m.p.
53.5-54°, L (CC14) 1750 cm_l. [Found: C, 77.50; H, 8.70; N, 6.51;

0, 7.29. Cl4H NO requires C, 77.38; H, 8.8l; N, 6.45; O, 7.36%.]

19
1-Benay - 3- t-butyl-4, 4-dimethy l- 2-azetidinone (56)

The reaction of 3-t-butyl—4,4-dimethyl-2-azetidinone (3.1 gm,
0.02 mole) with sodium hydride (1.0 gm, 0.04 mole) and then with
benzyl chloride (5.7 gm, 0.045 mole) under similar conditions to
those used above gave I-benzyl-3-t-butyl-4,4-dimethyl-2-azetidinone
(4.3 gm, 87%), b.p. 142°/0.7 mm, as a colourless liquid, ¥ (CC14)
1740 cut. [Found: ¢, 77.76; H, 9.45; N, 5.70; 0, 6.8. C. H .NO

16 23
requires C, 78.32; H, 9.45; N, 5.71; O, 6.52%.]

1,3,3,4,4-Pentamethyl-2-azetidinone (85).

The reaction of 3,3,4,4-tetramethyl~2-azetidinone (2.5 gm,
0.02 mole) with sodium hydride (0.72 gm, 0.03 mole) and then with
methyl iodide (5.7 gm, 0.04 mole) under similar conditions to those

given above gave 1,3,3,4,4-pentamethyl-2-azetidinone (2.2 gm, 80%),
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m.p. 57.5-59° (from light petroleum), as colourless plates, -

(cC1,) 1740 enl. [Found: C, 67.42; H, 10.68; N, 9.79. Cgli [NO

requires C, 68.04; H, 10.71; N, 9.92%.]

4. The Reduction of 2-Azetidinones to Azetidines

(1) Lithium Aluminium Hydride (LAH) Reduction of N-Unsubstituted

2-Azetidinones

General procedure for the LAH reductions.44

The 2-azetidinone (0.01l4 mole) was added gradually (portion-
wise if a solid, as a solution in ether if the 2—azetidinone was a
liquid) to LAH (0.05 mole) suspended in absolute ether (35 mls) with
stirring. The mixture was refluxed for 4 hours (longer if necessary),
cooled to 0°, treated dropwise with 20% ammonium chloride solution
(7.9 mls) below 5°, the solid filtered off, washed with ether, the
combined organic solutions dried and then fractionated under nitrogen.
Since all of these azetidines readily absorbed carbon dioxide it was
found necessary to distil and store them under nitrogen. This
property also made it impracticable to obtain satisfactory analytical
results for the azetidines but, analysis as the picrates, gave

satisfactory results.

60

9-Phenylazetidine (122), b.p. 76-79°/2.5 mm (lit. = b.p. 76-78°/

2.5 mm) was obtained in 46% yield from 4-phenyl-2-azetidinone.
Z—Benzyl—2—phenylazetidine (69), b.p. 120-122°/0.4 mm (lit.60 b.p.
120-122°/0.4 mm) was prepared in 60% yield from 2-phenylazetidine

and benzyl chloride according to the method of Testa.6o
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3-Phenylazetidine (123), b.p. 87-89°/3.5 mm (1it.””> b.p.

87-89°/3.5 mm), was obtained in 457 yield from 3-phenyl-2-azetidinone.

S-Mothy 1-3-pheny Lazetidine (124), b.p. 83°/0.9 mm (lit.**

b.p. 73°/0.9 mm), was obtained in 55% yield from 3-methyl-3-phenyl-
2-azetidinone. I-Benzyl-3-methyl-3-phenylazetidine (125) was prepared
from 3-methyl-3-phenylazetidine and benzyl chloride by the method

of Testa60 as a colourless liquid, b.p. 145-146°/0.7 mm (Yield 66%).

[Found: C, 85.60; H, 8.08; N, 6.10, C N requires C, 86.03;

17819
H, 8.07; N, 5.90%.]

3-Benzylazetidine (126), b.p. 98-100°/0.9 mm (lit.49 b.p.

98°/0.8 mm), was preﬁared in 45% yield from 3-benzyl-2-azetidinone.
3-Benzyl-1-carbamoylazetidine (127) was obtained by reacting
.3—benzylazetidine with sodium cyanate, according to the method of
Testa,49 as colourless plates (from aqueous ethanol), m.p. 207-208°
(95% yield). [Found: C, 69.41; H, 7.29; 0, 9.0; N, 15.09.
CllHl4N20 requires C, 69.46; H, 7.37; 0, 8.42; N, 14.74%.]

44

3,3-Dimethylazetidine (128), b.p. 90° (lit. ~ b.p. 90-92°),

was prepared from 3,3-dimethyl-2-azetidinone in 40% yield.

&-Methyl-2-neopentylazetidine (129)

LAH reduction of 4-methyl-4-meopentyl-2-azetidinone (8 hours
reflux in ether) gave 2-methyl-2-neopentylazetidine as a colourless liquid,

b.p. 72°/38 mm, in 70% yield. The picrate was obtained as yellow
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crystals, m.p. 139-140.5° (recrystallized from water). [Found:
Cc, 48.57; H, 5.99; N, 15.34; 0, 30.1. C15H22N4O7 requires C,

48.64; H, 5.99; N, 15,13; 0, 30.24%.]

2,2, 3-Trimethylazetidine (130)

LAH reduction of 3,4,4-trimethyl-2-azetidinone gave 2,2,3-
trimethylazetidine as a colourless liquid, b.p. 97°, in 50% yield.
Under the conditions used, no picrate could be isolated. The reaction
of 2,2,3-trimethylazetidine with benzyl chloride under the conditions
used by Teéta60 yielded I-benzyl-2,2,3-trimethylazetidine (131) as
a colourless liquid in about 80% yield. However, it was not possible
to separate completely this compound from benzyl chloride, with which

it was contaminated.

2,2,3,3-Tetramethy lazetidine (132)

LAH reduction of 3,3,4,4-tetramethyl-2-azetidinone (refluxed
in ether for 24 hours) gave 2,2, 3,3-tetramethylazetidine as a colourless
liquid, b.p. 118°, in 35% yield. The picrate was obtained as yellow
needles, m,p. 157-158,5° (recrystallized from aqueous ethanol). [Found:
C, 45.75; H, 5.45; N, 16.07; 0, 32.6. C.,,H 0N, 6 requires C, 45.61;

1371877 4
H, 5.30; N, 16.37; 0, 32.75%.]

Attempted reduction of 3-t-butyl-4,4-dimethyl-2-azetidinone (42)

3-t-Butyl-4,4-dimethyl-2-azetidinone (0.014 mole) and LAH
(0.05 mole) were refluxed in ether for up to 72 hours. In every case
the 2-azetidinone was recovered unchanged. Compound (42) was also

recovered when it was refluxed in tetrahydrofuran for 4 hours with LAH.
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4,4—d2—2—Phenylazetidine (133), 4,4—d2—3—phenylazetidine (136),
4,4—d2—2—methyl—2—neopentylazetidine (135) and 4,4—d2—2,2,3,3—
tetramethylazetidine (134) were prepared by reducing compounds (113),

(114), (40) and (41) respectively with lithium aluminium deuteride.

1-Bromo-2, 2, 3, 3-tetramethy lazetidine (140)

To a cold sodium hypobromite solution prepared by adding
bromine (0.16 gm, l.lmmole) to a solution of sodium hydroxide (0.09 gm,
2.2 mmoles) in water (0.4 mls) at -5° to -10° was added cold 2,2,3,3-
tetramethylazetidine (113 mg, 1 mmole) at -10° with stirring éc.f.zsg).
The mixture was extracted with deuterochloroform, the organic layer

washed five times with water and dried (magnesium sulphate). The

chloroform solution was filtered and transferred to an n.m.r. tube.

1-Chloro-2, 2,3, 3-tetramethylazetidine (1l41l) was prepared

similarly from sodium hypochlorite and 2,2,3,3-tetramethylazetidine.

(2) Diborane Reduction of 2-Azetidinones to Azetidines

Solutions of diborame in tetrahydrofuran were prepared from

JeB0 The concentration

sodium borohydride and iodine in the usual way.

of the diborane solutions was measured296 by forming diisopropoxyborane

by reaction of an aliquot of the diborane solution with acetone followed

by hydrolysis in water. The solution was then titrated for boric acid.
The solvents, diglyme and tetrahydrofuran, were purified in

the usual way.58
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General procedure for the diborane reductions

A solution of the 2~azetidinone (0.015 mole) in absolute
tetrahydrofuran (15 mls) was added dropwise to a stirred solution of
"diborane in tetrahydrofuran [30 mls, 0.75M] at 0° under a nitrogen
atmosphere, The resulting solution was stirred at room temperature
for 15 minutes and then at 50° for 30 minutes to 2 hours. The solution
was cooled and maintained at 5-10° during the dropwise addition of a
10% sodium hydroxide solution (12 mls). The reaction mixture was
then stirred at room temperature for 30 minutes, the organic layer
separated, the aqueous layer extracted with ether and the combined
organic layers dried (magnesium sulphate). After removal of the

solvent the residue was fractionated under nitrogen.

3, 3=Dimethyl-1, 2-dipheny lazetidine (61)

The reduction of 3,3-dimethyl-1,4-diphenyl-2-azetidinone (3.0 gm)
with diborane gave 3,3-dimethyl-1,2-diphenylazetidine (2.1 gm, 70%) as
a colourless liquid, b.p. 130-131°/1 mm. [Found: C, 85.24; H, 8.11;

N, 5.99. N requires C, 86.03; H, 8.07; N, 5,90%.] The picrate

17819
was obtained as fine yellow needles, m.p. 117-118.5°, after recrystall-

ization from ethanol. ([Found: C, 59.00; H, 4.87; N, 12.02; 0, 24.1.

C23H22N407 requires C, 59.22; H, 4.75; N, 12.01; O, 24.01%.]

1, 2-Diphenylazetidine (62)

The reduction of 1,4~diphenyl-2-azetidinone (2.5gm) with diborane
yielded 2.3 gm (95%) of a mixture of I1,2-diphenylazetidine (60%),
3-anilino-3-phenyl-l-propanol (5%) and starting material (30%). These

ratios were determined by n.m.r. spectra gnd v.p.¢. This mixture gave
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three separate peaks on v.p.c. but because of the tendency of the
azetidine (62) to absorb carbon dioxide and since both the azetidine
and aminoalcohol may be prepared by alternative routes [Section 4.(3)
and 5,(1l) respectively] no attempt was made to separate the components

by preparative v.p.c.

2-t-Butyl-3, 3-dimethyl-1-phenylazetidine (63)

The reduction of 4-t-butyl-3,3-dimethyl-l-phenyl-2-azetidinone
(2.0 gm) with diborane gave 2-t-butyl-3,3-dimethyl-Il-phenylazetidine
(1.3 gm, 67%) as a colourless liquid, b.p. 99-100°/2 mm. [Found: C,

82.46; H, 10.56. C N requires C, 82.89; H, 10.67%Z.] The

1523
pierate was obtained as a yellow crystalline solid, m.p. 153-162°
(Recrystallized from ethanol)., [Found: C, 56.52; H, 5.92; N, 12.67;

0, 24.8. C21H26N4O7 requires C, 56.49; H, 5.87; N, 12.,55; 0, 25.09%.]

3-Methyl-1, 2-diphenylazetidine (64c)

The reduction of c¢is-3-methyl-l,4-diphenyl-2~azetidinone (3.0
gm) with diborane gave cis-3-methyl-1,2-diphenylazetidine (2.1 gm, 70%)
as colourless liquid, b.p. 134°/ 1.5 mm. [Found: C, 85.89; H, 7.78;

N, 6.42. cl6Hl7N requires C, 86.05; H’ 7.67; N, 6.27%.]

Attempted reduction of 1,3,3,4,4-pentaphenyl-2-azetidinone (51)

with diborane resulted in quantitative recovery of compound (51).
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1-t-Butyl-3, 3-dimethyl-2-phenylazetidine (66)

The reduction of l-t-butyl-3,3-dimethyl-4-phenyl-2-azetidinone
(2.5 gm) with diborane gave I-t-butyl-3,3-dimethyl-2-phenylazetidine
(1.7 gm, 70%) as a colourless liquid, b.p. 71°/1 mm. [Found: C, 82.52;

H, 10.32; N, 6.66. N requires C, 82.89; H, 10.67; N, 6.45%.]

C15%23
1-Benzyl-3, 3~dimethyl-2-phenylazetidine (67)

The reduction of l-benzyl-3,3-dimethyl-4-phenyl-2-azetidinone
(3.2 gm) with diborane gave I-benzyl-3,3-dimethyl-2-phenylazetidine
(1.9 gm, 60%) as a colourless liquid, b.p. 136-138°/2 mm. The picrate
was obtained as a yellow crystalline solid, m.p. 177.5-179° (recrystallized
from ethanol). [Found: C, 59.94; H, 5.13; N, 11.74; 0, 23.2.

CZ4HZ4N407 requires C, 59.99; H, 5.04; N, 11.66; 0, 23.31%.]

1-Benzyl-2,2, 3, 3-tetramethy lazetidine (68)

The reduction of l-benzyl-3,3,4,4-tetramethyl-2-azetidinone
(3.0 gm) with diborane gave I~-benzyl-2,2,3,3-tetramethylazetidine
(2.2 gm, 75%) as a colourless liquid, b.b. 82°/ 0.3 mm. The picrate
was obtained as a yellow crystalline solid, m.p. 168.5-170° (recrystallized
from ethanol). [Found: C, 55.12; H, 5.48; N, 12.79; 0, 25.6.
Cootng 091, requires C, 55.55; H, 5.59; N, 12.96; 0, 25.90%.]
Treatment of compound (68) with a solution of diborane in tetrahydrofuran
gave a white crystalline solid, m.p. 98-99° (recrystallized from dry
light petroleum ether). This compound was shown to be the borine
complex of l-benzyl-2,2,3,3-tetramethylazetidine (93). [Found: C,
77.87; H, 10.78; N, 6.45; B, 4.9. C14H21N.BH3 requires C, 77.43;
H, 11.14; N, 6.45; B, 4.98%.]
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1-Benzy l-2-pheny lazetidine (69)

The reduction of l-benzyl-4-phenyl-2-azetidinone (2.6 gm)
with diborane gave 1.7 gm (70%) of a mixture of I-bensyl-2-phenyl-
azetidine (35%) and 3~benzylamino-3-phenyl-l-propanol (35%). These
two compounds were separated by preparative v.p.cC. and identified
by comparison with authentic samples prepared as described in Sections

4,(1) and 5.(1) respectively.

1-Benzy l-3-t-butyl-2, 2-dimethy lazetidine (70)

The reduction of l-benzyl-3-t-butyl-4,4~dimethyl-2-azetidinone
(56) (3.1 gm) with diborane gave 1-ben2yl—3-t—butyl—2,2—dimethy2azetidine
(1.8 gm, 60%) as a colourless liquid, b.p. 101-102°/0.2-0.4 mm.

[Found: C, 82.57; H, 10.67; N, 6.31. Cl6H N requires C, 83.05;

25
H, 10.89; N, 6.05%.] The picrate was obtained as a yellow crystalline
solid, m.p. 174-175° (recrystallized from chloroform/ethanol). [Found:
C, 57.74; H, 6.27; N, 12.63, C22H28N407 requires C, 57.38; H, 6.13;
N, 12.17%.] When compound (56) was reduced with a large excess of
diborane, a colourless crystalline solid, m.p. 87-89° (recrystallized
from light petroleum ether), was obtained and this was shown to be

the borine complex of l-benzyl-3-t-butyl-2,2-dimethylazetidine (92).
[Found: C, 77.84; H, 11.37; N, 6.25; B, 4.3. Cl6H25N.BH-3 requires
C, 78.36; H, 1l.46; N, 5.71; B, 4.41%.]

1-(p-Methoxybenzyl) -3, 3-dimethyl-2-phenylazetidine (71)
The reduction of 1-(p-methoxybenzyl)-3,3-dimethyl-4-phenyl-
9-azetidinone (2.95 gm) with diborane gave I-(p-methoxybenzyl)-3,3-

dimethyl-2-phenylazetidine (1.4 gm,50%) as a colourless liquid,
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b.p. 150°/0.4 mm., This compound was contaminated by a very small
amount of a similar boiling point impurity which prevented
satisfactory analysis figures from being obtained and also precluded

the formation of a picrate derivative.

3, 3-Dimethy 1-1-B=-pheny lethy 1~ 2-pheny lazetidine (72)

The reduction of 3,3—dimethyl—l-B—phenylethyl—4—phenyl—2—
azetidinone (3.0 gm) with diborane gave 3, 3-dimethyl-I1-g-phenylethyl-
2-phenylazetidine (0.9 gm, 30%) as a colourless liquid, b.p. 144-146°/

1.5 mm. [Found: C, 86.24; H, 8.80; N, 5.42, C N requires

1923
C, 85.98; H, 8.74; N, 5.28%.] The picrate was obtained as a yellow
crystalline solid, m.p. 195-197° (recrystallized from ethanol).

[Found: C, 60.40; H, 5.34; N, 11.48; 0, 22,2. 025H26N407 requires

c, 60.72; H, 5.30; N, 11.33; 0, 22.65%.]

3, 3-Dimethy 1-2-pheny l-1-iso-propylazetidine (73)

The reduction of 3,3-dimethyl-4-phenyl-l-iso-propyl-2-
azetidinone (3.0 gm) with diborane gave 3,3-dimethyl-2-phenyl-I-iso-
propylazetidine (1.2 gm, 40%) as a colourless liquid, b.p. 80°/2.5 mn.
The picrate was obtained as yellow plates, m.p. 163.5—165.5°
(recrystallized from ethanol). [Found: C, 55.51; H, 5.72; N,
13,09; 0, 25.6. C,.H,  N,0, requires C, 55.55; H, 5.59; N, 12,96;

20724°4°7
0, 25.90%.]

3, 3-Dimethy 1~ 8-pheny l-1-n-propy lazetidine (74)

The reduction of 3,3-dimethyl-4-phenyl-l-n-propyl-2-azetidinone

(3.0 gm) with diborane gave 3, 3-dimethy L-2-pheny l-1-n-propy lazetidine
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(0.9 gm, 30%) as a colourless liquid, b.p. 70-73°/2-2.5 mm. The
picrate was obtained as a yellow crystalline solid, m.p. 147-148.5°
(recrystallized from ethanol). [Found: C, 55.73; H, 5.67; N, 12.88;

0, 25.3. C,,H,,N,0, requires C, 55.55; H, 5.59; N, 12.96; 0, 25.90%.]

1,2, 3-Triphenylazetidine (65t)

The reduction of srans-1,3,4-triphenyl-2-azetidinone (2.5 gm)
with diborane gave 1.2 gm(50%) of a yellow liquid, b.p. 180-200°/
1 mm, which was shown to be a mixture of trams-I,28,3-triphenylazetidine
(30%) and 3~anilino-2,3-diphenyl-l-propanol (20%). These yields were
estimated by "spiking" with an authentic sample of the amino-alcohol
using v.p.c. and by n.m.r. spectroscopy. Although separation of
these two compounds by preparative v.p.c. should present few difficulties,
no attempt was made to do so.
The reduction of trans—l—methyl—3;4—diphenyl—Z—azetidinone
with diborane yieldéd 3-methylamino-2,3-diphenyl-l-propanol as the
only product which could be isolated. This was identified by comparison
with an authentic sample prepared as described in Section 5.(1).
Similarly, the reduction of 1,3,3-trimethyl-4-phenyl-2-

azetidinone gave only the corresponding amino-alcohol..

(3) Aluminium Hydride Reduction of 2-Azetidinones to Azetidines

General procedure for the aluminium hydride reductions

A solution containing LAH (0.12 gm, 2.9 mmoles) in ether (2 mls)
was diluted with ether (3 mls) and treated portionwise with aluminium

chloride (0.13 gm, 0.95 mmoles) under nitrogen at 0°. After stirring
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at 0° for 20 minutes the solution was filtered under nitrogen through
a celite pad.

The 2-azetidinone (0.6 mmoles) in tetrahydrofuran was added
dropwise to the above solution of aluminium hydride in ether under
nitrogen at 0°, A white precipitate formed immediately. The suspension
was stirred at 0° for 45 minutes, 10% sodium hydroxide solution (3 mls)
was added dropwise at 0° and then the mixture stirred at 0° for 30
minutes. The organic layer was separated, the aqueous phase extracted
with ether and the combined organic layers washed with a small amount
of water and dried (magnesium sulphate). The ether was removed and
the residue fractionated under nitrogen.,

All of the 2-azetidinones in Section 4.(2) which were reduced
with diborane were also reduced with aluminium hydride. The yield
of the azetidine using aluminium hydride was always as good as and in
most cases better than that obtained when the reducing agent, diborane,
was used. The yields of these azetidines are given in Table II of
Chapter 1 and will not be repeated here, |

The following azetidines were also prepared by reduction with

aluminium hydride.

1-Methyl-2, 3-diphenylazetidine (86t)

The reduction of trana—l—methyl—3,4-diphenyl—2—azetidinone
(1.4 gm) with aluminium hydride gave trans-Il-methyl-2,3-diphenylazetidine
(0.65 gm, 50%) as a very light-yellow liquid, b.p. 130°/0.3 mm. This
compound rapidly absorbed carbon dioxide, thus preventing satisfactory

analytical figures being obtained. [Found: C, 84.86;  H, 7.84;
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N, 6.16. C16H17N requires C, 86.,05; H, 7.67; N, 6.27%.] Under
the conditions used; it was not possible to obtain a crystalline

picrate derivative,

1, 3, 3-Trimethyl-2-pheny lazetidine (87)

The reduction of 1,3,3-trimethyl-4-phenyl-2-azetidinone (1.0 gm)
with aluminium hydride gave 1,3, 3-trimethyl-2-phenylasetidine (0.6 gnm,

65%) as a colourless liquid, b.p. 56°/0.5 mm (lit.27(b)

b.p. 85-89°/
9 mm), Since this compound rapidly absorbed carbon dioxide, it was

difficult to obtain satisfactory analytical values. [Found: N, 7.74,

C21H17N requires N, 7.99%.]

trans-3-t—ButyZ;1,Z-dﬁphenylazetidine (88t)

The reduction of trans-3-t-butyl-1,4~diphenyl-2-azetidinone
(1.1 gm) with aluminium hydride gave trams~-3-t-butyl-I1,2-diphenyl-
azetidine (0.7 g, 70%) as colourless needles, sublimed at 90°/0.3 mm,
m.p. 74.5-75.5° (recrystallized from ethanol). [Found: C, 85.56;

H, 8.80; N, 5.50. N requires C, 85.98; H, 8.74; N, 5.28%.]

C19™23
cis-3~t-Butyl-1, 2-diphenylazetidine (88c)

The reduction of eis-3-t-butyl-1l,4=diphenyl~2-azetidinone
(2.0 gm) with aluminium hydride gave cis-3-t-butyl-1,2-diphenylazetidine
(1.4 gm,'75%) as colourless needles, sublimed at 90-95°/0.2 mm, m.p.
87-88.5° (recrystallized from light petroleum ether). [Found: C,

85.62; H, 8.58; N, 5.19. N requires C, 85.98; H, 8.74;

C1oty3
N, 5.28%.]
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2,3, 3-Trimethy l-1-n-propy lazetidine (89)

The reduction of 3,3,4-trimethyl-l-n-propyl-2-azetidinone
(1.6 gm) with aluminium hydride gave 2,3, 3-trimethyl-I-n-propylazetidine
(1.1 gm, 73%) as a colourless liquid, b.p. 50°/35 mm. The picrate
was obtained as yellow plates, m.p. 88-89° (recrystéllized from
aqueous ethanol). [Found: C, 48.87; H, 6.13; N, 14,81; 0, 30.3.

C,5H,,N,0, requires C, 48.64; H, 5.,99; N, 15.13; 0, 30.24%.]

1-Methy 1-2-pheny l-3-1so-propy lazetidine (90t)

The reduction of trans-l-methyl-4-phenyl-iso-propyl-2-azetidinone
(1.2 gm) with aluminium hydride gave trans-I-methyl-2-phenyl-3-iso~
propylazetidine (0.8 gm, 73%) as a colourless liquid, b.p. 68-70°/
0.4-0.5 mm. The picrate was obtained as yellow needles, m.p. 125,5-127°
(recrystallized from ethanol)., [Found: C, 54.68; H, 5.38; N, 13.55;

0, 26.4. 019H22N407 requires C, 54.54; H, 5.30; N, 13,39; 0, 26.77%.]

1,2,2,3,3-Pentamethylazetidine (91)

The reduction of 1,3,3,4,4-pentamethyl-2-azetidinone (1.5 gm)
with aluminium hydride gave 1,2, 2,3, 3-pentamethylazetidine (0.65 gm
50%) as a colourless liquid, b.p. 120°, The picrate was obtained as
a yellow crystalline solid, m.p. 207-209° (recrystallized from ethanol).
[Found: C, 46.60; H, 5.44; N, 15.69. C.,H N O, requires C, 47.19;

14720747
H, 5.66; N, 15.72%.]

(4) A solution containing sodium borohydride (0.12 gm) in
tetrahydrofuran (7 mls) was treated portionwise with aluminium chloride

(0,13 gm) under nitrogen at 0°, After stirring for 20 minutes compound
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(46) (150 mg) in tetrahydrofuran was added. The suspension was
stirred at less than 10° for 45 minutes, wet ether (2 mls) and 10%
sodium hydroxide solution (3 mls) was added dropwise. After stirring
for 15 minutes the organic layer was separated, dried and the solvent
removed, The n.m.r. spectrum of the residue showed it to be a mixture
of the amino-alcohol (94) and the azetidine (61) in the ratio of 2:1.
A similar reduction of compound (46) using LAH (0.12 gm) and
aluminium chloride (0.13 gm) instead of sodium borohydride and

aluminium chloride gave exclusively the azetidine (61).

5. Some Attempted Syntheses of Azetidines

(1) LAH Reduction of 2-Azetidinones to v-Aminoalcohols

General procedure for LAH reductions.lS

The 2-azetidinone (10 mmoles), dissolved in absolute tetra-
hydrofuran, was added dropwise to a stirred solution of LAH (8 mmoles)
in tetrahydrofuran, The solution was refluxed for 45 minutes,
cooled and 25% sodium hydroxide solution (30 ml) added. After
stirring‘for 30 minutes the suspension was filtered through a sintered
glass funnel (celite) and the organic layer separated from the filtrate,
The aqueous layer was extracted with ether and the combined organic
layers dried (magnesium sulphate). The organic solvent was removed
under reduced pressure and the residue recrystallised from a suitable

solvent (usually ethanol).
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3-Anilino-3-phenyl-1-propanol (97), m.p. 88-90° (lit.az’15

m.p. 87-88°, 89-90°), was prepared from 1,4-diphenyl-2-azetidinone

in 80% yield.

3-Ani lino-2, 2-dimethyl-3-pheny l-1-propanol (94), m.p. 103-105°
‘(lit.lS m.p. 105-105.5°), was prepared from 3,3-dimethyl-1,4-diphenyl-

2-azetidinone in 90% yield.

3-Methy lamino-2, 3-diphenyl-1-propanol

The reduction of trans-l-methyl-3,4-diphenyl-2-azetidinone gave
3-methy lamino-2, 3-dipheny l-1-propanol (65%) as colourless needles,
m.p. 90-90,5° (recrystallised from hexane). [Found: G, 79.08; H,

7.84; N, 5.51, C NO requires C, 79.63; H, 7.94; N, 5.80%.]

16719
All 2-azetidinones which were reduced with diborane or

aluminium hydride [Sections 4.(2) and 4.(3)] were also reduced with

LAH to the corresponding y-aminoalcohol., The latter compounds were

characterised by only their i.r. and n.m.r. spectra and therefore

will not be discussed here.

(2) Attempts to Prepare and to Cyclize y-Haloamines to Azetidines

(a) 3-Anilino-2,2-dimethyl-3-phenyl-1-propanol hydrobromide,
m.p. 194-197° (recrystallized from absolute ethanol), was obtained
as a white crystalline solid by bubbling dry hydrogen bromide into
an ethercal solution of compound (94). The hydrobromide precipitated

quantitatively.
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The above hydrobromide salt (8.4 gm, 0.025 mole) was heated
with a solution of hydrogen bromide (8.1 gm, 0.10 mole) in glacial
acetic acid (80 mls) at 160° under nitrogen for 10 hours (comparea)
and then left at room temperature for 10 hours. [After about 10
minutes at 160° the solution became dark blue. If the reaction
mixture was worked up just before this time only the hydrobromide
could be isolated.] The acetic acid was removed under reduced
pressure to give a dark-blue oil., Normal purification techniques
(boiling with charcoal in ethanol, distillation and chromatoggaphy)
failed to glve any pure compound.

The blue oil from above (4.0 gm) was dissolved in water (4
mls) and a solution of 50% potassium hydroxide added (4 mls) (compares).
The mixture was heated on a water-bath for 2 hours and then steam-
distilled. The distillate was extracted with ether, the ether
solution dried and then the ether removed. Distillation of the
residue gave a small amount (0.2 gm) of a colourless liquid. Subsequent
comparison with an authentic sample of 3,3—dimethyl—l,2—diphenylazetidine,
an expected product, showed that there was mno azetidine.

3-Anilino-2,2-dimethyl-3-phenyl-l-propanol hydrobronmide (100
mg) was heated with an excess of hydrobromic acid (48% in water) for
periods up to 3 hours. [After 5 minutes the solution became pink.]

The water was removed under reduced pressure to give a green-blue
0il. Again normal purification techniques failed to give any pure
compounds while base treatment (potassium hydroxide) failed to yield

any 3,3-dimethyl-1,2-diphenylazetidine.
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Treatment of 3-anilino-2,2-dimethyl-3~phenyl-l-propanol with
phosphorus tribromide according to the method of Black77 also gave
a simllar green-blue oil.

3-Anilino-2,2-dimethyl-3-phenyl-l-propanol was treated with
excess thionyl chloride, the red solution left at room temperature
for 12 hours and then the thionyl chloride removed under reduced
pressure. The residue was treated with a sodium bicarbonate solution
and extracted with etﬂer. The ether solution was dried and the ether

" removed to give a red oil which on distillation yielded a colourless

liquid, the structure of which is not known.

(b) 3-Anilino-3-phenyl=l-propanol (1.1l gm, 0.005 mole) was
heated with 48% aqueous hydrobromic acid (15 mls) in a sealed tube
at 170° for 10 hours and then the water removed to give crude 3-antlino-
3-pheny 1-1-propy lbromide hydrobromide (1.5 gm, 83%), m.p. >230°, as
a light yellow solid. The latter compound (1.5 gm) was mixed with a
25% solution of potassium hydroxide (50 mls) without purification
and left at room temperature for 10 hours.” The mixture was steam
distilled, the distillate saturated with solid potassium hydroxide
pellets and extracted with ether. The solution was dried over potassium
hydroxide pellets and the ether removed. The residue was fractionated
under reduced pressure. I1,2-Diphenylazetidine (80 mg, 10%) was
obtained as a yellow liquid, b.p. 140-142°/1 mm. The compound was
identified by the usual physical techniques (i.r., n.m.r., MS) and

later by comparison with an authentic sample.
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(3) Attempts to Prepare Tosylates and to Cyclise them to

Azetidines

(a) A solution of 3-anilino-2,2-dimethyl=-3-phenyl-l-propanol
(2.6 gm, 0.01 mole) in dry pyridine (15 mls) was cooled in an ice-salt
bath and p-toluenesulphonyl chloride (1.6 gm, 0.01 mole) was added in
portions (compares), keeping the temperature below 5°, The solution
was stirred at room temperature for 14 hours, filtered and the filtrate
poured on to a mixture of ice and water (100 mls). After standing for
several hours -

(i) a portion of the separated oil was removed and washed
with light petroleum to give a grey solid. Recrystallisation from
ethanol gave 3-anilino-2,2-dimethyl-3-phenyl-l-propanol (1.2 gm).

(ii) the remainder of the aqueous solution and oil was
extracted with chloroform, the chloroform solution washed with water
and dried (magnesium sulphate)., Removal of the chloroform gave a
green semi-solid, m.p. 80-95°. The material showed two spots at
Rf = 0.47 and Rf = 0.60 (50% ether in hexane). Recrystallisation
of this semi-solid from ethanol gave 3-anilino-2,2-dimethyl-3-phenyl-1-
propanol (1.2 gm) (Rf = 0.47). The compound at Rf = 0.60 may be the
mono- or ditosylate but the yield was very small (less than 0.2 gm).l
Similar attempts to prepare the tosylate under a number of different

conditions were equally unsuccessful.

(b) 3,3-Dimethyl-l,4-diphenyl-2-azetidinone (1.0 gm) in
tetrahydrofuran was added dropwise to LAH (0.12 gm) in tetrahydrofuran

(10 mls) with stirring. The mixture was refluxed for 45 minutes,



- 204 -

cooled in ice and p-toluenesulphonylchloride (0.7 gm) in tetrahydro-
furan added dropwise over a period of 15 minutes. The mixture was
stirred at room temperature for 30 minutes and then refluxed for 13
hours. After cooling, 5% sodium hydroxide solution (20 mls) was added
and the solution stirred for 15 minutes. The mixture was filtered
through a sintered glass funnel (celite), the organic layer éeparated
and the aqueous phase extracted with toluene., The combined organic
lgyers were dried (magnesium sulphate) and the solvent removed. T.1l.c.
and v.p.c. of the distilled residue showed it to be a mixture of the

amino-alcohol (94) (>98%) and the azetidine (61) (<2%).

(¢) 3-Anilino-2,2-dimethyl-3-phenyl-l-propanol (2.6 gm,
0.01 mole) was dissolved in dry ether (30 mls) and added with stirring
to a suspension of sodium hydride (0.3 gm) in ether under nitrogen
(compare78). The mixture was refluxed for 18 hours, cooled to -20°
and a solution of p-toluenesulphonylchloride (1.6 gm, 0.0l mole) in
ether (35 mls) was added dropwise to the suspension. After the
addition, the reaction mixture was stirred for 30 minutes at -20°
and then 4 hours at 0°, The suspension was filtered and the ether
removed from the filtrate to give 2.5 gm of a yellow oil, which was
shown to be a mixture of 2 compounds by t.l.c. A portion of this oil
(600 mg) was dissolved in acetone and chromatographed under nitrogen
on a preparative t.l.c. plate to give 560 mg of starting material

and 40 mg of 3,3-dimethyl-1,2-diphenylazetidine,
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(4) The Reduction of 2-Azetidinethiones

1,4-Diphenyl-2-azetidinethione (101), m.p. 118-120° (lit.gl’82

m.p. 121-122°, 121-122,5°) was prepared from 1,4-diphenyl-2-azetidinone
in 607% yield.

1,4-Diphenyl-2-azetidinethione was reduced with Raney nickel
under a variety of conditions of which the following is typical.
1,4-Diphenyl-2-azetidinethione (3.0 gm) was refluxed with Raney nickel
(18.0 gm) in absolute ethanol (300 mls) for 35 minutes, and the
solution then filtered while hot. The Raney nickel was washed
thoroughly with ethanol. The ethanol was removed under reduced
pressure from the combined ethanol solutions to give a light yellow
0oil. V.p.c. analysis showed 5 separate peaks and these fractions were
collected by preparative v.psc. The nature of these fractions, none
of which was the expected 1,2-diphenylazetidine, is discussed in
Section 4.(2) of Chapter 1.

1,4~Diphenyl-2-azetidinethione (2.0 gm) in absolute ethanol
(80 mls) was mixed with aluminium amalgam (1.3 gm) and water (1.4 mls)
slowly added to the reaction mixture with shaking. The reduction
was completed by heating on a water-bath at 60-70° for 3 hours (compare
The solution was made strongly alkaline with sodium hydroxide solution
and steam-distilled., The distillate was made strongly alkaline with
a few pellets of sodium hydroxide and extracted with ether. The
ether solution was dried (magnesium sulphate) and then the ether
removed. Analysis of the residue showed it to be very similar to
that obtained when compound (101) was reduced with Raney nickel (see

above) .

83y,
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(5) Photochemical Approaches to Azetidines

The photochemical reactors employed for reactions not done
in the sun were of the water—-cooled Pyrex type.297 Irradiations
were carried out with Philips HP 125-W high-pressure mercury-quartz

lamps.or with Hanovia type low-pressure mercury lamps.

(a) Irradiation of Schiff's bases with an olefin

In a typical experiment, benzal-aniline (3.6 gm, 0.02 mole)
and 2-methyl-2-butene (1.4 gm, 0,02 mole) were irradiated with a high
pressure mercury lamp in dry benzene (200 mls, 0.1M solution of each
reactant) for 7 days. Aliquots, which were examined by i.r. and n.m.r.
spectroscopy at regular intervals, showed that no reaction had taken
place.

Similar experiments were carried out in benzene, toluene or
ether for periods of up to 10 days using reactant concentrations in
the range 0.005 to 1.0 M but no reaction was observed. The solutions
were irradiated using high and low pressure mercury lamps and were
also irradiated in the sun. Triphenylene was used as a photosensitizer
in several experiments without success.

The irradiatién of diphenylketimine and 2-methyl-2-butene
under a similar range of experimental conditions as those used abqve

also failed to yield any observable products,

(b) Irradiation of N,N-diethylphenacylamine

A solution of N,N-diethylphenacylamine (5.0 gm) in dry benzene

(100 mls) was irradiated with a high-pressure mercury lamp until {i.r.
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and n.m.r. spectra of aliquots showed that N,N-diethylphenacylamine
had completely reacted (135 hours). The benzene was removed under
reduced pressure and the residue chromatographed on Spence alumina
to give, as the only observable products, a brown oil (1.5 gm, 85%),
which was shown to be a polymer of N-ethylacetaldimine, and

acetophenone (2.6 gm, 85%).

6. Miscellaneous Reactions

)
(1) 1-t-Butyl-3-azetidinol (137) and 1-iso~-propy l-3-

azetidinol (138) were prepared by the method of Gaertner.l6’l7

(2) 2,2,4-Trimethylazetidine was prepared by the method
of Kohn.9 However, it was not possible to obtain it in sufficient
purity for n.m.r. study. 2,2,4-Trimethylazetidine was converted to
1-benayl-2, 2, 4-trimethylazetidine (139) with benzyl chloride by a
method previously described60 and obtained as a light yellow liquid,
b.p. 80-90°/25 mm., This compound was also contaminated by at least

two similar boiling compounds.
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