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I. PART I: TRANSIENT AMIDO FREE RADICALS

A. Introduction

Amido or acylamino radicals of the general structure RG(O)-&-R'
(R, R' = H, alkyl) have received conslderable attention in synthe-
tic organic chemistry during the last few years as possible inter-
mediates in photoinduced rearrangement reactions. It was found that
N-alkyl-N-haloamlides of the type: R-N{Hal)-CO-R' (Hal = Cl or Br)
rearranged to the corresponding haloalkyl lsomers upon irradiatlon
in a manner snalogous to the free radlcal Hofmann-Loeffler reaction
of protonated N-chloroamines.1'2 These photolytic conversions open-
ed a convenient route for the syntheses of X-lactones and Iminolac-
tones upon treatment of the haloslkylamldes with base or acld, re-
spectively.B’u’S Likewlise, 1t was found that N-chloroamides added
to olefins upon irradiation to afford N-alkyl-?-chloroalkylamidesl
and similarly, that N-mgthyl-N-nitrosoamides, CHB-N(NO)-CO-R, under-
went an intramolecular additlion reaction if & double bond in the al-
kyl side chaln R was present to produce the corresponding N-methyl-
lactam upon irradiation.6 Additionally, bromination of the benzene-
ring was found to occur iIn the photoinitlated rearrangement reac-
tions of N-bromoacetanilide and N-bromo-2,l,L,6-trichloroa.cetanilide.7

These reactions were most convenlently explained by assuming a
photolytically produced amido radical intermediate that underwent
rapld rearrangement and abstractlion reactions, accounting for the

observed products. Although these studies seemed to confirm the

exsistence of amlido radicals, thelr electronic structure had been
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the subject of considerable controversy. The two figures below 1l-

lustrate the possible electron distribution in question:

L O NORY%
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OOO OOO

L 2
In terms of the deflnition given by Norman and Gilbert,8 structure

1l could be classified as a 2 radical? in which the spin bearing
‘orbital on nitrogen would be orthogonal to the adjacent TM-system of
the carbonyl group (similar to the 2 phenyl radical). On the other
hand, in the IT radical as illustrated by 2 the unpalred electron
would reside in a 2p orbital on nitrogen in conjugation with the W~
system of the carbonyl group.

The basic question had been whether the difference In energy
resulting from the delocalization of a pair of electrons in a p or-
bital would be sufficlently great to overcome the promotional energy
of an electron in a hybrid orbital to a p orbital or, in other words
whether conjugational effects with a W -system were energetically
more favorable than possession of finite s-character 1n a hybrid or-
bital for an unpaired electron.

The chemical implicatlons of these different electronic configu-
rations were of some significance for the prediction of reaction

modes of the radicals. It had been polnted out by Hedaya and his co-



workerslo that a conjugated II radical would exhlbit ambient reac-
tivity whereas the 2 radical which was characterized by predoml-
nant localization of spin at one slite should react at this site, In
general, a 2 radical should be more reactive and less selective
than a II radlecal.

Purported evidence for both a 2 and a TT electronic confligursg-
tion was reported on the basis of theoretlcal, kinetie, and electron
spin resonance (esr) studies but the literature was confusing and
frequently misassignments of esr spectra occurred,

On the basis of simple molecular orbital theory Hedaya, et gi.,lo
predicted that amido radicals should be SE radicals, a result they

found consistent with qualitative considerations of wvalence bond

structures for the :E state:

=0
C N \\\ S
By e e
/ g
R
3 b
Electron pair delocalization should be highly Important because of
the more favorable distributlion of charge in the excited Lewis struc-
ture L in contrast to the delocalization of merely one electron in

a iI electronic state that would not account for the higher electro-

[ 8,1
fos



negativity of oxygen compared with nitrogen (structures 5 and 6).
Product studles of the photolnduced decomposltion of N,0-disacylhy-
droxylamines, R-C(0)-NH-OC(O)-R', were interpreted in terms of a

b electronic ground state of acylamino radicals by Daniell, et g&.ll

Electron spin resonance evidence fdr the existence of amido ra-
dicals was first reported in 1966 by Lontz,12 Upon X-irradiation
of pentafluoropropionamide strong absorption signals were obtained
that were assigned to a carbon-centered radlcal, CFB-EF-C(O)-Nﬂa,
but the spectrum also showed features of a second radical, These
weak secondary lines were interpreted to be due to the amldo radi-
cal CFB-CFE-C(O)-IEH, with an approximate hyperfine splitting con-
stant (hfsec) for nitrogen of ca. 30 gauss, indlcating significant
spin denslty on nitrogen. This was not investigated further.

Iﬁ the same year Smith and Woodl3 assigned an esr spectrum ob-
tained by hydroxyl radical attack on formamlide to the acylamino ra-
dical HC(O)nﬁH. Later, however, it was shown by Livingston and Zel-
des¥ that the E:anyl radical HéN-é(O) was formed instead of the
acylamino radical. This interpretation was supported by Yonezawa
and his cowbrkersl5 who observed similar carbamoyl radicals of the
general structure 6(0)-NR2 (R = H, CH3) upon hydrogén abstraction
from different substituted formamides,

A radlcal produced upon x-lrradiation of hydroxyurea was Iini-
tially reported to be the HéN-C(O)-&H radical by Shields, Hamrick,

16 but the assignment was later rejected by Fox and

and Redwine,
Smith17 and the spectrum suggested to be due to the corresponding

nitroxide, HEN-C(O)-NHa. Symons and his soworkersl8 gave more reli-



able evidence for a nltrogen-centered radical derlived from urea and
suggested it to be a IT radical, H2N-C(O)-ﬁH. But the electron-do-
nating NHg-group must Interact strongly with the carbonyl group to
effectively dampen its electron-withdrawing éapability and this spe-
cles could not be considered truely représentative of simple amido
radicals,

Several reports appeared in the literature of radicals derived
from x- and X—irradiated single crystals of malonamide,(Hénuc(o);)ECHz
and dicyandiamide, N=C-N=C(NH,),. The original assignment of a
radical from malonamide to the structure HEN-C(O)-CHa-C(O)-ﬁH by
Cyr and L1n19'20 found support in the work of Straw and Moulton.21
These workers suggested a Z electronic configuration at the radical

22 who favored the

center, a conclusion that was questioned by Symons
idea, ﬁased on theoretlcal expectations, that radicals of the type
RC(O)-ﬁH were much more likely IT thgn5:. This point of view was
supported by Lau and Lin23 who postulated the radical derived from
dicyandiamide to be of the structure NEC-Nzc(NHé)ﬁH and claimed that
the spin bearing orbital was a W molecular orbital,

These conflicting reports arose from an unusual large and ap=-
proximately isotropic hfsc due to one hydrogen (ca. 73 - 81 @),
Lind and Kewleyzu attempted to explaln the formation of possibly
two types of radicals (II and §:) from the same NH,-group by geome-
triesl considerations stemming from hydrogen bonding in the crystal
which could force one hydrogen atom out of the plane of the molecule

thus affecting the hybridization at the nitrogen radical center,

More recent results, however, indicated that misassignments of



spectra occurred., Lin and his coworkers,25 based on 15N-1abelling
studles, commented that radlation damage in crystals of compounds
~containing amido and/or nitrile groups led to the formation of
Imino radicals, ﬁ=CHR, an Interpretation that was supported by Sy-
mons26 who pointed out the Importance of imino radicals as Inter-
mediates in photolytic reactions,

Solution esr studles of radicals comparable to simple amido
radicals were done by Koenlg, et 51.27 These workers observed
N-tert-butoxyamido radicals, RaC(O)-ﬁ-E-Bu (R = alkyl, aryl), and
classifled them as IT radicals, But the alkoxy substituent attache
ed directly to nitrogen could conceivably blas these specles in fa-

vor of a Il structure.

}0 | -tn
| [
/c\ . /" t-Bu R/ \:h-i/"\t-Bu

o

From resonance structures shown above it seemed more likely that

electron pair delocalization into the carbonyl group from nitrogen



should be predominant for these specles as shown in 8 and 9, 1llus-
trating the influence of the hetero atom oxygen with 1ts lone pairs
of electrons on the electron distribution.

Esr evidence for simple amido radlieals in solution was publish-
ed by Tordo and hls coworker328’29 in the early stages of thls pro-
Ject. Irradiation of diacyltetrazenes, (R-C(0)-N(R')-N=),, and
N-nitrosoamides, R-C(0)~N(NO)-R', at low temperatures in toluene
yielded spectra that were assigned to the corresponding N-alkylami-
do radicals, R-C(O)-ﬁ-R'. The small hfsc's (aN =7 G and aNCHBH =
8 G) were interpreted in terms of a Il electronic ground state of
acylamino radicals but as the reported g values of 2,0065 - 2.0066
were similar to the values obtained for acyl nitroxides,30 R-C(0)=

N(0)-R', the results were viewed with circumspection in thils labor-

atory.‘
B, Dlscussion of Results

1. General Aspects

Electron spiln resonance (esr) spectroscopy seemed 1ldeally sul-
ted to answer the question concerning the electronie structure of
amido radicals as it should not only describe the location of the
unpaired electron in the molecule but also yield detalled informa-
tion concerning the type(s) of orbital in which the electron might
reside,

In a IT electronlc configuration the unpalred electron was most

likely to be found in a 2p orbital on nitrogen with a nodal plane at



the nucleus., The hyperfine interaction should be small and a nitro-
gen hfse close to that of dialkylamlino radicals, R-ﬁ-R, (an ca, 1li
gauss)31 should be observed 1f significant delocsllzatlon of spin
onto the carbonyl group did not occur. For & 2~ amido radicel, how-
ever, a much larger hfsc with the nitrogén atom bearing the unpalr-
ed electron would be expected due to tﬁe non-zero probabllity of the

electron being found at the nucleus,
2, Generation snd Identification of Amido Radieals

Several experlimental routes seemed sultable to generate amido
radicals in solutlion, Potentlial sources included thermal decomposi-
tion or irradiation of N-nitrosoamidas,6’27s29,32,33 photoinduced
27

abstraction reactions by tert-butoxy radliecals from amides, photo-

lyticai clesavage of diacyltetrazenes,zs’Bu or tert-butyl-N-acylper-

10 112,,-"!;,27 The

carboxylates, end uv-ilrradiation of N-haloamides,
later method, using N-chloro derivatives, was chosen since the rela-
tively weak N-Cl bond the binding energy of which had been estimated
to be ca. 45 kcal/m0135 was expected to undergo facile homolytic

cleavage upon uv-irradiation to afford the nltrogen-centered radlcal
in a sufficlent steady state concentratlion to allow detection by esr.
A comparable method had proven useful in this laboratory when dialkyl-
aminium radical cations were generated upon uv-irradiation of the

corresponding N-chloro-dialkylamines In the presence of sulfuric

acid.36 Convenlent synthetlc routes for the preparation of N-chloro-

amides existed., Generally the parent amlde was treated with tert-

butylhypochlorite in the presence of small amounts of potassium car-



bonate iIn an inert solvent at room temperature for several hours to

yield the N-chloro compound:z’s

(CH ) ,CO0Cl, K»CO
R-C(0)-NH-R" 3737777 2773 R-G(0)-N(C1)-R!
CCILI. or CHC]'B’ r.te.

Catalytic amounts of bromine were recommended to shorten the reac-
tion time.37 Completion of the chlorination could easily be check-
ed by the disappearance of the N-H stretching band in the ir spec-
trum, disappearance of the amide proton absorption and a character-
istic downfield shift of the P-proton in the nmr spectrum {see ex-
perimental part for details).

The synthesis of N-chloro-N-tert-butylacetamide and N-chloro-
N-msthﬁlpivalamide was carried out and esr spectra of nltrogen-cen-
tered radicals were obtained by photolyzing 10 - 20% by volume so-
lutions of these N-chloroamides In degassed cyclopropane with a high

pressure mercﬁry lamp 2t low temperatures:

' hv "
R-C(0)=-N(Cl)=R! » R-C(0O)-N-R!'
cyclopropane
low temperature

The spectrum in Figure 1 (A) was obtained upon irradistion of N-chlo-
ro-N-tert-butylacetamide and showed a 1:1:1 triplet due to the nltro-
gen nucleus each line split Iinto a 1:3:3:1 quartet, assigned to the

aceto methyl group. Partlally resolved splittings resulted from in-

teraction with the hydrogens of the tert-butyl substltuent. Flgure



10

(4) CHBg-NC (CHj3) 4

10 GAUSS

.g .
(B) ((_JHBJBCC—NCH3

25 GAUSS

Figure 1. FElectron spin resonance spectrum of (A) the N-tert-butyl-

amido radical and (B) the N-methylplivalamido radlcal.



1 (B) showed the spectrum that was assligned to the N-methylpival-
amido radical with an intensity distribution of 1l:l:lL:3:6:3:l:1:1
which was explalned In terms of a large 1:3:3:1 quartet due to the
N-methyl hydrogen atoms, each line split into a 1:1:1 triplet Dby
one nitrogen nucleus, the hfsc for the hydrogen atoms being approxe-
imately twice as large as the nitrogen hfsc, A satiéfactory com-
puter simulated spectrum38 ineluding second order effectng was ob-
tained on the basis of this interpretation, Esr spectral parame-

ters are summarized in Table I,

Table I

a
Spectral Parameters of Simple Amido Radicals

. b c
Radical ' al B g value Temp., °C
cH30(o)ilfc(cHB)3 15,70 2.7 2,004l 10
(CHB')}cc(On:st 15.00 29,30 2.0053 -100

Hfsc's reported in gauss, estimated accuracles +0.7%
Interaction with three hydrogens
‘Corrected to second order effects, estimated accuracy 1+0.0001

fojole

11

The derived data were interpreted in terms of a Il electronic ground

state of amido radicals.uo The magnitudes of the splitting conspants

due to nitrogen and the N-methyl hydrogens, ca. 15 G and 29,30 G re-

spectively, seemed consistent wlth other nitrogen-centered IT radi-

cals, Koenig and hils coworker327 reported nitrogen hfsc's ranging
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from 9,60 G to 11.95 G for N-tert-butoxyamido radicals. Likewise,
N-8lkoxy-N-carboethoxyamino radicsls, Roﬁ-c(o)-oczns, which were
viewed as substituted acylamino radicals where the substituents
stabllize the IT nature of the radicals, had nitrogen hfse's of
10,80 G.ul Additionally, results from investigations of other ni-
trogen-centered II radicals in this laboratorf in which the radical
center was not adjacent to a carbonyl group confirmed this Inter-
pretation, Nitrogen hfsc's for simple dialkylamlino radicals and the
corresponding dialkylaminium radical'cations,;RiﬁH-R, were reported
to be of the order of magnitude of 1l G and 18 - 19 G, respective-

1y.31’36 A simllar value was also obtained for the nitrogen hyper-

Table II

: a
Spectral Parameters of Some Nitrogen-Centered IT Radicals

N W

Radical a a g value Reference
(CHy) 30C(0)NCH, 15,00 29,30 2,0053 this work
CH3c(o)£Ic( CHy) 15.70 2,00LL this work
C3H70(0)N?C(CH3)3 10.35 2.0058 27
czﬂsoc(O)NOCEHS 10.80 2.0056 L1
CH3NCH3 14,78 27.36 2.004l 31
CHiﬁ(H)CHB 19.28  34.27 2.0036 36
CH3ﬁ06(0H3)3 .47 21,51 2.0048 L2
a Hfsc's reported In gauss
b Interaction with three hydrogen atoms
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fine interaction in N-alkoxy-N-alkylamino radicals, RO--ITJ--FU.L"2 The
P—hydrogen spectral parameters for N-methyl substituted radicals
were comparable, too, as can be observed from the dats in Table II.
A smaller F-hydrogen hfsc was expected In the case of the N-tert-
butoxy-N-methylamino radical (last entry in Tgble II) as alkoxy
substituent groups should be quite effectlive in removing spin den-
sity from the nitrogen atom. i

The magnitudes of the hfsc's for the amido radicals reported
furthermore suggested that there should not be extenslive delocalil-
zation of the unpalred electron onto the carbonyl group. For ex-
ample, carbon-centered o -keto radicals, R-C(O)~é(CH3)-R', had P-hy-
drogen hfsgc's of ca. 22 G (compared to 29,30 G for amido radicals)
and the spin density on the carbon radical center was estimated to
be appéoximately 0.77_h3

The g values of 2.00Ll and 2.0053 for the two amido radicals
reported gave further evidence for a II electronic struecture, al-
though the reéson(s) for the difference 1in g values between the two
radical speclies was not immediately apparent, Their order of mag-
nitude, however, agreed qulite well with the other entries In Table II,

As had been noted sbove, a 2. amido radical would be expected
to exhibit a much greater nitrogen hyperfine interaction. For ex-
ample, iminoxyl radicals, R20=ﬁ0, have been investigated and nitro-
gen hfsc's of ca. 30 G were :r-eported,8’1“]‘“)'Ls although only 50% of_
the spin denslty seemed to be assoclated with the nitrogen nucleus,
Therefore these specles were classified as Ez.radicals In which the

unpaired electron was contalned in an orbital derived from a p orbl-



