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Abstract

This thesis naturally falls into two sections.
Section_A

Before this work, no direct evidence for cyclisation of the 2-
(isocyanatocarbonyl)ethyl radical to give the succinimidyl radical existed,
because the latter radical had never been generated from acyclic reagents.
Using a combination of e.s.r. spectroscopic techniques and product analysis, the
cyclisation of -(isocyanatocarbonyl)alkyl radicals derived from the -
bromoalkanoyl isocyanates has been studied.

Imidyl radicals, generated by photolysis of, or halogen-atom abstraction from,
N-halogenoimides, are efficiently trapped by Bu',C=CH, to give relatively
persistent adducts which have been characterised by e.s.r. spectroscopy.
Bromine-atom abstraction from BrCH,CH,C(O)NCO yields Hz(.ZCHzC(O)NCO
which undergoes rapid 1,5-endo-cyclisation to give the succinimidyl radical.
This cyclisation has been investigated using e.s.r. spectroscopy in conjunction
with spin-trapping by Bu’,C=CH, and Bu'N=O . The rate coefficient for
cyclisation of Hz(.ZCH2C(O)NCO has been estimated to be 3.7 x 10° s at 328
K in cyclohexane from analysis of the products from the radical-chain reaction
between BrCH,CH,C(O)NCO and triethylgermane.

E.s.r. and product-analysis studies show that HZC.JCM62C(O)NCO cyclises,
more rapidly than Hz(.?CHZC(O)NCO, to give the 2,2-dimethylsuccinimidyl
radical, which subsequently undergoes ring opening to yield MezéCHZC(O)NCO.

The overall rearrangement of HzéCMezC(O)NCO to Mez(.ZCHzC(O)NCO

iv



represents a 1,2-shift of the -C(O)NCO group via an intermediate imidyl radical.
The glutarimidyl radical is formed by 1,6-endo-cyclisation of
H,CCH,CH,C(O)NCO.

It is proposed that the rapid cyclisation of w-isocyanatoalkyl radicals provides
strong evidence that the unpaired electron occupies a o-orbital in the product

imidyl radicals.
Section B

Polarity reversal catalysis (PRC) of hydrogen-atom abstraction reactions, in
particular when the slow abstraction of electron deficient hydrogen by
electrophilic t-butoxyl radicals was studied.

A number of amine-alkylboryl radicals have been generated in fluid solution,
by hydrogen-atom abstraction from the corresponding amine-alkylborane
complexes, using photochemically-produced t-butoxyl radicals, and studied by
e.s.r. spectroscopy. The air-stabilities of the parent complexes have been
investigated.

Amine-alkylboryl radicals abstract halogen rapidly from both alkyl bromides
and chlorides. These radicals are highly nucleophilic and rapidly abstract an
electron deficient o-hydrogen atom from esters, ketones, lactones, anhydrides,
and imides. Because of this property of the derived boron-centred radicals,
amine-alkylboranes act as polarity reversal catalysts for the net abstraction of
electron deficient hydrogen atoms by the electrophilic t-butoxyl radical. Relative
reactivities of alkyl bromides and of esters have been measured by e.s.r.

spectroscopy using competition techniques.
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Section A: Imidyl Radicals



CHAPTER 1

INTRODUCTION

1.1 Historical Background

Reactions of imidyl radicals (1) remained unrecognised until the importance
of two factors became apparent. Firstly, the necessity to use solvents in which
the solubility of the imidyl radical precursor, the N-halogenoimide (2), was

sufficiently high and, secondly, the necessity to eliminate competitive chain

) 0O
—X
N N—Br
— o
@ @

reactions carried by halogen atoms (X°), which could be accomplished by
including alkenes to selectively scavenge X° and X,.

Radical reactions of N-halogenoimides have been known since 1942, when
Ziegler et al. reported radical allylic brominations' [equation (1.1)] using N-
bromosuccinimide (NBS) in CCl,. A critical factor for success in these allylic
brominations was use of CCl, as the reaction medium, a solvent in which NBS
is only slightly soluble (ca. 10® M).

This reaction was first described by Bloomfield, without evidence, as a

radical chain reaction involving the succinimidyl radical as the hydrogen



O

Cdl,, reflux
N-Br + PhCH, - NH + PhCH,Br
benzoyl peroxide
initiator
(@) (0]
(NBS) (SH) (L1)

abstractor’ [equations (1.2) and (1.3)]. Later, in 1953, it was shown by

Se + CH,=CHCH,-R SH + CH,=CHCH-R (1.2)

CH,=CHCH-R + NBS

CH,=CHCHBr-R + S- (1.3)

The Bloomfield mechanism

Goldfinger’ that the bromine atom was in fact responsible for hydrogen

abstraction under these (Ziegler) conditions [equations (1.4) - (1.6)]. In this

CH,=CHCH-R + Br, CH,=CHCHBr-R + Bre (1.4)
Br* + CH,=CHCH,-R H-Br + CH,=CHCH-R (1.5)
HBr + NBS - SH + Br, (1.6)

The Goldfinger mechanism

bromine-atom based mechanism, Goldfinger proposed that NBS reacted rapidly
with HBr to generate a low concentration of bromine which was sufficient to
maintain a Br* chain: NBS was infact acting simply as a source of molecular
bromine.

The low solubility of NBS in CCl, is the crucial factor in precluding imidyl

radical reactions under Ziegler conditions. In contrast, if a solvent is used in



which NBS has a higher solubility (e.g. acetonitrile or dichloromethane), NBS
can compete successfully with the small amounts of Br, in reactions with the
allylic radical intermediates [equation (1.7)]. When the concentration of NBS

CH,=CHCHBr-R + S

CH,=CHCH-R i)
Br;
CH,=CHCHBr-R + Br*
is high succinimidyl radicals are formed and, if the scavenging of Br, is
adequate, the chemistry is attributable totally to the imidyl radicals.

In 1974, Skell* showed Se¢ to be the chain carrier when brominations are
carried out in dichloromethane or acetonitrile solvents particularly if Br,/Br®
scavengers, such as alkenes without allylic hydrogens are present to suppress the
bromine atom chain. Under these conditions Skell found that selectivity was the
same for N-chloro, N-bromo, and N-iodosuccinimides and the species responsible
for hydrogen atom abstraction must therefore be identified as the succinimidyl
radical rather than a halogen atom.

It was further proposed by Skell*’ that under different sets of reaction
conditions two different electronic states of S¢ could be formed, a ground state
n-radical (Sg ) and an excited state c-radical (S; ) and that these two states had
different chemical properties. In the presence of bromine scavenging alkenes
(e.g. ClL,C=CH,) in dichloromethane, the concentration of Br, is vanishingly
small, the concentration of NBS is high, and the chain carrier was thought to

be Sg[equations (1.8) and (1.9)]. Without alkene scavenger and in the presence



. Exothermic by
Me,CCH, + NBS - Me,CCH,Br + S (1.8)
ca. 30 kJ mol*!

S: + Me,C > SH + Me,CCH, (1.9)

of added molecular bromine, when the concentrations of bromine and NBS are

both large, the chain carrier was thought to be Sg [equations (1.10) - (1.12)].

Me,CCH, + Br, > Me,CCH,Br + Br (1.10)
Thermoneutral

Br* + NBS -~ S: + Br, (L11)

S: + Me,C - SH + Me,CCH, (L12)

It is certainly reasonable that S¢ and S: should have similar energies.
In a dialkylaminyl radical (3) the unpaired electron resides in an N-2p & orbital
and a pair of electrons occupies the lower energy ca. sp*> hybrid c-orbital. The

o radical (4) is an excited state of much higher energy. However, in the

succinimidyl radical two carbonyl groups are attached to nitrogen and &

delocalisation of a pair of electrons (5) will be more favourable energetically



than delocalisation of a single electron (6). Thus, the difference in energy
between ¢ and w succinimidyl radicals should be much smaller than between ©

and w dialkylaminyl radicals and it is even possible that S; could be the

® S ©® S;

ground state. Skell* proposed that Sg is the ground state which he considered
to be about 60 kJ mol’ more stable than the more reactive S;. The reaction
between Bre and NBS is approximately thermoneutral and can give only S,
whereas bromine-atom abstraction from NBS by an alkyl radical is sufficiently
exothermic to yield S;. It does not give rise to S;. because the transition
geometry (7), predicted on the basis of frontier molecular orbital control,
correlates with Sg and the unpaired electron is in an orbital orthogonal to that
which it would occupy in S;. In order to explain his results, Skell* proposed
that the selectivity of S; in hydrogen abstraction was much greater than that
of Sz, which was in turn more selective than Bre (see Table 1.1). Skell’ further

proposed that S3, but not Sz, undergoes rapid and reversible ring opening to



N S Bre

Reactivity Me,C 102 6 0.6
Reactivity CH,Cl,

at 20 °C in CD,CL,

Table 1.1 Selectivity of various radicals in hydrogen abstraction from

neopentane and dichloromethane.

give the 2-(isocyanatocarbonyl)ethyl radical (8) [equation (1.13)]. This ring
opening had been established previously by Johnson and Bublitz® who proposed
it as a step in the radical chain isomerisation of NBS to 3-bromopropanoyl

isocyanate (BPI) [equation (1.14)]. Skell’s conclusion that only S undergoes

0O

Br:
oY/

/ NB
C—= S(NZCIO > N=C=0 + Ss (1.13)
O O

®

N
O

Br.
CHCI,/CH,=CHCH,Cl
N—Br — C=0 (114
benzoyl peroxide, reflux

O O
ring opening was based on his failure to detect BPI in reactions of NBS which
he believed to proceed via S: and on the theoretical argument, first presented

by Koenig and Wielsek,” that only Sg and not S: correlates with (8) [equation



(1.15)]. However, the experimental basis upon which Skell’s elaborate and

H H
S o
& X
Ooﬁ (1.15)
N
o)
®

unprecedented proposals have been built has recently been shown to be flawed
by a series of very careful studies by Tanner® and by Walling'®". These
authors have shown that BPI is produced in reactions of NBS under S;

conditions and further more they have shown that the reactivity attributed by
Skell to S: is really a superposition of the reactivities of Br* and the
succinimidyl radical, which is the main chain carrier under "S; conditions".
There is only one succinimidyl radical chain carrier under all conditions and its
electronic state, G or 7, is not yet known, except that according to Koenig and
Wielesek’ it should be a o-radical since it ring opens readily to (8). Skell’s
evidence’® for reversible ring opening of S* to (8) appears sound and involves
cis / trans scrambling of deuterium in NBS during reactions proceeding via Se

[equation (1.16)].

O
He
, via (8 -
DY NO = . (1.16)
D
(@)




Ring opening was thought to be readily reversible with k;»k 22 x 10’ &

! at around room temperature [equation (1.17)], although kinetic data obtained

k, 1
Se = A{(N:C:O (1.17)
O

®

by Walling et al.”® require that k; £ 2 x 10* s™ under similar conditions. While

our own work was in progress, a further report from Skell’s group appeared
revising upwards his value of k, to ca. 5 x 10° s* at 288 K and doubting the
validity of his earlier conclusion that k, and k, are approximately equal.”
Whilst no e.s.r. spectrum of S (or indeed of any imidyl radical) in solution
has ever been detected, one assigned to this radical trapped in a rigid matrix has
been interpreted by Eberson and co-workers™ in terms of an electronic ground
state (Sg) in which the SOMO is anti-symmetric with respect to reflection in
the plane containing the heavy atoms and in which the unpaired electron is
centred mainly on nitrogen. This conclusion receives support from high-level
ab initio MO calculations which predict Sg to be the ground state, although this
is separated from the excited state Sg by only 21.5 kJ mol™.* T However, as
has been mentioned already, the ring opening process shown in equation (1.17)
is stereoelectronically allowed™'® only from Sg and it follows that cyclisation of

(8) should lead to this electronic state. Dewar and Olivella’® have calculated

+Other recent theoretical work,"” while agreeing that Sgis the ground state,
predicts the first excited state to be a c-radical, less stable by 49.0 kJ mol’, in
which the unpaired electron is centred mainly on the oxygen atoms (*B, in C,,).
The A, state (S3) was predicted to be less stable than S: by 66.9 kJ mol?.

9



that the ring opening of Sgto give (8) is exothermic by 30 kJ mol* and have
estimated k, to be ca. 2.4 x 10* s' at 298 K, close to the maximum value
proposed by Walling et al.® (see above), although on the basis of these
calculations endothermic cyclisation of (8) to give S; would be very slow under
normal conditions. Symmetry forbidden ring opening of S; was predicted to
be extremely slow at ambient temperature'® and it has even been suggested”
that, whilst the electronic ground state is indeed S:, the reported chemistry of
S may be that of S;. Of course, the calculations refer to isolated molecules
in the gas phase and medium effects could be critically important since imidyl

radicals are undoubtedly very polar species.

10



1.2 Reactions of Imidyl Radicals

The halogen scavenging recipe is useful for generating imidyl radicals from
a variety of N-halogenoimides. Both the halogen and the imidyl residue can be

varied.

1.2.1 Ring-Opening of Imidyl Radicals

An important reaction of N-halogenoimides is the ring-opening reaction to )
form halogenoacylisocyanates, which proceeds by a radical chain mechanism.’
In the proposed pathway, the imidyl radical opens to form a carbon-centred
radical with an w-acylisocyanate function. This radical abstracts a halogen from
the N-halogenoimide to form the product with regeneration of the chain
propagating imidyl radical [equation (1.13)]. Ring opening is in competition
with abstraction and addition reactions in the presence of suitable substrates such
as alkanes,’ alkenes,’ or arenes.™

However, there were several important observations. Firstly, the yield of
ring opened product is dependent on the N-halogenoimide concentration.’
Secondly, NBS gives product derived from ring-opening while NCS does not.’
Thirdly, the yields of isocyanates are larger if o-alkyl substituents are present
on the N-halogenoimides.’

These facts suggested were interpreted in terms of reversibility of the ring-
opening reaction, since halogen transfer from the N-halogenoimide to the ring-
opened radical will be slower for N-chloroimides than for N-bromo-or N-
iodoimides. Methyl substituents in the a-position increase the rate of ring-
opening, e.g. 2,2-dimethyl-N-bromoglutarimide (22DMNBG) ring opens while

3,3-dimethyl-N-bromoglutarimide (33DMNBG) does not. Methyl substituents

11



O O

N—X N—Br
o o
X=Br; 22DMNBG 33DMNBG

X=Cl; 22DMNCG

N—X

O
X=Br; 22DMNBS

X=Cl; 22DMNCS

also decrease the rate of ring closure by stabilizing the ring-opened radical (a
tertiary radical instead of a primary radical).’ Thus, even a chloro compound
such as 22DMNCS produces isocyanate.” In benzene at 70 °C, 22DMNBS
forms 72 % isocyanate, but NBS gives only 1 %, the remainder being consumed
in the substitution reaction with benzene.™

N-Halogenoglutarimides undergo ring-opening less rapidly than the
corresponding succinimides, a consequence of the difference in ring strain, and
ring-opening has not been observed for the N-halogenophthalimides.

To summarize, the yield of ring-opened product is diminished by choosing
N-chloroimides instead of N-bromoimides, increased by substituting the o-

positions with methyl groups, and decreased by using N-halogenoglutarimides

12



N—X N—X
o O
N-Halogenosuccinimide N-Halogenoglutarimide
0]
N—X
0]
N-Halogenophthalimide

and N-halogenophthalimides rather than N-halogenosuccinimides.

1.2.2 Hyvdrogen Atom Abstraction Reactions of Imidyl Radicals

Hydrogen abstractions by imidyl radicals have been examined for a number
of substrates RH, through the general chain sequence shown in equations (1.18)

and (1.19). The problem of distinguishing between competitive halogen atom

Ne + RH NH + Re (1.18)
@) O
Re + NX > RX + Ne ' (1.19)

chains can be overcome by using substrates relatively unreactive to halogen

atoms, for example neopentane, dichloromethane, t-butyl chloride or

13



2,2-dichloropropane are relatively unreactive towards bromine atoms.

1.2.3 Addition of Imidyl Radicals to Alkenes

If radical chain reactions with imidyl radicals are carried out under
conditions of high alkene concentration l:l-addition becomes the major
reaction.*'” The imidyl radical adds to an alkene forming an adduct radical
which then reacts with N-halogenoimide to form the l:l-addition product

[equations (1.20a) and (1.20b)].

R O R
- v =/ -G
O
e e
CN—) + CNX > N + Ne  (1.20b)
O O O O

These addition reactions are remarkably clean, yields are good, and the
chain lengths are high (up to 2000).” Imidyl radicals show electrophilic
behavior and add rapidly to electron rich alkenes to form adduct radicals which
are nucleophilic® These adduct radicals abstract bromine from the N-
bromoimides, thus regenerating the chain carrier. The alternation between
electrophilic imidyl and nucleophilic alkyl radicals explains the high yields of
the addition reactions. This also explains why the addition reaction does not

preclude polymerization of less electron rich alkenes such as 1,1-dichloro-

14



ethylene, and why no addition product is obtained with electron poor alkenes
such as fumarodinitrile, maleic anhydride or tetrachloroethylene.” Styrene
provides an intramolecular competition between addition to the double bond and
addition to the aromatic nucleus (see below), with the double bond being only

twice as reactive as the benzene ring."”

124 Reactions of Imidyl Radicals with Arenes

Imidyl radicals also add to arenes. An addition/elimination sequence leads
to substitution of the aromatic nucleus by an imidyl moiety. Imidyl radicals add
to benzene with a rate similar to the rate of addition to alkenes,"”'® forming a
cyclohexadienyl radical. In marked contrast, the methyl radical strongly prefers
addition to alkenes (ethylene by a factor of approximately 100).“** The
cyclohexadienyl radical abstracts a halogen atom from the N-halogenoimide to
give a cyclohexadiene (isomers are possible), which then loses HX to give the
substituted arene. The hydrogen halide is scavenged by the N-halogenoimide
giving imide and halogen. To ensure halogen-free reaction conditions, these
reactions [equations (1.21) - (1.24)] must be carried out with an alkene/N-
halogenoimide ratio of at least 0.5. The intermediacy of a cyclohexadiene is
indicated by the isolation of the tribromide formed by addition of Br,*

especially noticeable when the scavenging by alkene is not efficient.

4.0 do =

15




D+ Qoo GO+ G o
@] O O

o)
O
o)
HX + NX - X, + NH  (129)

O

The overall rate of these benzene substitution reactions is small in
comparison to alkene-additions or hydrogen abstractions. The slow step in the
chain sequence must be the transfer of bromine from the bromoimide to the
cyclohexadienyl radical, since the addition step is irreversible and is as fast as
addition to alkenes.” The irreversibility of the addition to benzene is indicated
by the non-dependence of the relative rate constants for additions to alkenes and
benzene (direct competition) on the total concentrations of alkene and benzene

or on the concentration of N-bromoimide.”

1.2.5 Reactions of Imidyl Radicals with Organotin Compounds

Davies, Roberts, and Smith® has shown that tetraalkylstannanes react with
N-bromosuccinimide to give bromoalkane and N-trialkylstannylsuccinimide. In
acetone solvent, this reaction proceeds by a radical chain mechanism involving

bimolecular homolytic substitution (Sy2) by the succinimidyl radical at the tin

16



atom [equations (1.25) and (1.26); R = alkyl or benzyl, X = Br]. N-chloro- and

O 0O
Ne + R,Sn > NSnR, + Re (1.25)
(0 O
0O O
Re + N—X » RX + Ne (1.26)
o o

N-iodosuccinimide react in a similar way (X = Cl or I).

Absolute rate coefficients for the S,2 reaction (1.25) were obtained for a
variety of alkyl groups, R, along with relative (and one absolute) rate constants
for the halogen-abstraction reaction (1.26; X = Cl, Br, or I).” These were the
first rate coefficients determined for reactions of imidyl radicals and selected
values are given in Tables 1.2 and 1.3.

N-Chlorosuccinimide also reacts with hexabutylditin® and the reaction

proceeds quantitatively as shown in equation (1.27). Heptane, chloroform or

o) o)
N-Cl + Bu,SnSnBuy, ————~ N-SnBu, + Bu,SnCl  (1.27)
o o)

bromoform were used as solvents. N-Bromosuccinimide reacted in the same

way, but faster.

This reaction was also formulated as proceeding through a radical chain

17



Table 1.2 Rate coefficients for reaction (1.25) at 35 °C in acetone solvent

R,Sn NXS Rate coefficient / dm*® mol’'s?
Pr,Snt NBS 4 x 10°
Bu,Sn* NBS 8 x 10°
PhCH,SnBu, NBS 1.3 x 10°
Me,Sn® NIS 1.4 x 10°
Et,Sn® NBS 3.5 x 10°
NIS 4 x 1¢¢
Bu,Sn® NBS 4x10°
Bu’,Sn® NBS 8 x 107

a By direct measurement, assuming the rate coefficient for the termination
of two succinimidyl radicals to be 2 x 10° dm® mol's’. b By competition
with Pr,Sn, taking the rate coefficient for the reaction (1.25) where R = Pr to

be 4 x 10* dm® mol* s.

18



Table 1.3 Relative rate coefficients for reaction (1.26) at 35 °C in acetone

solvent
Re NCS NBS NIS
PhCH, 1) 7.06 2
Pr (1) 7.3 22

a By direct measurement, taking rate coefficient for reaction (1.26) to be 5

x 10° dm?® mol*s?.

19



pathway, again involving S,2 attack by the succinimidyl radical at a tin centre

[equations (1.28) and (1.29)].

0 0
Ne + Bu,SnSnBu, — NSnBu, + Bu,Sn’ (1.28)
o 0 ) o}
Bu,Sn® + NX » Bu,SnX + Ne (1.29)
o o)

Against this background, we felt it was important to investigate the
formation of imidyl radicals by cyclisation of w®-(isocyanatocarbonyl)alkyl
radicals, thus avoiding some of the complications associated with the use of N-
halogenoimides. Indeed, before this work no direct evidence for the cyclisation
of the 2-isocyanatoethyl radical (8) existed because Se had never been generated
from acyclic reagents. Thus, we set out to use a combination of electron spin
resonance (e.s.r.) spectroscopic techniques and product analysis to study the
cyclisation of -(isocyanatocarbonyl)alkyl radicals derived by bromine atom

abstraction from the w-bromoalkanoyl isocyanates (9) - (11).

Br
Br
N=C=0 N=C=0
O O
€)) 109
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1)

N=C=0
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CHAPTER 2

RESULTS AND DISCUSSION

2.1 Syntheses

3-Bromopropanoyl isocyanate (1) was prepared by treatment of 3-
bromopropanoyl bromide with silver cyanate in the absence of solvent [equation

(2.1)] by Johnson and Bublitz.! However, this reaction is heterogeneous and the

BrCH,CH,C(O)Br + AgNCO BrCH,CH,C(O)NCO + AgBr  (2.1)

00

treatment had to be repeated four times to achieve complete conversion of the
acid bromide. For the present work, various attempts were made to prepare (1)
by alternative routes.

The reaction between tri-n-butyltin isocyanate and 3-bromopropanoyl

chloride [equation (2.2)] gave no product. The reaction between silver

BrCH,CH,C(O)Cl + (C,H,),SaNCO No (1) produced 2.2)
isocyanate and 3-bromopropanoyl bromide [equation (2.1)] in diethyl ether with
sonication yielded ca. 60 % of the desired product, but a major impurity was
detected by 'H n.mr. spectroscopy. This was shown to be ethyl 3-
bromopropanoate (2), which presumably arises from the reaction between 3-

bromopropanoyl bromide and diethyl ether catalysed by silver ion [equation

24



(2.3)].

Agt
BrCH,CH,C(O)Br + C,H,OC,H, — BrCH,CH,C(O)OCH; + CH.Br (2.3)

@

Depending on the stage at which the ether was added to the reaction mixture,
different ratios of (1):(2) were obtained, as expected. After a number of trials,
(1) was prepared in a single step using the reagents shown in equation (2.1) by
ultrasonication of the reaction mixture in benzene. 4-Bromobutanoyl isocyanate
(3 was prepared in low yield by a similar procedure in diethyl ether solvent,
starting from 4-bromobutanoyl chloride.

Acyl isocyanates which do not have hydrogen attached at C-2 can be
readily prepared from the corresponding amide and oxalyl chloride? [equation

(2.4)] and this method worked well for synthesis of 3-bromo-2,2-dimethyl
RC(O)NH, + CIC(0O)C(O)Cl ————— = RC(O)NCO + CO + 2HCl (2.4)

propanoyl isocyanate (4).

Various methods were tried to prepare propanoyl isocyanate. The reaction
between propanoyl chloride and silver isocyanate in diethyl ether did not yield
any of the desired product. The reaction between propanoic anhydride and
trimethylsilyl isocyanate was attempted using two different catalysts, SnCl, and
AlCl, [equation (2.5)].> However, in our hands with either catalyst,

SnCl,
[CH,C(0)],0 + Me,SiNCO o——>r AlC, CH,C(O)NCO + C,H,C(O)OSiMe, (2.5)
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>100 °C
C,H,C(O)NCO

CH,C=N + CO, (2.6)

decarboxylation of the product occurred at the reaction temperature (ca. 100
°C) to give propanonitrile and carbon dioxide [equation (2.6)]. The reaction
between propanamide and oxalyl chloride in 1,1,2,2-tetrachloroethane solvent
according to a literature method* yielded only a ca. 1 % yield of the propanoyl
isocyanate, even if the temperature during reaction was controlled carefully in
an attempt to avoid decarboxylation. Propanoyl isocyanate was eventually
prepared by the reaction between tri-n-butyltin isocyanate and propanoyl
chloride, according to a published method® used previously to prepare similar

compounds [equation (2.7)].
(CH,),SnNCO + C,H,C(0)Cl — C,H,C(O)NCO + (C,H,),SnCl 2.7)

All acyl isocyanates were colourless liquids which were very sensitive to

water and, especially in the case of (1), light sensitive and subject to

Br
Br Br
0 o O

@ &) @

polymerisation during storage. In common with unsubstituted acyl isocyanates,

they react smoothly with methanol in diethyl ether to give crystalline N-
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acylurethanes [equation (2.8)], which were used for characterisation and

RC(O)NCO + MeOH

RC(O)NHCO,Me (2.8)

quantitative determination of these reactive compounds.

Authentic sources of imidyl radicals were provided by the N-
halogenoimides (§ - 9; X = Cl or Br), which were prepared from the
corresponding imides by reaction with Bu'‘OCl in methanol or with bromine in

aqueous sodium bicarbonate.

% 0 o
NX NX NX
o) © o
&) () @

0 0

NX NX

o) o)

® )
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2.2 Spin-Trapping of Imidyl and Alkyl Radicals

2.2.1 Spin-Trapping with 1,1-Di-t-Butylethylene (DTBE)

N-Halogenoimides undergo radical chain addition to simple alkenes (see
Cliapter 1), implying that the electrophilic imidyl radicals (Im*) add rapidly to
the C=C bond.® Our initial approach was to use the technique of spin-trapping’
to intercept imidyl radicals and convert them to relatively persistent adducts
which would be readily detectable by e.s.r. spectroscopy. We reasoned® that
1,1-di-t-butylethylene® (DTBE) would function as a selective trap for Im*

[equation (2.9)] and that uncyclised w-(isocyanatocarbonyl)alkyl radicals would

Im* + Bu',C=CH, » Bu,C-CH,Im 2.9)

(10)

not undergo addition at a detectable rate.
Authentic imidyl adducts (10) were generated directly in the microwave
cavity of an e.s.r. spectrometer’® by u.v. photolysis of the N-chloroimide (ca. 0.2

M) [equation (2.10)] in the presence of DTBE (ca. 0.5 M). The solvent was

ImCl] —— Im* + CI° (2.10)

usually perdeuterioacetonitrile (CD,CN), which gave rather better quality spectra
than CH,CN, although other solvents such as EtCN, Pr"CN, and CH,Cl, were

also satisfactory. Under these conditions, the corresponding adduct’ of the
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chlorine atom to DTBE was not readily detected.

Strong spectra of the adducts (10) were observed from all the N-
chloroimides (§ - 9; X = Cl) (see Figures 2.1 and 2.2) in the temperature range
230-300 K; the spectroscopic parameters are collected in Table 2.1. All these
spectra exhibited temperature-dependent line-broadening attributable to out-of-
phase modulation of the splittings from instantaneously non-equivalent B-protons.
Thus, the lines corresponding to M;(2H;) = O broadened selectively as the
temperature was lowered. These lineshape effects were particularly pronounced
for (10) derived from glutarimidyl or 3,3-dimethylglutarimidyl radicals and for
the adduct derived from (7; X = C1) at ca. 235 K, the central multiplet of the
B-proton "triplet" was broadened almost beyond the limit of detection (see
Figure 2.1a). Hindered rotation about the N-C; bond is the probable cause of
these lineshape effects® and the non-equivalence of the B-protons could be
especially marked when the non-planar glutarimidyl moiety is present.
Inspection of molecular models suggest that rocking of the imide ring between

the two minima (11a) and (11b) is a possible cause of the selective line

Bu' Bu' Bu' But
S
-
H H H H?
11a 11b
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broadening exhibited by these sterically congested radicals (see Figure 2.3). In
common with other adducts of DTBE, the eclipsed conformation about the C,-
C; bond shown in (11) is preferred for steric reasons.” Attempts to observe
spectra of (10) in the slow-exchange region by working in CH,Cl, at low
temperatures were unsuccessful. When photolysis was interrupted at 263 K,
decay of (10; Im = S) was approximately first-order (t,, ca. 18 s).

Ring opening of the 2,2-dimethylsuccinimidyl radical (DMS-) to give a
tertiary alkyl radical would be expected to be more favourable
thermodynamically (gem-dimethyl effect) and more rapid than ring opening of
Se . Despite this, u.v. photolysis of N-chloro-2,2-dimethylsuccinimide (8; X =

C1) in the presence of DTBE afforded very strong e.s.r. spectra of the

0 o)
Lo &
O o

DMSe Ge

(admittedly quite persistent) adduct (10; Im = DMS).

There have been suggestions that photochemical generation of imidyl
radicals from N-halogenoimides can give rise to excited species different from
those generated in thermal reactions." Imidyl adducts of the type (10) were
also detected by e.s.r. spectroscopy when dibutanoyl peroxide (ca. 0.2 M) was
decomposed thermally (320-340 K) in the presence of an N-chloroimide (ca. 0.2
M) and DTBE (ca. 0.5 M) in aceto- or butyro-nitrile solvent [equations (2.11)

and (2.12)]. Once generated, the persistent adducts (10) could still be detected
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Table 2.1

E.s.r. parameters for the adducts Bu‘zéCHzlm (10) in [*Hj]acetonitrile

Im* T/K Hyperfine splittings (G)*

a(2Hy) a(*Np) a(18H)

Succinimidyl 305 13.65 6.88 0.38
259 13.56 6.95 0.38

2,2-Dimethylsuccinimidyl 290 13.50 6.88 0.38
248 13.48 7.00 0.38

Glutarimidyl 332 15.38 5.25 0.34
244 15.31 5.50 0.33

3,3-Dimethylglutarimidyl 324 15.00 5.40 0.33
244 14.90 5.64 0.33

Phthalimidyl 330 13.63 7.28 0.38
270 13.50 7.36 0.37

a All g-factors are 2.0025.
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(a)

(b)

(c)-

Figure 2.1
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Figure captions

Figure 2.1 E.sr. spectra of radicals (10) formed by addition of imidyl
radicals to Bu',C=CH, in CD,CN. (a) Im* from photolysis of (7; X = C1) at
245 K. (b) Im* from photolysis of (8; X = C1) at 293 K. (c) Im* produced
during thermolysis of TBHN in the presence of (4) and Bu*’,P—-BH, at 294 K;

the spectrum is essentially indistinguishable from that shown in (b).
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(a)

I0G

——

(b)

(c)

Figure 2.2
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Figure captions

Figure 2.2 (a) E.s.. spectrum of the radical (10; Im = S) at 261 K obtained
during u.v. irradiation of NCS and DTBE in CD,CN. (b) Computer simulation
of (a) using the splitting constants given in the text. The peak-to-peak widths
of the lines associated with M(2H;) = 0 and +1 are 0.21 and 0.17 G,
respectively. (c) E.s.r. spectrum of the radical (10; Im = S) at 317 K obtained
during thermolysis of TBHN in the presence of (1), DTBE, and Bu*,P—BH, in

CD,CN [a(2Hy) 13.71, a(Np) 6.86, and a (18H,) 0.38 G].
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a(H")

Slow exchange limit

(low temperature)

Intermediate

exchange-rate region

a(HY)+a(H?) a(HY+a(H?)
2 2

A

Y
A

Fast exchange limit

(high temperature)

Figure 2.3 Diagram showing the lineshape changes that accompany

modulation of the splittings from the B-protons H' and H* as a result of rotation

about C,-C; bond.
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at lower temperatures and their spectra were indistinguishable from those of the

adducts produced photochemically.

heat
Pr'C(O)O0C(O)Pr

2Pr** + 2CO, (2.11)

Pr** + ImCl1 » Im* + Pr*Cl1 (2.12)

Spin-trapping experiments with the three ®w-bromoalkanoyl isocyanates (1),
(3 and (4) showed conclusively that the corresponding (isocyanato
carbonyl)alkyl radicals undergo cyclisation to give imidyl radical. The most
suitable halogen abstracting radical proved to be Bu“,P—)l.BH2 [equations (2.13)
and (2.14)}],” although trialkylstannyl and trialkylsilyl radicals were also

heat
Bu'ON=NOBu'

2Bu'O’ + N, (2.13)

Bu'O® + Bu’,P-BH, ~ Bu",P-»BH, + Bu'OH (2.14)

effective. When a CD,CN solution containing tributylphosphine-borane® (ca. 0.4
M), DTBE (ca. 0.5 M), di-t-butyl hyponitrite”® (TBHN) (ca. 0.1 M), and a
bromoacyl isoyanate (ca. 0.8 M) was heated in darkness at 290-320 K, the e.s.r.
spectrum of the appropriate imidyl adduct (10) was observed. Thus, (1), (3)
and (4) afforded adducts of S , the glutarimidyl radical (G* ), and DMS- ,

respectively [e.g. equations (2.15) - (2.17)], and the spectroscopic parameters

Bu*,P—BH, + BrCH,CH,C(O)NCO—CH,CH,C(O)NCO + Bu*,P—BH,Br (2.15)
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CH,CH,C(O)NCO m=——= & (2.16)
12)

CH,CH,CH,C(O)NCO G- @.17)
were the same, within experimental error, as those of the adducts derived from
the N-chloroimides (see Figure 2.1C). Abstraction of bromine from (1) gives
(12) [equation (2.15)], which would react only slowly with the phosphine-
borane” and must cyclise relatively rapidly to give Se¢ . Presumably*" the
initial product of cyclisation is S; , even if this is not the electronic ground
state. 2,2,5,5-Tetramethyltetrahydrofuran (TMTHF) was also used as a solvent

for these trapping experiments with results similar to those obtained using

nitriles.

22.2 Attempted Trapping of the Diacetylaminyl Radical with DTBE

U.v. photolysis of an acetonitrile solution containing N-chlorodiacetamide
(ca. 1 M) and DTBE (ca. 0.7 M) at 241 K did not give rise to any spectrum;
at 253 K a weak spectrum was observed but this could not be interpreted
successfully.

The diacetylaminyl radical (13a), apart from being acyclic is very similar
to Se and it was expected that both species would behave the same way. One
possible explanation for the difference could be that, for steric reasons, the
diacetylaminyl radical adopts the conformation shown,'® rather than one

analogous to that of Se. It is possible that (13a) could rearrange to the
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CH, CH
/ 2
O:C\ O:C/ H o= 4
Ne — > NH (2.18)
O:< o—< O=
CH, CH, CH,

13a 13b 13c

transient carbon-centred radical (13¢) [equation (2.18)], which would probably

not add to DTBE at a detectable rate.

223 Spin-Trapping with 2-Methyl-2-nitrosopropane (MNP)

This nitroso compound is known to form persistent adducts with both
imidyl"* and alkyl’ radicals, although the nitroxides formed by addition of
primary alkyl radicals are much shorter lived than those derived from tertiary
radicals. Rate coefficients are available® for the trapping of alkyl radicals by
MNP and we hoped initially to determine quantitative rates for cyclisation of w-
(isocyanatocarbonyl)alkyl radicals and ring opening of imidyl radicals.

Attempts were made to measure the rate coefficient for cyclisation of the
radical (12) to S¢ using MNP (Scheme 1, in which-M-H can be Me,N—BH,,
Bu’,P—BH,, or Et,SiH) and k, is given by the equation (2.19). It would be
reasonable to use the value of k., for a primary alkyl radical R(.JH2 at same

Rate of formation of (14b) — k, (2.19)
Rate of formation of (14a) o - k.., [MNP]

;

temperature. All the other quantities in equation (2.19) can be measured and
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decay products decay products

Scheme 1
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the value of k, can be obtained.
In agreement with previous work,"” " irradiation with filtered light from

+

a high-pressure mercury arc lamp of a CD,CN solution containing N-
bromosuccinimide (NBS) (ca. 1.0 M) and MNP (ca. 0.04 M) at 290-315 K,

afforded the e.s.r. spectrum of the nitroxide (15; Im = S). Other N-bromoimides

BuN(O)Im (2.20)

15)

Im* + BuNO

were more soluble than NBS and similar experiments could be carried out in
TMTHEF solvent. Glutarimidyl radicals undergo ring opening more slowly than
succinimidyl radicals,” probably because the ring is larger and there is less bond
angle strain, and both G* and the 3,3-dimethylglutarimidyl radical were readily
trapped by MNP during photolysis of (7; X = Br) in TMTHF. The es.r.
parameters of all nitroxide spin-adducts are given in Table 2.2.

The amine-borane Me,N—BH, reacted exothermically on mixing with (1)
in all the various solvents and was not studied further. Trial experiments were
carried out to determine the optimum conditions for trapping of -
(isocyanatocarbonyl)alkyl  radicals using ethyl  3-bromopropanoate
[BrCH,CH,C(O)QOEt] as a model for the bromoacyl isocyanates. The phosphine-
boryl radical Bu"sP—->l.3H2 abstracted bromine more slowly from the

bromopropanoate than it added® to MNP under normal conditions.

+ The beam from the mercury discharge lamp used to generate transient
radicals was attenuated with a 3 % transmittance metal gauze screen and
passed through a 4 mm thick sheet of Pyrex glass.
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Trimethylstannyl radicals (generated from hexamethylditin and TBHN) produced
a mixture of nitroxide radicals, including the adduct derived from EtCN formed
by hydrogen abstraction from the solvent.

The triethylsilyl radical, derived from Et,SiH, proved to be the most
suitable halogen abstractor. When CD,CN or TMTHF solutions containing (1)
(ca. 1.0 M), MNP (ca. 0.05 M), triethylsilane (ca. 1.2 M), and TBHN (ca. 0.05
M) were heated in darkness at temperatures between 290 and 315 K, an intense
composite e.s.r. spectrum derived from two nitroxides was detected (see Figure

2.4a). The stronger spectrum arises from (15; Im = S) [equations (2.21) -

heat
Bu'ON=NOBu' » 2Bu'O® + N, (2.21)

Bu'O* + Et,Si-H

Et,Si* + Bu'OH (2.22)

Et,Si* + BrCH,CH,C(O)NCO éH2CH2C(O)NCO + Et,SiBr  (2.23)
(2.23) and Scheme 1 ] and the weaker three line spectrum [ a(N) 7.8 G, g
2.0067 in CD,CN at 328 K ] is assigned to an acyl t-butyl nitroxide, probably
Bu‘N((.))C(O)CHZCHzBr formed by trapping of the acyl radical (16) derived

from a trace of 3-bromopropanoyl bromide present in (1) (cf. reference 23). No

Et,Si

BrCH,CH,C(O) + Et,SiBr (2.24)
1e)

BrCH,CH,C(O)Br

spin-adduct of the uncyclised 2-(isocyanatocarbonyl)ethyl radical (12) was
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detected, even when the concentration of MNP was increased to ca. 1.2 M, +H
although we note that the resulting nitroxide would be expected to be much
shorter-lived than (15) under the same conditions. Since adducts of both
cyclised and uncyclised radicals could not be detected simultaneously, it is not
possible to measure the rate of cyclisation of (12) using this method.

In similar experiments with 3-bromo-2,2-dimethylpropanoyl isocyanate (4),
again no spectrum of the primary alkyl spin-adduct (17) was observed, but
neither could a signal from (1§; Im = DMS) be conclusively identified. The
spectrum was dominated by an intense signal which we assign to the very
persistent di-t-alkyl nitroxide (18) (see Figure 2.4b), produced by trapping of the

t-alkyl radical formed by overall 1,2-shift of the C(O)NCO group following

Bu'N(O)CH,CMe,C(O)NCO Bu'N(O)CMe,CH,C(O)NCO
an 1®

abstraction of bromine from (4). Variation of the MNP concentration from ca.
0.04 to 1.2 M did not lead to the detection of nitroxides other than (18) [apart
from variable concentrations of Bu‘N(é)OBu‘]. Since (15; Im = DMS) would
be expected to be as persistent as the S¢ adduct, its absence is presumably
related to the greater rate of ring opening of the methylated imidyl radical.
Thus, for neither of the bromoacyl isocyanates (1) or (4) was it possible to

determine quantitative rates of cyclisation or ring opening using MNP.

T This would be the concentration of monomeric MNP if the dimer
dissociates fully in solution. The extent of dissociation will be solvent
dependent and will be smaller in CD,CN than in TMTHF.
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Figure captions

Figure 2.4 (a) E.s.r. spectrum of the nitroxide (18; Im = S) obtained during
thermolysis of TBHN in the presence of (1), MNP, and Et,SiH in CD,CN at
328 K. The asterisks mark lines assigned to an acyl t-butyl nitroxide (see text).
(b) E.s.r. spectrum of the nitroxide (18) obtained during thermolysis of TBHN

in the presence of (4), PH,JMNP, and Et,SiH in TMTHF at 302 K.
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23 Direct Detection of Imidyl and (Isocyanatocarbonylalkyl Radicals

Despite numerous attempts under a variety of conditions of solvent and
temperature, it was not possible to detect any e.s.r. spectra attributable to imidyl
radicals during u.v. irradiation of the N-halogenoimides (§ - 9; X = C1 or Br)
either alone or in the presence of R,SnSnR, (R = Me or Bu®) which might
scavenge halogen atoms more rapidly than imidyl radicals, especially at low
temperatures. It is possible that the e.s.r. spectrum of Im* could be broadened
in the presence of N-halogenoimide, if the thermoneutral exchange reaction

(2.25) takes place on the e.s.r. timescale. If this exchange is slow, “N hyperfine

Imé¢ + Im-X

Im’-X + Im* (2.25)

splitting will be observed, but if it is fast on the e.s.r. time scale the unpaired
electron will see a rapidly inverting “N magnetic moment and no splitting will
be detected. In the intermediate exchange region, line broadening will occur.
Sometimes, very weak and poorly defined signals were detected, but these
appeared to be associated with the formation of solid deposits in the sample
tubes.

Phthalimidyl radicals(19) do not undergo detectable ring opening, which
is understandable®* because the product would be a highly unstable aryl radical

[equation (2.26)]. Ring opening of the 3,3-dimethylglutarimidyl radical (20) is

[

T\D’ ——— @ N=C=0 (2.26)
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also relatively slow [equation (2.27)].%** In contrast, the 2,2-dimethylglutarimidyl
radical (21) opens more rapidly,** since a stabilised tertiary alkyl radical is
formed [equation (2.28)]. However, even the N-halogenoimides (6), (7), and (9)

did not afford e.s.r. spectra attributable to the imidyl radicals (G-), (20), or (19),

0
. % > =C=0 (2.27)
o) 0
1)
O [ ]
. - N=C=0  (2.28)
0 o)
@b

respectively. In particular, no spectra were obtained from most soluble N-
halogenoimides (7; X = C1 or Br) in CH,CI, even at 160 K.

E.s.r. spectra were detected during u.v. irradiation of cyclopropane
solutions containing di-t-butyl peroxide (DTBP) (ca. 15 % v/v), trimethyl- or
triethyl-silane (ca. 10 % v/v), and one of the bromoacyl isocyanates (1) or (4)
(ca. 1.0 M). This is a well-known method for the generation of specific alkyl
radicals for e.s.r. study” and involves bromine atom abstraction by a trialkylsilyl

radical [see equation (2.23)]. The experiments were technically difficult because
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of the high reactivities of (1) and (4) and the small quantities involved. We
were well aware that chemical modification of the NCO group (e.g. by
hydrolysis) might pass undetected and samples were prepared under stringently
anhydrous conditions; the reagents were frozen in layers at 77 K in the sample
tube and only allowed to mix at ca. 170 K in an ethanol slush bath immediately
before insertion into the microwave cavity.

No e.s.r. spectra attributable to imidyl radicals were observed from either
(D or (4), although these radicals would abstract hydrogen from the silane
rapidly even at low temperatures leading to chain consumption of reagents (see
later). At ca. 165 K in cyclopropane, the e.s.r. spectrum obtained from (1) was
very weak and although an alkyl-type radical was probably present, it could not
be identified with any certainty.

When t-butoxyl radicals were produced photochemically from DTBP in
CD,CN or thermally from TBHN (0.4 M) in heptane, each containing (1) (0.8
M) and Bu*,P—BH, (0.4 M), a chain reaction ensued, presumably because Se
abstracts hydrogen from the phosphine-borane [equation (2.32)]. Succinimide
(S-H) was isolated by h.pl.c. in ca. 25 % yield [based on (1)] from the
products of thermal reactions at 328 K.

Bu'O* + Bu’,P—BH, Bu'OH + Bu*,P—BH, (2.29)

Bu’,P—BH, + BrCH,CH,C(O)NCO —» Bu*,P—BH,Br + CH,CH,C(O)NCO (2.30)
CH,CH,C(O)NCO '

Se (2.31)

S-H + Bu’,P-BH, (2.32)

Se + Bu*,P—-BH,

More definitive results were obtained from (4) and the spectrum recorded

49






























































































































































































































































































































































































































