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Abstract - Under reaction conditions which prevent halogen atom chains, imidyl
radicals are the chain carriers in reactions of N-haloimides. Characteristic
reactions are 1) ring-opening of certaln imidyl radicals, 2) hydrogen
abstractions with selectivities similar to chlorine atoms, 3) additions to
alkenes and 4) substitutfons of arenes. The absolute rate constant of

reaction between imidyl radicals and most substrates is in a range of >10°
£/wol. sec.

HISTORICAL

Despite determined earlier efforts to recognize the intermediacy of succinimidyl radicals,
only during the last decade was this objective achieved.

Radical reactions using N-haloimides have been known since 1942, when Ziegler et al.l reported

radical allylic brominations using N-bromosuccinimide (NBS) in CCf4. A critical factor for success

fn these allylic brominations was the use of CC; as the medium, a system in which NBS is slightly
soluble (~1073 M).

This reaction first was explained, without evidence, as a radical chain reaction with a

succinimidyl radical as the hydrogen abstractor.2 In 1953 Goldfinger and coworkers proposed a

bromine atom based mechanism,3 in which NBS only served as an HBr scavenger thus forming

succinimide (SH) and bromine. Although the presence of alkene dictates a very low Brp

H
Br-* +=/— + HBr + _-_,/
Br
-'/ + Brz > =/—- + Br*
HBr + NBS + Bra + SH

concentration, the small amounts of bromine which are present“ are sufficient to maintain a Bre

chain, Allylic bromination occurs in the absence of NBS when Bry is added slowly (in a He stream)

to an alkene,3a,b

The low solubility of NBS in CC%4 is the crucial factor in precluding imidyl reactions under
Ziegler conditions.® In contrast, {f a solvent is used in which NBS has a higher solubility ({i.e.

acetonitrile, methylene chloride), NBS can compete successfully with the small amounts of Bry, in

B, Rer + s

Bra, RBr + Br®
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reactions with the alkyl radical intermediates. 1In good NBS solvents, succinimidyl radicals are
formed, and if the scavenging of Bry is adequate, the chemistry is attributable totally to the
imidyl radicals. These chain carriers are unambiguously recognized by the presence of imidyl
moiceties in products obtained in addition reactions. Indications for their participation in
substitution reactions come from the distinctive substitution selectivities.6:7,8

Small amounts of alkenes without allylic hydrogens serve adequately to scavenge bromine in
thege “better” NBS solvents, The influence of small amounts of alkene on the selectivity of the
halogenation of butane is shown in Table 1,8

Table 1

Distribution of isomers (X) forwed in halogenations
of butane with various halogenation reagents.

1-halobutane 2-halobutane
Bry 0 100
Bry/NBS o] 100
Ccia 32 68
NCS/alkene 25 75
NBS/alkene 25 75
NiS/alkene 3 77

While bromination of butane with NBS in the presence of Brp shows Br* selectivites, the inclusfon
of alkenes changes the selectivity to one resembling CL*. The same selectivity is found for
different N-haloimides (N—chlorosuccin{mide {NCS), N-bromosuccinimide (NBS) and N~iodosuccinimide
(NIS)), thus proving that a succinimidyl radical i{s the hydrogen abstracting intermediate. Prior
to this discovery, the only hints for succinimidyl radicals were the isomerization of NBS to
8~bromopropionyl isocyanate (8P1),9 some radical~scavenging, and ESR experiments.l0
Using the alkene-scavenging conditions, the chemistry of a number of imidyl radicals have

become accessible. The key to imidyl radical chemistry ts: 1) avoid competing halogen chains by

scavenging halogen {and halogen atoms) with alkenes, and 2) use solvents in which the N-haloimides
are soluble.

IMIDYL RADICAL CHAINS

An imidyl radical chain sechanisnm was confirmed by chain length measurements. 11,12 Quantum
yield determinations of photochemically induced brominations of wmethylene chloride by NBS in the
presence of t-butylethylene (in the dark no reaction takes place) showed chain lengths for alkane
brominations of approximately 30, with inhibition by oxygen or 2,6--d1-tert.-butyl~p-cresol.ll Chain
lengths of ~103 are attained for additions to alkenes,!® and 10 for substitutions on benzene.l5
The chain reactions can also be induced by thermal decomposition of {nitiators such as
di-tert.~butyl peroxyoxalate, benzoyl peroxide or AIBN,l1,12

Besides the confirmation of the chain character of this reaction, it was shown, that the chasin
propagating radical is an imidyl radical since it undergoes addition reactfions with alkenes and

arenes and thus becomes part of the product molecules (see below),8,13,14,15
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Some Chain Sequences

Substitutionsg: S* + RH + SH + R*

R* + NBS + RBr + §*

Additions: Se + =+ 5

§—/ 4 NBS+ S ~Br + S
SCOPE OF IMIDYL RADICALS AND THEIR REACTIONS

The halogen scavenging recipe {s useful in generating imidyl radicals from a variety of
N-haloimides. Both the halogen and the imidyl part can be varied:

N-halosuccinimides:

0O
N—X
0
N-haloglutarimides:
0]
N—X
0
N-halophthalimides:
O
N—X
0
N-halohydantoins:
0O

NJ(N_X
~

Thege fmfdyl radicals can participate fn: 1) ring~opening reactions, 2) hydrogen abstrac~
tions, 3) alkene additions and 4) reactfons with arenes.

1. Ring~Opening Reactions

An {mportant reaction of imidyl radicals is the ring-opening resction forming isocysnates, a
reaction known since 1957;% this is a chain reaction.l! In the proposed mechanisa the {midyl
radical opens to form a carbon centered radical with an acylisocysnste function. This radical
abstracts a halogen from the N-haloimide to form the halo-acylisocyanate with regeneration of the
chain propagating {midyl radical. Table 2 shows which N-haloimides ring open and which do not.ll
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0
o
0
/&—» N—H + R’
0 0
N- 0

\Q <5N_@

Table 2ab

N—X —— NCO

Form Isocyanates Do Not

NBS NCS
NIS 23DMNCS
23DMNBS NCG
22DMNCS NBG
22DMNBS 33DMNCG
2MNBG 33DMNBG
22DMNBG NCP

NBP

NIP

N-bromohydantoins

a) S stands for succinimide, G for glutarimide, P for phthalimide, C for
chloro, B for bromo, I for fodo, M for methyl and DM for dimethyl. So,
i.e., 23DMNCS i{s an abbreviation for N-chloro-2,3-dimethyl succinimide.

b) ref. 11
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Y 0
N- —a («NCO
o)

0 O 0 0

(«NCO + QN——X — ﬂNCO + ( N-

X 0

In some halogen scavenged systems this ring-opening reaction occurs with 96% yield,!! The
ring~opening is in competition with abstraction and additfon reactions with suitable substrates
such as neopentane,ll t-butylethylene,l! or benzene,l? the presence of which reduce the extent of
ring-opening.

However, there were several puzzling observations: 1) the yield of ring-opened product is
dependent on the N-haloimide concentratfon,!l 2) NBS forms ring-opening producta, NCS does not,ll
and 3) the ylelds of isocyanates are larger if a-alkyl substituents are present on the
N~haloimldes.!! These facts suggested reversibility of the ring-opening reaction.

Ultimately the reversibility of the ring-opening was proved by using the deuterium labeled
N-halosuccinimides, meso-and d,2-2,3-dideutero-N-halosuccinimides (meso-dp-NXS, d,%-dp-NXs).!!
Using the deuterfum labeled N-chlotosuccinimides weso-~dy-NCS or d,%-d2-NCS in chlorinations of
neopentane {ethene halogen scavenger) the succinimide obtained was found to be 90X isomerized
indicating a ring-opening/ring-closure intervention, even though there is no ring-opened product
with NCS. If meso-d)-NBS was used to brominate neopentane, B4X of the NBS was converted to
B-bromopropionylisocyanate (BPI), the remaining 16% effecting substitution on neopentane; 62% of
the succinimide formed in this substitution reaction had undergone ring-opening. This difference is

explained with a more rapid trapping of the ring-opened radical by NBS than by NCS. The results
are summarized in Schenme I.

Scheme I

0 0

N e /R0

e ———— o

(D{RH (2)] NXS

0 0

N—H o

NCS: rate (1) > rate (2), and thus no isocyanate {s obtained and deuterium scraabling in the

succinimide {s observed.

NBS: vrate (2) > rate (1) and thus ring-opened product dominates and less deuterium scrambling is

found in the succinimide.
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The halogen transfer from the N-haloimide to the ring-opened radical is slower for
N-chlotoimides than for N-bromo—or N-fodoimides [rate (2} (NCS) <K rate {2) (NBS)). The slower
trapping of the ring-opened radical results {n substitution exclusively, accompanied by isotopic
scrambling in the succiniamide.

Methyl substituents {n the a-pogition increase the rate of ring-opening (22DMNBG ring opens,
3IDMNBG does not) and decreases the rate of ring closure by stabilizing the ring-opened radical (3°
radical instead of a !° radical).!l Thus even a chlorocompound such as 22DMNCS produces
tsocyasnate.ll In benzene at 70°C 22DMNBS forms 72% isocyanate, but NBS only 1X, the remainder
being involved in the substitution reaction on benzene.l3

The glutarimides undergo ring-opening less rapidly than the succinimides, a consequence of
difference in ring strain, and ring-opeaing has not been observed with phthalimides.

To summarize, ring-opening product is diminished by choosing R-chloroimides instead of
N-bromoimides, {ncreased by substituting the o-positions with methyl groups, and decreased by using
N~haloglutar-and N-halophthalinides instead of N-halosuccinimides.

As already mentioned, the yleld of ring-opening product is also influenced by other competing
reactions such as H-abstractions or additions to alkenes or arenes.!l»13 For example, NBS in
benzene at 70°C forms only 1% BPI (991 reacts to form N—phenylsuccinimide and succinimide).l3 Also,
{ncluslon of such compounds as bromotrichloromethane may diminish the ring-opening yleld because
they favor reactions other than the imidyl chaina.16:17  Inclusion of Bry lowers the yield of
BP1,12,17,18 too, but to date the ratfonale s not fully understood. The competition between
bromine atom chains and succinimidyl chains does not adequately explain the reduction in BPI
y(elds.‘Z»IT'ls Explanations which have been suggested include the formatfon of a
Br--NBS-complex,lzv19 or another state of S* (see below).

2, Hydrogen Abstractions

Hydrogen abstractions by imidyl radicals have been examined for s number of gubstrates. The
problem of distinguishing between competitive bromine atom chaing can be overcome by using
substrates relatively unreactive to browmine atoms such as, for example, neopentane, methylene
chlortide, t-butyl chloride or 2,2~dichloropropane., More generally halogen atom chains can be
avoided by scavenging of halogen and halogen atoms with alkenes as ethene, t-butylethene, or
1,1-dichloroethene for chlorine or bromine, and allene for iodine; butadiene or norbornene are

necegsary to preclude Br+ abstractions i{n benzylic systems.

R + NX ———> RX + Ne

0 0

Benzylic hydrogen atoms react very rapidly with Brv, and in the ethylbenzene/ toluene
competition a benzylic hydrogen of ethylbenzene 1s attacked 20-30 times faster than one of toluene.
This selectivity value is obtained with Brp, Bry/NBS, NBS alone, or NBS/t-butylethylene.’ However,
using norbornene or butadiene as a Bre trap in this competition, 3I3IDMNBG shows a dbromination
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Table 3

Hydrogen abstraction selectivities for different
radicals on a per hydrogen basis.?

caeb) 5-¢) G+d) pee) Bre£)
CHCE1 0.0014 8.5
CHyCE) <0.02 0.063) 0.18 0.14 >15
(CHy)cceal) 0.14
(CH3)3ccel) 0.43
1° RH =1 =1 z1 =1 2]
2° RH 3.6 4.6h) 6-7 11 ~700
3° RH 4.2 14 18 ~50 >25000
BrXC4Hg
l-browo- 1,1- 0.098) 0.20¢) 0.09f)
butane
1,2- 0.43 0.54 8.1
1,3- =1 5| =1
1,4- 0.46 0.43 0
kp/kp CHaCR) 1.5¢) 11,5¢)
CHCLq 1.4¢) 13¢)

a) S*, G* and P+ stand for succinimfdyl, glutarimidyl and phthalimidyl radicals.
b) 25°C, ref. 16, 21. ¢) 15°C, vef. 16, d) 15°C, ref. 20. e) 15°C, ref. 23.

£) 27°C, ref. 16,22, g) 60°C, ref. 25. h) ref. 17. 1) Rearrangements by migration of
chlorine are observed, ref. 16. 3j) ref. 1l.

Table 4

Activation parameters for glutarimidyl {(G*) and phthalimidyl
radicals (P*) in neopentane/methylene chloride competitions.

an¥ -an¥ K as# -as#
Csil) 2 H CHzClzl J/mol] S CsH) AS cuzczzlj/“°1 K]
G-a) -10 -21
p-b) -16 -37

a) ref. 20. b) ref., 23
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selectivity of only 3,20 with gubstitution also occuring on the ethyl group of ethylbenzene,
r(CHy/CH3) = 3,20 gelectivities similar to those reported for Cfe. Although the main reaction in
this latter system is addition to the alkene, the selectivity for benzylic substitutions are
distinctly different from that of Bre-.

In Table 3 selectivities on a per hydrogen basis for several imidyl radicals and various
competition systems are suammarized. The selectivities are similar to those of C%* or OH* and
differ sharply from those of Br*. A comparison with the selectivities of other radicals is given
in ref. 20,

The activation parameters for the neopentane/methylene chloride competition were determined
for the glutarimidyl radical (G+) and the phthalimidyl radical (P+) (Table 4).20,23 The hydrogen
abstraction competitions show little temperature dependence as a consequence of small, compensating
activation parameters. This 1s an instance where the reactivity differences are not dominated by

the aaH¥ term; the TAAS* {8 similar in magnitude and suggests an early transition state,24
3. Alkene Additions

If radical chain reactions with imidyl radicals are carried out under conditions where wore
alkene i3 present than in experiments where {t only serves as a halogen scavenger, l:l1-addition
becomes the major veaction.8,13,14 The inidyl radical adds to an alkene forming an adduct radical
which then reacts with N-haloimide to form the l:l-addition product.

O R 0O R
pd - + ::::// —_— pd._:;7-
0 0
0 0 O R X 0

R
q(N). + NX ——— N)/.{_ Ne

Table S summarizes the yields of some addition products formed in non-optimized reactions of
N-bromo-3,3-dimethylglutarimide (33DMNBG) and N-bromophthalimide (NBP) with alkenes.

Table 5

Yields of 1:1 addition productal“ formed by reaction
of 33DMNBG and NBP with various alkenes.?®

DMNBG NBP
ethylene 822 -—
t-butylechylene 83% 41%b)
isobutene 90% 53%
vinylacetate 80% 30-40%b)
2-chloropropene 892 30-40%b)

a) All ylelds were determined by NMR in the reaction mixtures, except
b) Yields of purified products.
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The addition reactions are remarkably clean reactions with high chain length (up to 2000)14
which can be rationalized as follows. Imidyl radicals show electrophilic behavior by adding essily
to electron rich alkenes forming adduct radicals, These nucleophilic alkyl radicals?d abstract
bromine from the N-bromoimides, thus regenerating the chain carrier. The alternation between
electrophiifc imidyl and nucleophilic alkyl radicals expleins the high yields of the addicion
reactions, Electrophilic imidyl radicals prefer the addition to electron-rich alkenes, while
aucleophflic alkyl radicals prefer the reactioa with the N-haloimide. This alse expl&ins why the
addition reaction does not preclude polymerization of less electron rich alkenes such as
1,1-dichlorp-ethylene, and why no addition product is obtained with electron poor alkenes such as
fumarodinitrile, maleic anhydride or tetrachloroe:hylene.l& Styrene provides an intrsmolecular
competition between addition to the double bond and addition to the aromatic nucleus, with the
double bond being only twice as reactive as the benzene ring.13

Compet{tion reactions between various alkenes show only small differences in rates of
addition, a range of 3 with the alkenes shown in Table 5. Addition/abstraction
competititonsil, 14,23 carried out with neopentane and t—butylethylene, showed that glutarimidyl
radicals add to alkenes ~100x faster than abstraction of a primary hydrogen atom (Table 6). The
phthalimfdyl radical adds to a double bond 103 times faster than it abstracts a primary hydrogen
atom. Stabilizat{on by the aromatic moiety may explain this difference.

This radfcal chaln additfon of N-~haloimides to alkenes ig an excellent synthetic reaction,
resulting in the {ntroduction of X and N at vicinal positions,

Table 6

Selectivities of imidyl radicals in addicion/abstraction
competitions, carried out with t~butylethylene and neopentsﬂe.a)

geC) ced) pee) cLeb)
additton/
abstraction® ~80 ~100 ~1000 58

a) The selectivities are calculated on a per double boad and per hydrogen
basta. S+, G+ and P+ gtand for succinimidyl, glutarimidyl and
phthalimidyl radicals. b) Calculated using l~butene, ref. 27,

¢) ref. 1l. d) ref. l4. e) ref. 23,

4. Reactions with Arenes

Imidyl radicale alse

substitution of the aromatic nucleus by an imidyl mofety. Imidyl radicals add to benzene with a
rate stmilar to the rate of addition to alkenes,l4,15 forming a cyclohexadfenyl radicsl. In etrong
contrast, the methyl radical strongly prefers alkenes (ethylene by a factor of approximately
100).8.28 The cyclohexadienyl radical abstracts a halogen atom from the N-haloimide to give a
le}, which then loses HX to give the substituted arene. HX is
scavenged by the N-haloimide giving imide and halogen. To ensure halogen—-free reaction conditions,
these reactions sust be carried out with an alkene/N-hsloiwide ratio of at lsast 0.5. The
internediacy of a cyclohexadiene i{s indicated by the f{solation of the tribromide formed by addition

of Bt2,29 especially noticeable when the scavenging by alkene is not efficient.
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0 0
-0 —-0
Y 0
0 0 0 0
N@ + éNX———)QN-@—X.*. N
0 0 0 o)
0 0
GO (-
0 0
0 0
HX + NX —> X +( NH
Y 0
XZ + = _— XN~ X

This mechanism 1s supported by the observed 1:1:1 stoichilometry for N-phenylimide, {mide and
dihaloalkane. At 70°C this {s a clean reaction, but at lower temperatures aide reactions such as

halogen scavenging by the diene also occur (leading to N—(tribromocyclohexenyl)-imides).15.29

0

2NX+©+=—— —

0

0O 0
QN@ b (s
o) 0
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The overall rate of these benzene substitution reactions is small in cowparison to
alkene~additions or hydrogen abstractions. The slow step in the chain sequence must be the transfer
of Br from the bromoimide to the cyclohexadienyl radical, since the adition step is irreversible
and is as fast as addition to alkenes.}® The irreversibility of the addition to benzece is
{ndicated by the non-dependence of the relative rate constants for additions to alkenes and benzene
(direct competition) on the concentrations of alkene, benzene or N-bromoimide.l4

The reaction of imidyl radicals with arenes also indicates the electrophilic charscter of
tmidyl radicals. As found with *OH, benzene/alkene cowpetition rate constants are close to unitya

(OH* = 4,3, §*=2.0, G*=0.5), whereas for nucleophilic vadicals such as the methyl thers {8 a
preference for addition to ethylene by a factor of ~100,8,28

ABSOLUTE RATE CONSTANTS FOR IMIDYL RADICAL REACTIONS

Absolute rate constants for imidyl radical reactions have been determined in three different
types of experiment: flash photolysis of 33DMNBG in cyclohexane at 25°¢,30 benzoyl peroxide

initiated substitution of cyclohexane by NBS at 50°¢12 and di-tert.—-butylperoxyoxalate initiated
addition of 33DMNBG to alkenes at 35°C.}4

Table 7
Minimum absolute rate constants for the reaction of

N-centered radicals with cyclohexane.
Ne + ce-CgHyp ~ NH + GCgHyp*

Radical T/°C k(M lgec—1) ref.
a

35 >103 ) 14

25 >3.5 x 103 B) 30

50 >10%4 ¢) 12

28 >6.4 x 103 d) 3

a) Calculated from the absolute rate constant of addition to ethene (peroxide
catalyzed) and the relative rate constants for the cyclohexane/ethene

competition (0.55). b) Flash photolysis of 33DMNBG. <) Benzoyl peroxide catalyzed.
d) Tert.~butyl hyponitrite catalyzed.

In Table 7 the results are summarized, with all measurements normalized to H-abstraction from
cyclohexane, by using the relative rates. The differences between the rate constants are attributed
to the difficulties in determining absolute rate constants for radical chain reactions by chain
length messurements, In each ingtance these values must be regarded as minimum values. Reactions
with high chain lengths (400-2000 for the addition reactions,!® up to 8000 for the bromination of
cyclohexane by NBS!2) are more sensitive to the effects of small amounts of inhibitors. Therefore
it is more likely that the absolute rate constant for the substitution of cyclohexane {s in the
range of 10% M1 gec™! or higher. FPor the ring-opening resction of the succinimidyl radical a rate
constant of 107 lsec™! had been suggested,!l based on the assusption of an encountsr—controlled
rate constant for alkyl radicals with Brz. The current crop of absolute rate constants fall short
of this value. One can conclude tentatively that despite the siamilarity of substitution
selectivities, CL* reacts faster in hydrogen abstractions by 45 powers of ten.22,32
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ELECTROCHEMICAL REDUCTION OF N-HALOIMIDES

Ross and Eberson33 have studied the electrochemical reductions of NBS and NCS. One electron
per molecule of NXS is used in this reduction which has proved to be a rather complex reaction
sequence, involving the formation of succinimidyl anion (S7) as an intermediaste. It is suggested
that the succininidyl anion rescts with NX$ to form two fwidyl radicals plus a halogen anion. The
ceaction products are not well characterized, but in a number of reactions the imide (S5H) and
maleinimide ({solated as polymsleinfmide) are formed in a ratio close to unity. The formation of
the imide and maleinimide (MH) 1is attributed to a diaproportionation of two succinimidyl radicals
{S¢); the maleinimide then undergoes a radical polymerization. Scheme II shows a siaplified
version of their mechanism for the electrochemical reduction of NXS.

Scheme 1I
NX$ + 2e~ + §T + X
S™ + NXS +* 28 + X7
28+ * SH + Mi
radical
-3  polymaleinimide
alx

For imitdyl radicals, as well as for others, two possible states wust be considered, as
indicated by a8 o-and a w~atructure.34:35,36 The o~structure is characterized by an odd electron
located in an sp? orbital of the nitrogen, thus having 6 electrons in the delocalized ¥-aystem,
The ¥-structure {8 characterfzed by 5 electrons in the conjugated systes and an electron pair in
the sp2 orbital.

A series of a:temptssrlls16s37 was directed toward gaining access to both of these radicals
via thermal reactions, and success was claimed. But re-examination of this fieldl7,18 ghows that in
most cases the chemistry could be explained with only one imidyl radical and other competing
reactions.

An ESR~spectrum of an x-irradiated succinimide crysts138 and ab initio calculations3?:40 ghow
the 1 to be the ground state. The energy differences to the first excited o-state were calculated :
to be 21.5 kJ/mo139 and 49.0 kJ/mol.40 However, orbital symmetry considerations and MNDO
caleulations®! fndicate the ring-opening reaction of the succinimidyl radical should be s
“forbidden™ reaction for the n-state because the m-orbital and the bound being broken are orthogonal
to one another.3% To date it is not clear whether this "forbidden™ ring~opening of a ¥~radical
occurs and thus all of the chemistry described above {s to be attributed to the ¥ state, or whether:
it ls only the o-radical that ring opens, and that the chemistry described in the preceding
sections is attributable to the 0 excited state, leaving the chemistry of the ground state unknown
at present,
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SUMMARY

The attempts to explain the Ziegler brominatfon and the search for o-and ®-radicals opened a
new fleld in radical chemistry: the chemistry of imidyl radicals, showing unexpected behavior in
gubstitution and addition reactions. At present there is evidence for only one imidyl radical and

the assignment of the chemistry to a @ or a O state remaing unsettled.
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