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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
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(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-



1k

tal on oxygen and the non-bonding sp2

orbital on nitrogen lylng in
the nodal plane of the molecular C-N T bond.

The investigation of N-chloroformamides, HC(0)-N(Cl)-R, should
have revealed additional information about the electronic structure
of amido radicals as the hfsc of the formyl proton was expected to
be sma}l for a TI radical because thils hydrogen would be held in the
nodal plane of the 2p orbital on nltrogen and large in case of a 2.
configuration due to the allignment of the C-H bond wlth the spin
bearing orbital in the plane of the molecule. However, upon lrradi-
ation of N-chloro-N-EggErbutylfdrmamide at low temperatures 1in so-
lution no spectrum could be recorded, In another attempt to gener-
ate a formamldo radical, the technique of Wood and Lloyd was employ-
ed.M""""8 Purified adamantane was dissolved in cyclohexane and freshe
ly distilled N-chloro-N-tert-butylformamide was added, After evapo-
ration of the solvent some of the amide remained trapped in the ada-
mantane matrix, After x-irradiation (copper target, L5 kV, 20 mA)
at -196° for two hours a three line spectrum with an Intensity dis-
tribution of 1:1:1 was recorded between -120°and +40° with a slight
intensity Increase at above 0°, The parameters derived from the
spectrum obtained at 0° (Figure 2) were: gl = 21,57 G and g = 2,0019,
The relatively small g value and nitrogen hfsc suggested that a car-
bon-centered 2. radical, most 1likely the corresponding formyl radi-
cal, was produced:

0 0
Il X-rays I
HC-IILC(CHB)3 - -C-?-C(CH3)3

(adamantane matrix)
Cl ' Cl




' 20 GAUSS

O= C-glIC(CH3)3

Figure 2. Electron spin resonance spectrum derived from N-chloro-
N-tert-butylformamide in an adamantane matrlx upon x-

irradiation.

15
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Furthermore, the esr spectral data were consistent with other form-
vyl radicals reported in the literature.lj""lS For example, for the
unsubstituted formyl radicsal, a(O)Nﬂa, e nitrogen hfsc of 21,8 ¢
and & g value of 2,00167 was derived.ls- On the basis of this re-
sult it did not seem possible to observe formamido radicals deri-
ved from N-chloroformamides as the carbonyl-carbon hydrogen bond

was even more labile towards homolytlic cleavage than the N-Cl bond,
3. Generation and Identification of Acyl Nitroxides

As noted above 1t was suspected that the spectra obtained by

Tordo and his coworkers28’29

were misinterpreted. In order to re-
ject thelr assignments two N-chloroamldes were photolyzed 1in air-
saturated toluene (ca. 10% by volume) at -90° using e 25% transmit-
tance screen in front of the uv 1émp. Irradiation for ca, 10 sec
of these solutlons produced strong signals the Intenslitles of which
decayed slowly but upon repeated 1rradiation for a few seconds the
initial intensity was regained. The spectrum obtained upon photo-
lysis of N-chloro-N-methylacetamide (Figure 3) exhibited a 1:3:3:1
quartet, each line split into a smaller 1:1:1 triplet. The spectra
produced in thls manner were assigned to the corresponding acyl ni-
troxldes, R-C(O)-N(é)-R'. The identity of these radicals was evi-
denced by the mode of generation, the relatlively small coupling con-
stants for nitrogen and the N-methyl protons, and g values charac-
teristic of nitroxides. Comparlison with reported acyl nitroxides

confirmed these assignments (Table III).3O’L’9’50 These results in-

dicated quite clearly that the paramagnetic specles reported by Tor-
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Table III

a
Spectral Parameters of Some Acyl Nitroxides

Radical aN _ENCH3H g value Reference
CH3c(0)N(6)c(CH3)3 7.57 2.0066 this work
cu3c(o)mE>)CH3 7.20 8.53 . 2.0065 this work
CH,C(0)N(0)C(CHz) 8.0 2.0068 30

3 ) b 3
GHBC(O)N(O)CH3_ 6.9 8.1 2,00655 28,29
. b
CHSC(O}N(O)C(CHB)B— 7.1 2.00655 29
a Hfsec's reported in gauss
b Reported as the corresponding amlido radicals

do, et E_J__”‘28,29

in Table III) were instead the corresponding acyl nitroxides,

0 0 -0 00*
I hy . 05 Il
R-C-TnR' i . Pl G NV BR-C-N-R!
Cl 0 0 Q0
. ' I

+ R-C=N-R'! + R-C=N=Rt?

00 00

| [

2 R-C-N-R?

Figure l.

presence of oxygen.

formation of nitroxides from N-chloroamides in the presence of air

Formation of acyl nitroxides from amido radicals in the

and interpreted as amido radicals (last two entries

2 R-C-N-R!' + 02
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was best explained by assuming the initlal formation of an amido ra-

dical, attack of oxygen at the radical center that would lead to the

formation of a peroxy radical and further reaction with a second ami-
do or peroxy radlical to yleld the acyl nltroxide,.

This observation‘opened a convenlent route for trappling transi-
ent amido radicals which could be illustrated by the followlng ex-
ample. It was not possible to observe the amido radical derived from
N-chloro=-N-methylacetamide probably due to the poor solubility of the
parent compound at low temperatures or the relative instability of
the radical, but the corresponding acetyl nitroxilde, CH3-C(O)-H(6)CH3,
could be observed in oxygen-rich toluene, indicating that an initial
formatlion of the amido radiecasl occurred. Thus oxygen seemed to be a
much simpler spin trapping reagent for acyl radicals (at least in

these cases) than the previously reported trap, nitroso‘benzene.51
4. INDO Caleculations

Intermediate neglect of differentlal overlap (INDO)52’53 calcu-
lations have proved useful 1n predicting hyperfine coupling constants
of nitrogén-centered IT radicals.31’36’u1 As spln densities and geo-
metrlies could be derived from these calculatlons 1t was of Interest
to apply this semiempirical method to amido radicals, However, when
performing calculations on the N-methylformamido radical inconsistent
results were obtained. Using bond distances and angles from results
of electron diffraction studiessﬁ and Pople's standard "A" geometry53
for unreported parameters, different electronlc configurations for

this radical were calculated for very similar conformations as indi-
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cated by the structures below.55

10 11 12

For structures 10 and 11 INDO calculated most spin density on the
oxygen atom in the plane of the molecule which was labelled a 5:0
configuration. A very small nitrogen hfsec {(ca. 1 - 2 G) but a large
formyl hydrogen coupling constant (ca. 70 G) was predicted., Rota-
tion of the methyl group from geometry ll to 12 completely changed
the electron distribution and the total spin density was calculated
to be about equally distributed between 2p orbitals on oxygen and
nitrogen perpendicular to the plane of the molecule which was indica-
tive of a TIT radical in terms of the previous definition. The nitro-
gen hfsc was calculated to be of the order of 10 G in fair agreement
with experimental data., Tordo and his coworker328 also derived o

IT description from INDO calculations but apparently failed to lnves-
tigate any alternative conformations., The results from the present
INDO calculatlons were viewed with circumspection as it seemed uﬁ—
likely that mere rotation of the N-methyl group could have such a

significant influence on the spin denslty distribution. Koenig56
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traced this discrepancy to the initial density matrix of the INDO
method which was derived from a form of Extended Huckel Theory. The
latter method predicted the lowest state for amldo radicals to be
2~ which was shown to be an incorrect result dues to the neglect of
electron-electron repulsion, He polinted out that several populations
of orbitals had to be examlned iIn order to finﬁ the lowest one 1f
configurational differences were not large. Straightforward appli-
cation of the "aufbau" principle by which orbitals were filled in a
standard manner according to fixed energles was not appropriate in
this case,

Using INDO and a systematic populaﬁion method Koenlg calculated
three potentials (E:N, 2:0’ and IT) for the formamido radical that
were a function of the CNH angle © (theta), A microwave geometry57

was assumed for the rest of the molecule,

0

N\

 ——

N

13

H

It was found that for © = 115° the TI configuratlion was energetical-
ly favored but for @ = 160° the L state, in which the unpaired elec-
tron resided In an orbital on nitrogen in the plane of the molecule
was lower In energy than for the IT configuration at this angle.  The
potential curve corresponding to the E:O configuratlion was higher in
energy for all @ than the other electronlic states with a shallow min-

imum at 8 = 105°, However, 1t was felt in this research group that
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comparison and ordering of possible electronic states of the form-
amido radical which differed by only ca. 10 kcal/mol was not unam-
biguous if an energy minimization with respect to the geometry for
each electronic state had not been conducted., Pople and his cowor-
kers58 had emphasized the Importance of such an optimization with re-
spect to the geometry for conformationsl similar 03H7+'cations using
standard self-consistent field moledular orbltal theory.

INDO calculations with energy minimization were performed on
the N-methylformamido radical as experimental data had been obtalned
for the N-methylpivalamido radical. Replacement of the tert-butyl
group at the carbonyl slite was not exﬁécted to significantly effect
the computed hfsc's and spin densities at the radical center but
would reduce the Qomputing costs In limliting the number of heavy atoms.
The INDO program was modified in such a manner that the energy con-
verged on a IT electronic conflguration during the self-consistent

field cycles.59 In this manner the energy minimized structure (as-

H, o7y
Hwmy'  -H
0 \ﬁ‘ﬁig
\\za o 12.1° v
\f\ /%
pC Ty
H 123°

Flgure 5. INDO energy-minimized geometry of the N-methylformamido

radical in the II electronic configuration,
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suming heavy atoms in one plane) for a II N-methylformamido radi-
cal was obtained as sketched in Figure 5. The N-methyl group was
assumed to be cls to the oxygen atom as the bulky tert-butyl substi-
tuent would force the methyl group into thils steric arrangement in
the reference plvalamido radical, Varying the CNC angle 0, an ener-
gy function was obtained with a minimum at 121° in both the c¢cis and
trans configurations, The highest energy calculated for this elec-
tronic state corresponded to a linear geometry at the nitrogen atom
(6 = 180°) as shown in Figure 6,

Using the standard INDO progrgm the energy minimized geometry of
the N-methylformamido radical in the E:N conflguration was computed
(Figure 7.).

-s°

4? 12.0° 70’ (/’-“\
A H
\ /
Cuzh

[] N '5
N__—-—"'/ \\\H
‘H

\/,%.A W37 A

use

Figure 7. INDO energy-minimized geometry of the N-methylformamldo

radical in the E:N electronic configuration.

Comparison of the two geometries revealed that the electronic confi-
gurations mainly effected the CNC bond angle and the heavy atom bond
dlstances. The lmportant calculated parameters from these INDO cal=-
culations which were averaged over three methyl rotamers were summa-

rized in Table IV (page 25). As listed in this table the obtalned
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energy values Indicated that the ITI electronie configuration was fa-
vored by 15.31 kcal/mol over the L N configuration when comparing
optimized geometries of these two states, but even In the unfavored
geometry (6 = 180°) the energy for a II radicel was still lower by
1.61 keal/mol than the energy that had been obtained for a minimized
EZLN configuration, This indicated that for no walue of & a cross-
Ing of the potentisls for the two states éccurred, a result that
contradicted Koenig's conclusions on the unsubstituted formamido
radical,

Comparison of the computed and measured hfsc's of nitrogen and
the N-methyl protons gave no conclusive evidence by INDO for a IT
electronic ground state of amlido radlcals since the spectral para-
meters were calculated lower for a Il and higher for a EZN electro-
nic configuration than observed (cf. Table V). However, it was felt
that the INDO method might have overestimated conjugatlional effects
and predicted more extensive delocalization onto the carbonyl group
than indeed was occuring. Additionally, Fischer60 had obtained em-
pirical parameters,A(Xy), from esr studies describing the ability
of a substituent to remove spin density from a from a carbon-cen-
tered radical, A value of 0,162 was listed for the carbonyl group
indicating that 1t was effective In reducing the spin density from
an adjacent radical center by only 16,24, In order to obtain an
estimate of the effect of a carbonyl group adjacent to a carbon ra-
dlcal center as calculated by the INDO method computations were per-
formed on the 2-propionaldehyde radical, a II radical, The heavy

atom distances were optimized with respect to the energy but Pople's
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standard geometrical model "A" was used for the remaining bond dis-

tances and angles.

Figure 8, Partlial INDO energy-minimized geometry of the 2-propion-
aldehyde radical.

The cohputed data along with experimental values obtained by Russell
and Lokensgardu3 for an o-keto radical were summarized in Table V.
For the carbon-centered radicals 1t was found that INDO overestima-
ted the effect of the carbonyl group to delocalize the unpalred elec-
tron and calculated the hfsc for the methyl protons 29% lower than
experimentally observed., Extrapolating these results to the amido
radicals it seemed likely that hfsc's for the ﬁ-methyl protons would
also be calculated too low., Smaller calculated spectral parameters
had only been obtained for the II electronic configuration (second
and third entry in Table V). Indeed, the energy-minimized II con-
figuration predicted the methyl protons hfsc to be 35% lower tﬁan
experimentally observed which was simllar to the difference between

calculated and observed hfsc's for the ol-keto case, It was there-
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fore concluded that the INDO method favored a II electronlc structure
for amido radicals but failed to predict correct spin densitles and
hfsc's for such a configuration due to the overestlmate of conjugatio-

nal effects with the carbonyl group.
5. Conformational Preferences of Amido Radicals

The preceeding INDO calculations on the N-methylformamido radical
indicated a dependence of the electronlic configuration on the relevant
angle at the nitrogen radlical center, TFor a llnear or almost linear
slignment of substlituents the energles of the II a.nc'izN were calcu=-
lated to be very close but a pronounced energetical preference of

15.31 kcal/mol was given to a bent structure 1l,

AElh.-rl’S = 15,31 keal/mol; &Els-rlé = -1,61 kcal/mol

b 15 16
An Investligation of the conformation of amido radicals would reveal
further insight In the electronic structure since a bent geometry
(& = 121° ) would unambiguously indicate a II electronic ground state
as predicted by the INDO method., As vibrational relaxetlion tlmes

were short compared with the time scale of the esr experiment only vi-
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brational ground state geometries had to be considered.61 It had
been pointed out in this research group that analysis of the p-hy-
drogen hyperfine interaction revealed decided conformationsl pre-
ferences in the dialkylamino radicals and dialkylaminium radical
catioﬁs.31’36 The magnltudes of the P-hydrogen hyperfine coupling
constants were found to be quite different with the dlethyl substi-
tuted radicals exhiblting a significant larger interaction than the
dimethyl substituted specles whereas the coupling in the diisopropyl
radicals was considerably smaller, From the magnitude of the ?-hy-
drogen coupling constant it was possible to estimate the angle bet-
ween the C-H bond and the axis of the p orbital containing the un-
paired electron for the time-averaged conformations of the diethyl-
amino and diisopropyl substituted radicals which was found to be 35°
and 60°; reapectively. From the examinatlion of molecular models it
was found that the declded conformational preferences arose from
sterlic interactions of the alkyl groups, A smalier deviation from
the coupling constants of the freely rotating methyl group was found
in the charged radicals indicating a lower barrier to rotation. INDO
energy-minimlized structures indicated a CNC angle of 117° for the
dimethylamino radical and a 9° larger CNC angle for the dimethylamin-
ium radical cation allowing for greater ease of rotatlon.

It was therefore expected that a similar dependence of the P-hy-
drogen hyperfine Interaction on the alkyl substlitution in amido ra-
dicals would be indicative of a bent geometry at the nitrogen radil-
cal center since no significant barrier to rotation in the N-ethyl-

and N-iso-propylamido radicals was expected for a linear CNC geometry.
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N-Chloro-N-ethylplvalamide and N-chloro-N-iso-propylamide were
synthesized in the previously described manner, Upon uv lrradiation
(2000 W mercury lamp) of degassed solutions of these amides in cyclo-
propane spectra of the corresponding amido radicals were obtained.
The eér spectrum assigned to the N-ethylpivalamido radical (Figure
9 A) featured a large 1:2:1 triplet due to the P-methylene protons
each 1ine split into a smaller 1:1:1 triplet from hyperfine inter-
action with the nitrogen nucleus. The poor slgnal to nolse ratio
in the spectrum was attrlibuted to the instebility of this radical
towards eliminstion of a methyl radlcsl, the spectrum of which

B 21.0 G, g = 2.0026)62 appeared after several minutes of lrra-

(a
diation of the parent N-chloroamide as shown In Figure 9 B: the
1:3:3:1 quartet due to the methyl radical dominated the spectrum
but fegtures of the spectrum of the N-ethylamido radical were still
apparent, A simtlar P-elimination had been observed during the pho-
tolysis of ethyl-N-methoxycarbamate, CEHSOC(O)NHOCHB, to form the
carboethoxymethyl nitroxide, CgHSOC(O)N(b)CH3.u1 In the present

case, however,there was no evldence that the eliminated methyl radi-

cal attacked the substrate which was most 1likely an imine (17).

0 0
[ hv | .
(cH3)300~N¥@.’EH3 —_— . (CH3)30(,!-N=CH2 + CHy
17

The spectrum assigned to the N-iso-propylplivalamido radical (Figure
10) showed six broad absorption lines of equal intensity distribu-



Figure 9.

Electron spin resonance spectrum of (A) the N-ethylpi-
valamido radical and (B) the methyl radical appearing

after prolonged uv lrradiation,

32
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Figure 10, Electron spin resonance spectrum of the N-iso-propylpival-

emido radical.
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tion which was Interpreted in terms of a 1:1 doublet from hyperfine
interaction with the methine proton of the lso-propyl group, each
line split into a smaller 1:1:1 triplet due to the nitrogen nucleus.

The spectral parameters of both amido radicals were summarized in

Table VI,
Table VI
a
Spectral Parameters of the N-Ethyl- and
N-1so=-Propylpivalamido Radicals
N H 2
Radical a apﬂ_ g value Temp,, C
. b R
(CH3)3CC(O)NCEH5 4.7 37. 2,0053 -100
(CHy) ,CC(O)NCH(CHs)p 14,85 22,10 2.0053 -100

Reported 1n gauss, estimated accuracy i;% except

a

~ where noted |

b Estimated accuracy +3% due to poor signel to nolse

: ratio

¢ Corrected to second order, estimated accuracy
40,0001 '

Comparison of the P~hydrogen coupling constants of these two amido
radicals with the corresponding values obtalned for dialkylémino ra-
dicals and dialkylaminium radical cations revealed a similar depen-
dence of the magnitude of the B-hydrogen hyperfine interaction upoﬁ
alkyl substitution at the nitrogen site (Table VII)., This dependence
was found to be very close to the behavior exhibited by the dlalkyl-

amino radicals (flrst column in Table VII) and suggested that the
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Table VII

a
Comparlson of B-Hydrogen Hfsc's of Related

Nitrogen-Centered IT Radicals

Radical-B-Hfsc's

Substituent +D +. C ' . 4
Group R RoN RoNH (CH3L,CC(0)NR
CH3 27.36 34.27 29,30
CH(CH3)2 14,31 32.41 22,10
a Reportéd in gausas
b Reference 31, spectra obtalned at -90°
¢ Reference 36, spectra obtained at 31°
. d This work, spectra obtalned at -100°

preferred conformation at the nitrogen slte in amido radlecals was
also bent, This was taken as further evidence for a II electronic
ground state c¢onfiguration since the INDO method predicted an angle
of 121° for the energy-minimized geometry of amido radicals.63

The semlempirical INDO method was expected to give reasonable
estimates of rotational barrliers of interest here. For example,
the INDO method estimated a rotational barrier of 2,20 to 2,25 keal/
mol (depending on the geometry) for ethane which compared well with
the experimental value of 2,875 kcal/mol.éu INDO calculations were
performed on three different rotamers of the N-ethylformamido radi-
cal (18) in the IT and Xy electronic configuration (6 = 121° and

170°, respectively) utilizing the standard model "A" for the ethyl
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group and the minimized geometric parameters for the remaining bond
distances and angles (¢f, Figures 5 and 7). Additional calculations
were performed on the diethylamino radical (19) for comparison pur-
poses using the same data for the ethyl group and minimized parame-
ters obtained previously for the CNC bond angle and the carbon-nil-
trogen bond distances in the dimethylamino raéical.36

R Y F &
N Ll o X
c-L-x —H N
/ '\ H-—-C/ \N/ \,c—»H
K H F ;0 \
H H
18 19

Three conformations obtained by rotation (0°, 90°, and 180%) about
the nitrogen-methylene carbon bond were consldered, the structures
;Q and 19 deséribing the 0° geometry,  The energy differences calcu-
lated by INDO for the three rotamers were taken relative to the ener-
gy computed for the preferred conformation of each radical specles

as summarized in Table VIII,

As anticipated the barrler to rotation was calculated to be high-
er for the N-ethylformamido radical in the II electronic configura-
tion than in theiiN state although the energy difference of 2.&2_'
kecal/mol between the unfavored conformations was less than expected
gince no Important sterlc interactlons seemed possible in the E:N

configuration due to the opened geometry (& = 170°), However,
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Table VIII

a
Relative Fnergy Differences for Rthyl Rotamers of the N-Ethyl-

formamido and Diethylamino Radicals as Calculated by INDO

Fnergy Differences

Radlcal _0° _ _90°_ 180°
HC(O)N-CpHg  (IT) 3,14 0.0 7.29
HC(O)ﬁ-CBHS (S ) 0.48 L.87 0.0
CoHg-N-CoHg  (IT) 2,58 0.0 6.53

a Reported in keal/mol

the potential obtalned for the IT amido radical was simllar to the
one calculated for the dlethylamino radical in agreement with previ-
ous conclusions based on P-hydrogen hyperfine interactions as deter-
mined by esr. The fact that signiflcant energy differences were
calculated for the amido radical in thez:LN electronic confipguration
indicated that considersble electronlec effects were operating. It
had been shown from results of INDO calculations that, in general,
carbon-carbon hyperconjugation was more favorable than carbon-hydro-
gen hyperconjugation in cationle specles while the reverse was true
for carbanions which could be compared to nitrogen with its lone pailr
of electrons, As preferred conformations in the present case were
predicted by INDO when the carbon-carbon bond in the ethyl group ec-

lipsed the spin bearing orbital on nitrogen (90° rotamer for II and
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180° rotamer foruS:N radicals as Indicated in structure 20) it was
concluded that the lone palr of electrons on nitrogen had a decilded
influence on the conformation since the lone palr - methylgroup in-

teractions were minimized in conformation 20 and C~H - lone pair and

6°° 309
H

HC(0)

HC(O0) : CHy

20 21

C~CH3 - unpaired‘electnon Intersctions were maximized, But 1t waslex—
perimentally observed that the P-hydrogen interaction increased when
changing the substituent group from methyl to ethyl (gg. Table VIT)
Indicating that the PB-protons were in closer proximlty to the spin
bearing orbital on the time-average in the ethyl group than in the
freely rotating methyl group, Thus structure 21 would more likely
represent the preferred conformation of the N;ethylformamido radical

accounting for the experimental results,

It was therefore concluded that the INDO method falled to pre-
dict correct conformational preferences due to the overestimate of
hyperconjugational effects with the unpalred electron, The poten-

tial barriers to rotation calculated to be of the order of seversl
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keal/mol seemed unlikely, too, Both Fessenden and Krusie and

67

Kochi found from esr studies that simple acyclic hydrocarbon radi-

cals exhlbited potentlial barrlers to rotation of ca. 0.3 keal/mol,
6. Investigation of Cyeclic N-Chloroamides

A more conclusive evldence for the effect of the CNC angle upon
the electronic ground state in amido radicals was expected from an
Investigation of cyelic radicals since the ring structure would lock
the angle @ at the nitrogen atom at a certain value, If-fariation
of the ring slze had a decided influence on the esr spectral psara-
meters Ilnslght of a change in the electronlic configuration could be
deduced., Symonshh had polnted out that for example in diacylamino
radicals a change from a TI to a 2 electronic configuration might
be 1ndu;ed by & sultable cholce of substituent groups or by a cone
straint on the relevant bond angle, e.g. comparing open chain and
eyclic radicals, Additionally, results based on the P-hydrogen hy-
perfine interéction in the acycllie species could be confirmed 1if
similar spectrai parameters were obtalned for cyclic amldo radlcals,

Upon photolysis (2000 W mercury lamp) of N-chloro-e-caprolactam
(seven membered ring) and N-chloro-2-pyrrolidinone (five membered
ring) In degassed solutions of cyclopropane at low temperatures no
esr spectra could be recorded,-results possibly attributable to poor
solubility of these N-chlorclactams at low temperatures., Therefore
some methyl substituted 2-pyrrolidinones were synthesized following

68

the synthetic route glven by Moffett and White as shown In Figure

11, The two methyl groups in the 5-position were expected not only
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Base
(CH3)20HN02 + CH2=C-0020H3 (CH3)2f-CH2—CH-COECH3

N02

H, | (Catalyst)

R
N L

0 (CH3)2T-CH2_CH-GOECH3

) NH,

///// ;
B (CH3)30001

N
l

c1 R = H, CH3
Figure 11, Syntheses of methyl substituted N-chloro-2-pyrrolidi-

nones,

to improve the solubllity due to the asymmetry introduced but also
to stabilize a possible nitrogen-centered radical since the acyclic
N-tert-butylacetamido radical had been shown to be relatlively stable.
However, no signals attributable to the expected amido radieals were

detected upon irradiation of these N-chlorolactams,

If very transient radicals were produced by uv irradiation
of N~chlorolactams photolysls In the presence of a sultable compound

could trap these specles, The simplest spin trapping resgent that
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proved useful in the case of the N-methylacetamlido radical was mole-
cular oxygen., However, under simllar experimental conditions no
spectra of nitroxides could be recorded, An slternate trapping re-
agent appeared to be phenyl-tert-butyl nitrone (PBN) as the nitrox-
1des resulting from spin trapping reactlions had been shown to be
relatively stable.69 Photolysis of W-chloro-5,5-dimethyl-2-pyrro-
lidinone (22) in a degassed benzene solutlon at room temperature
yielded strong, well resolved esr signals that were assigned to the
o -chlorobenzyl-tert-butyl nitroxide (23) by comparison with data

published by Janzen, et g;.70

N/;>>=o CHB-IIJ-C(O)G(CH3)3

| Cl
Cl : + PBN

22 + hv 2h

CGHS-fH-N-C(CHB)B
c1
23

As the same spectrum was obtained upon photolysis of N-chloro-N-
methylplivalamide In the presence of PBN it was concluded that in
both cases a homolytic cleavage of the N-Cl bond occurred, followed

by the reaction of the chlorine atom with the nitrone to yield the
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stable  ~chloroalkyl nitroxide. These trapping reactions establish-
ed that the formation of a chlorine atom and an amldo radical was
probably the initial photolytic reaction, Whereas it was possible

to observe the N-methylpivalamido radical an esr spectrum corres=-
ponding to & cycllie amldo radical was not recorded indicating that
further rapid reactions in the latter case were possibly accounting
for the insuffliclent steady-state concentration of cyelic amido ra-
dicals,

The previously employed technligue by Wood and Llc)},rd""‘g"'l*L8 using
an adamantane matrix seemed sultable for providing some inslght into
possible secondary reactions of cyclic amido radicals since no sol-
vent abstraction or other intermolecular reactions would be possible,
X-irradiation of trapped N-chlorolactams In the adamantane matrix
at liqﬁid nitrogen temperatures produced lsotroplic esr signals after
the sample was warmed to room temperature, In this manner spectrsa
were recorded from N-chloro-e-caprolactam, N-chloro-2-pyrrolidincne,
and the 5,5-dimethyl substituted analogue of the latter lactam. An
interpretation of these spectra was complicated by an intense quartz
signal resulting from radiation damage in the sample tube itself, A
1:1:2:2:1:1 splitting pattern seemed common to all spectra although
broad absorption lines complicated the assignment of intensity ra-
tios as could be appreciated from the spectrum obtalned from N-chlo-
ro-e-caprolactam (Figure 12), Thils spectrum featured a large quar-
tet (with intensity ratios of 1:2:2:1 or possibly 1:3:3:1) of 18.9 G
each line split into a smaller 1:1 doublet of 6,1 G, The observed

g values of 2,0028, 2.,003l, and 2,0037 for the radicals derived from
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N-chloro-e-caprolactam, N-chloro-2-pyrrolidinone, and N-chloro-%,5-
dimethyl-2-pyrrolidinone, respectively were signifilcantly smaller
than the values obtained for acycllic amido radicals (2.00ll. and
2.0053) Indicating that different radical speciles were observed in
these cases, The lower g values for the cyclic species suggested

62

carbon-centered IT radlcals.

X~-rays - HC1
0 0 ™™ 0
‘f Iff “
Cl + CI* X=-1ays
25 26 27
HI
™ 0
N
28

As no spectra were recorded using the lactams in the adamantane ma-
trix an abstraction reactlion of a B-hydrogen by a chlorine atom for-
med upon cleavage of the N-Cl bond seemed a possible reaction path-
way leadlng to the formation of a cfclic imine (structure 27 for “the
seven membered ring case) followed by loss of an allyliec hydrogen

caused by radiation damage to form the carbon-centered radical (28).
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If x-1rradiation in an adamantane matrix led to the formation
of a cyclic Imine it was anticipated that such a reaction pathway
should be unlikely for N-chloro-p-lactams as the 1ntrodﬁction of a
double bond would lead to considerable straln increase in the four
membefed ring. However, no esr spectrum could be recorded either in
solution or in an adamantane matrix upon irradiation of N-chloro-p-

iso-valerolactam (29).

(CHy) ,C——CH,

N_._.
of o

29

A trapping reaction with PBN ylelded the samé spectrum that had been
obtainéd previously and was assigned to the o« -chlorobenzyl-tert-bu-
tyl nitroxide (23) indicating that an initial N-Cl bond cleavage al-
so occurred in this case., As no radicals were detected using the
matrix techniéue, different radiation damage reactions were availl«
able for thls strained ring compound., For example, N-chloro- and
N-bromo-B-lactams were known to undergo peroxlde-induced rearrange-
ment reactions to the corresponding isocyanate in the presence of a
cocatalyst, generally an olefin.71

T2

Hudson and Jackson and later Kochi and EdgeT3 generated car«
bon-centered radicals from haloalkyl compounds and photochemically
generated trlethylsilyl radicals in c¢yclopropane. However, appll-
cation of thls technique to cyclic and acyclic amides did not prove

fruitful since triethylsilane reacted very vigorously with both N-
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chloro- and N-bromoamides upon mixing even at reduced temperatures.
Additionally, upon photolysis of samples'made up at liquid nitrogen
temperatures no esr signals could be recorded,

Thus 1t was not possible to observe c¢yclic amido radlicaels under
different experimental conditions employed; the spectra obtalned,
although an unequivocal assignment was not possible, indicated that
fast secondary reactions which could inelude abstractlion, elimination
or ring opening occurred after the initial formation of a nitrogen-
centered radical, the electronlc ground state configuration of which
remained speculative. Some later results with sulfonamido radicals
gave evidence for the conclusion that cyclic and acyclle radicals

have the same electronic configuration,
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IT. PART II: TRANSIENT SULFONAMIDO FREE RADICALS

A, Introduction

Sulfonamides, R-S0,~NHR' (R, R' = alkyl or aryl) were structural-
ly slmilar to the corresponding carboxyamldes, R-CO-NHR', yet were
known to differ in thelr reactivity. For example, the sulfonyl group
(-805,-) exhibited a more pronounced effect on reducing the baslsclty
of the adjacent nitrogen atom than the carbonyl group (-C0-), On
the other hand, sulfonamido radicals, R~802-ﬁaR', like amido radicals
had been claimed as intermediates 1n some photochemlcal reactions,

Generally, N-halosulfonamides, R-SOE-N(Hal)-R' (Hal = C1 or Br),
were used as possible sources of sulfonamido radicals In free radical
reactions, Fuller and Hickinbottom7u reported that N-chlorosulfon
amides could be used as chlorinating agents for the peroxide induced
chlorination of n-alkanes, They offered a reactlon scheme in which
a proposed sulfonamido radical functioned as the chaln carrier, Of
more Iimportance, however, for synthetic organle chemistry were re-
arrangement reactions observed upon photolysis of N-chloro-N-alkyl-
sulfonamlides that were analoguos to the ones reported for N-chloro-
&midf:as.l"5 Verma and Srivastava’® showed that N- (p-chlorophenyl)-
and Nepyrrolidinosulfonamides were produced upon irradistion of N-
chloro-N-phenyl- and N-chloro-N-n-butylsulfonamides, respectively.
The products formed were best being accounted for by assuming a
Hoffmann-Loeffler type free radlcal reaction mechanism., Okahara and
his coworkers76 found that the photorearrangement of N-chloro-N-alkyl-

n-alkanesulfonamides led to the formation of Y - and § -chloroalkane-
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sulfonamides. This was of some Importance as subsequent alkall treat-
ment of the rearranged products opened a convenient route towards the
synthesls of cyelic sulfonamides (or sultams) which received atten-
tion in the field of polymer chemistry as starting materials for the
prepafation of polysulfonamides.7? A similar method for the synthe-
78

sls of N-alkylsultams was reported by Neale and Marocus who postu-
lated a reaction path envolving sulfonamido radicals as intermediates
in these rearrangement reactions.

Based on these product studles 1t was of Interest to establish
unambiguously the existance of sulfonamido radiecals by electron spln
resonance spectroscopy. Information about thelr electronic structure
could then be deduced from the observed spectral parameters as had
been discussed In the introduction of Part I, From the similarities
mentioﬁed above it-was expected that sulfonamido radicals would have
hfsc's of the séme order of magnlitude as the corresponding amido ra-
dicals which would also imply 2 II electronic structure. Further-
more, compariéon of esr spectral data of the two radical specles

should yileld some insight in the electronic effects of the carbonyl

vs., the sulfonyl group.

B. Discussion of Results
l. Generation and Identiflication of Sulfonamido Radlcals

Baged on the results reported in Part I for amlido radicals it

was anticipated that upon photolysis of N-chloro-N-alkylsulfonamides
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in cyclopropane directly 1n the cavity of the esr spectrometer sig-
nals of the corresponding sulfonamides should be detected. The pre-
paration of the N-chloro compounds from the corresponding N-alkylsul-
fonamlides was achieved in good ylelds by the method of Okahara and

76 by passing chlorine into a suspension of the sulfon-

his coworkers
amide in an aqueous sodium hydroxide solution at lce bath temperatur-
es,

NaOH, H,0

R-S50,-NH-R! ~  R=S0,-N(C1)-R!
Cl,, 5°- 10°

Using tert-butylhypochlorite as a chlorinating agent78 required much
longer reaction times and was only applied in two cases (see experl-
mental section).

Tn this manner several N-chloro-N-alkylmethane- and phenylsulfon-
amides were prepared and degassed solutions of these amides In cyec-

lopropane (ca., 10 = 20% by volume) were photolyzed at different temp-

eratures,
hy *
R-SOE-N(Cl)-R' » R-SOZ-N-R’
¢yclopropane
R R!
a
CH CH
b 3 3
4 CH3 CH(CH3)2'
. CH3 C(CH3)3
. CGHS GH(GH3)2
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The esr spectra produced showed the same basic patterns as the ones
obtained from photolysis of N-chloroamides In solution and were there-
fore assligned to the corresponding N-slkylsulfonamido radicals., The
sulfonamido radicals generated In thls manner showed an enhanced sta-
billty compared to the corresponding amido radicals and spectra were
generally recorded at higher temperatures (-2d°to +30°) which large-
ly increased the solubility of the N-chlorosulfonamides iIn eyeclopro-
pane, But even at these temperatures 1t was not possible to obtain
spectra of the phenyl analogs of & and b due to Insolubility in a
variety of low-dielectric solvents., Analysis of the spectra obtalned
was stralghtforward and unequivocally established the location of
the unpaired electron on the nitrogen nucleus, The spectra featured
nitrogen hfsc's of ca. 1.5 to 2 G smaller than the values obtained
for the correponding amido radicals but g values and B-hydrogen hfsec,
with the exception of the N-lso-propyl derivatives, of the same or-
der of magnitude. The spectrum assigned to the N-methylmethanesul-
fonamido radical, GH3-302-I:T-CH3, as shown in Flgure 13 featured a
large 1:3:3:1 quartet due to the N-methyl protons each line split in-
to a smaller 1:1:1 trlplet from hyperfine interaction with the nitro-
gen nucleus. As the nitrogen hfsc was less than half the p-hydrogen
hfsc the spectral lines did not overlap as In the case of the N-me-
thylpivalamido radical (Figure 1), The spectrum assigned to the N-
ethylmethanesulfonamido radical (Figure 1l) showed similar coupling
patterns as the N-ethyl substituted amido radical., However, no F-
elimination was detectable in the present case indicating an enhanced

stabllity of the sulfonamido radicals towards secondary reactions.
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10 GAUSS

Figure 18, Blectron spin resonance spectrum of the N-tert-butyl-

phenylsulfonamlido radlcal,
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Differences could be noted for the a’-hydrogen hfse's which were
not resolved in the case of the amlido radlcals but were seen in the
spectra of N-iso-propyl and N-tert-butyl substituted sulfonamido ra-
dicals (see following Figures 15 through 18), Changing R from me-
thyl to phenyl while keeping R! constanﬁ did not change the overall
coupling pattern (compare Flgure 15 with 17 and Figure 16 with 18),
The spectra were dominated by the 1:1:1 triplet due to the nitrogen
nucleus, split ipto a smaller 1:1 doublet if an 1so-propyl group was
adjacent to this atom (Figure 15 and 17). Additional splittings of
the order of 1 gauss or less were assigned'm:x-protons and/or the
methanesulfonyl hydrogen atoms, CH3-S0,-, with better resolution of
5’-splittings in case of the phenylsulfonamides, Table IX summari-
zes the spectral parameters for the observed sulfonamido radicals,

The nitrogen hyperfine splitting constants of ca., 13 G and g va-
lues of 2,00L41 and 2.0042 suggested a II electronic configuration as
the values were consistent with other nitrogen-centered II radicals

18,27,31, 36,42

reported iIn the literature and similar to the parame-
ters measured for amido radicals. The magnitude of the N-methyl
proton hfsc furthermore indicated that there was no extensive delo-
calization of spln denslity into the sulfonyl group, a result that
was also derived for amlidc radicals on the basis of experlimental data,
This indicated that the sulfonyl and the carbonyl group exhlbited
very similar electronlc effects on adjacent atoms bearing an unpaired
electron,

Likewlse, the dependence of the P-hydrogen hfsc's on the alkyl
substitution was found to be similar to that derlived for dialkyl-

aminoBl and N-alkylpivalamido radicals (Table X).
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Table X

a
Spectral Parameters for p-Hydrogens in

Related Nitrogen-~-Centered IT Radicsals

Radical B-Hfscis

Substituent b . & . 4
Group R -EEN (CH3LBCC(O)NR CH4SO,NR
CH3 27.36 29,30 29,7
CoH 36.90 37.8 35.7

g
CH(CH3)2 1L.31 22,10 8.70
a Hfse's reported 1n gauss
b Reference 31, spectra obtained at -90°
¢ This work, spectra obtalned at -100°
d

This work, spectra obtalned at 30% except
where noted _
Hf'sc measured gt 0°

j@

On the baslis of the foregolng discussion in Part I this dependence,
a larger hfsc for the N-ethyl substituted sulfonamido radical and
& smaller one for the N-iso-propyl derivative compared with the va-
lue of the N-methylsulfonamido radical, indicated a restricted ro-
tation about the N-C bond which was suggestive of a bent S-N-C geo=-
metry. From previous considerations it seemed 1llkely that the cor-
responding angle at the radical center would be of the order of 120°
Application of the INDO method to these radicals
containing a second row element was not attempted since a parameter-

ization which did not include 3d orbltals In the basis set had only
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been found adequate In cglculations involving Si1 and 01.79
Temperature dependence studles of the P-hydrogen hfse's for the
N-iso-propylphenylsulfonamido radical gave further evidence for a
hindered rotation., A large effect was noted for thils specific coup-
ling constant of this radical which indicated an energy barrier to

rotation about the N-C bond,

‘Table XI

-Hydrogen Hfsc's vs. Temperature for the
Ty LE

N-1iso-Propylphenylsulfonamido Radical

_g6gs-soz-ﬁ-03(ca3le_p-ﬂfsc5 Temperature, 0o
7.36 -80
7.36 -60
8.00 -4o
8.51 ~20
8,82 0
9.43 20
10,01 1o
10.91 60

a Spectra obtalned in cyclopropane, hfsc's
reported in gauss, estimated accuracy ip.?%
b Estimated accuracy +3°

From Table XI it could be seen that the B-hydrogen hfsc increased as

the temperature Increased, changing about 3,5 G over the temperature
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range from -80°to +60°, Assuming an electronic configuration in which
the unpaired electron resided in a 2p orbital on nltrogen perpendicu-
lar to the S<N-C plane it could be inferred from the observed temp-
erature effect that at lower temperatures the methine hydrogen of

the 1so-propyl group preferred an alignment in the nodal plane of
this orbital, accounting for the small hfsc's; With increasing tem-
peratures this C-H bond slowly approached, on the time-average, an
eclipsed conformation with the spin bearing orblital. At hligher tem-
peratures this hfsc theoretically should reach the value observed
for the N-methyl protons which, however, could not be shown experi-
mentally due to the insufficient steady-state concentration of this
radical at higher temperatures.

In order to be able to obtain the energy barrler to rotatlon by
the method described by Krusic and Kochi67 a simple twofold sinusoi-
dal potential for this rotatlon would be required, Such a potentlal
most 1likely did not exlst for the N-iso-propylphenylsulfonamido radi-
cal as rotation about the N-C bond would eclipse the methyl groups
of the 1so-propyl molety and the oxygen atoms of the sulfonyl group,
Therefore the energy corresponding to structure 31 should be higher

than the energy corresponding to conformer 30.

g , CH3 % CH3 4
CéHS""Pi" H C6H5----? n
0 CH, -
CH
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2. Evidence for a Cyclic Sulfonamido Radleal

The spectral similarities to the carboxyamido radicals but an
enhanced stabllity at higher temperatures led to the conclusion to
attempt spectra of eyeclic sulfonamlido radicecals. Thus N-chloropro-
panesultam was synthesized as shown in the reaction sequence in Fi-

gure 19, following the synthetic route given by Bliss and his co-

workers.77
Peroxidse
CHB-C(O)-SH + CH2=CH-CH2C1 . - CHB-C(O)-S-(CHE)B-Gl
012
. NH3
HEN'soe'(CH2)3'01 - 01-802-(0Hé)3-01
KOH
< - Cl NaOH, H,0
S0 22 r 2
2 > 802
$/// i: f’//
H c1

Figure 19, Syntheslis of N-chloropropanesultam

Photolyzing thlis compound at 30° in cyclopropane very weak
esr signals were detected (Figure 20). Unfortunately not the com-

plete spectrum could be recorded due to the instabllity of thls ra-
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dical. By comparison with the acyclic N-ethylmethanesulfonamido ra-
dical In which a methylene group was likewise adjacent to the nitro-
gen radical center an assignment of the lines which were present in
the expected intensity ratios as Indicated by the stick diagram was

possible (summary of spectral parameters in Table XII),

Table XII

a
Spectral Parameters of a Cyclic and an Acyclic
b

Sulfonamido Radical

N H d o
Radical a aP g value Temp., C
L -]
13.3 L34 2.0042 30
//,Sqe
N
CH3-802-1~I~02H5 1 3 35.7 2.,0041 30

a Hfse's reported in gauss, estimated accuracy
+2% except where noted

b In cyclopropane as the solvent

¢ Estimated accuracy 15% due to poor signal to
nolse ratio

4 Corrected for second order effects, estimated

accuracy +0.0001

The nitrogen hfsc and the g value were consistent with the other sul-
fonamlido radical whereas the splitting constant for the P-protons

was ca. 8 G larger than in the acycllic N-ethyl substituted radical.
But this increase was expected since the more rigid ring structure

would align the two B-hydrogen atoms closer (by approximately 5°)
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with the spin bearling 2p orbital on nitrogen, On the other hand, it
was not possible to obtain any spectrum by x-irradiating N-chloro-
propanesultam in an adamantane matrix at low temperatures although
one would expect & spectrum similar to the one obtained from N-chlo-
ro-e-caprolactam (Figure 12) with this fechique. A reason for this
discrepancy remained speculative, But the spectrum recorded In so-
lutlon gave some direct evidence for the fact that an initial for-
mation of a nitrogen-centered radical, with the same electronic con-
figuration as the open chain counterparts, occurred upon photolysis
of the N-chloro compound, Once formed, several modes for elimination
end rearrangement reactions might have been possible that would not
seem likely for acyclle radicals, explalning the very transient na-
ture of the cyclic species. Due to the five membered ring the sub-
stitueﬁt groups on the niltrogen radlical center were tled back and
held In close proximity with an S-N-C angle of probably ca, 120°,

A simllar geometry could be expected for the acyeclic sulfonamido ra-
dicals on thé basls of the congruent esr parameters., This would
supvort their II electronic configuration in terms of the discussion
of INDO calculatlions glven earlier since sulfonamido and amido ra-
dicals seemed to be very much alike in electronlec ground state con-

figurations.
3. Generation and Identiflication of Sulfonyl Nitroxides

By photolyzing N-chloroamldes in toluene in the presence of oxy=-
gen, spectra of the corresponding acyl nltroxides were obtained, Ex-

trapolating these results 1t seemed likely that spectra of sulfonyl
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nitroxides, R-Sosz(é)—R', should be obtained in a similar fashion,
Thus two N-chlorophenylsulfonamides were photolyzed in air-satur-
ated toluene (ca. 10% by volume) at 0° in the previously described
manner, Exposure to the uv light source for ca. 10 sec. produced
esr spectra which were assigned to the corresponding sul fonyl ni-
troxlides.

hy, O

R-SO_-N(C1)-R! 2. R-S0,-N(0)-R!
2 0°, Toluene

The spectrum assigned to the N-iso-propylphenylsulfonyl nltroxide
(Figure 21) featured a characteristic 1:1:1 nitrogen triplet and a
relatively small 1:1 doublet assigned to the methine proton. The

identity of these radicals was unequivocally established by thelr

Table XIII

a
Spectral Parameters of Sulfonyl Nitroxides

Radical aﬁ aHX g value Reference
" b
céﬂs-soz-N(o}-CH(CH3)2 1140 1,99 2.0062 This zork
" 11.5 2.3 2.0061 80~
" b
C6H5-802-N(O)-C(CH3)3 12,17 2.0059 This gcrk
" 12,2 2,0061 80~

Hfsc's reported in gauss

Estimated accuracy of hfsc's +0,7%, spectra
obtained in toluene at 0°

Spectra obtained in toluene or methylene chlor-
ide at room temperature

lolm

fe]
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0
SO,-NCH(CHy),

Figure 21, Flectron spin resonance spectrum assigned to the

N-iso-propylsulfonyl nitroxide,
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mode of generation, thelr characteristic g values which agreed with
the values obtained for acyl nitroxides, and comparison with reported
sulfonyl nitroxides, DeBoer and his coworkersso had obtalned sulfo-
nyl nitroxides upon lead dloxide treatment of N-hydroxylsulfonamides
and upon photolysis of N-nitrososulfonaﬁides. The spectral parameters
were compared in Table XIII,

A similar trapping mechanism as had been assumed for the forma-
tion of acyl nitroxides could also be applled In this case suggesting
the initlal photolytic generation of a sulfonamido radical and subse-
quent reaction with oxygen present In the system, leading to the for-

mation of nitroxides,
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IIT. EXPERIMENTAL

A, The Esr Experiment
1. Esr Spectrometer

The electron spin resonance (esr) spectra were recorded on s
Varian Model ;502 X-Band spectrometer, The standard Varlian variable
temperature dewar was used when spectra were recorded at temperatur-
es other than room temperature, The spectra were obtalned with ex-
perimental samples In the front cavity modulatedlat 100 kHz and an
aqueous Fremy's salt solution iIn the rear cavity modulated at 200
or }j00 Hz, Spectra of both the experimental sample and Fremy's salt
were recorded simultaneously on a G=22 dual channel recorder,

Hyperfine coupling constants (hfsc's) and g values of the ra-
dlicals were derived by comparison with the hfsc and g value of Fre-

my's salt which were taken to be 13,09 G and 2,0055, rGSpectively.SI

The calculation of g wvalues was performed as described by Kensler.82
Those spectra the hfsc's of which could not be obtained direct-

ly due to overlapping 11hes were derived from computer simulations,

using a program which included second order effects3? obtalned from

P. J. Krusic at E. I. DuPont de Nemours Company,BB

2. Photolytic Apparatus

A PEK AH6-2B, 2000 W high pressure mercury capillary lamp was

utilized in conjunction with a sultable lens system as described by

82

Kensler - wlth modiflcations and operational considerations added by
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West.hl In general, as many samples as could convenlently be pre-
pared were made ready for photolysis, Samples were changed in the
esr cavity without turning the lamp off iIn order to reduce the times
the lamp had to be started since the lamp lifetime was reduced each
time the lamp was started. Since the 1ﬁmp was operated in a verti-
cal posltion readjustment of the mercury In the caplllary of the

lamp had to be made after four to six hours of lamp operation,
3, Sample Preparatlion and Generatlon of Radicals

a, Amlido and Sulfonamido Radlecals

Amido and sulfonamido radicals were generated by photolysis of
the corresponding N-chloroamides and -sulfonamides, respectively,
directly in the cavity of the esr spectrometer, The esr samples were
generaily prepared in the same manner using high vacuum techniques to
deoxygenate the samples. As the N-chloro compounds were non-volatile
substances the proper amount was transferred into the esr sample tu-
bes by a long“pipette. The amides were deoxygenated by at least
three freeze-pump-thaw cycles. The cyclopropane (Matheson Company)
used as a solvent was deoxygenated on the vacuum system by usually
two freeze-pump-thaw cycles, then trap to trap distilled into the
esr sample tube containing the N-chloro compound., Samples were
approximately 10-20% by volume of the amide in cyclopropane. The
sample tubes were then sealed and stored at -196° until used. The
solutions in the esr tubes were warmed to -80° and thoroughly ﬁixed
before placing in the esr variable temperature dewar cavity prior to

photolysis,
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The vacuum system employed maintained a vacuum of less than
10'5 Torr., The sample tubes used were described by Kbnsler.3u
Photolyses were carried out with samples in the esr cavlty using the

focused 2000 W high pressure mercury lamp,

b. Acyl and Sulfonyl Nitroxides

'Spectra of acyl and sulfonyl nitroxides were observed upon
photolysis of N-chloroamides and -sulfonamides, respectively, in
alr-saturated toluene at reduced temperatures, Samples were simp-
1y prepared by mixing toluene and the N-chloro compound (ca. 10% by
volume) without deoxygenation. The nitroxides were produced by
brief exposure (ca. 10 sec) to the light source using a 259 trans-
mittance screen in front of the uv lamp, Spectra of acyl nitroxides
were recorded at -90° whereas of sulfonyl nitroxides were obtalned
gt 0° due to an enhanced stabllity. The esr spectra remained for
several minutes after removing the light source wlth a gradually
decreasgsing Intensity but upon repeated exposure to the light source

the Initial intensity was regained.

¢. Radlcals Generated In an Adamantane Matrix

Radicals from N-chloro-N-tert-butylformamlide and N-chlorolactams
were generated by x-irradiation in an adamantane matrix (Aldrich
Chemicals) utilizing the procedure of Wood and Lloyd.M"'LL8 As the
N-chlorp compounds were non-volatile substances cyclohexane was used
as a cosolvent, After evaporation the solvent some of the amide was
trapped in the adamantane matrix. The dried substance was trans-

ferred into an esr sample tube and x-irradiated with a Norelco x-ray
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diffraction unit, A copper target was used and operated at Ij5 kV and
20 mA, The sample was placed about two inches away from the target

and x-irradiated for two hours at -196°, Isotroplc spectra were gen-
erally recorded after allowing the sample to warm up to room tempersa=-

ture in the cavity of the esr spectrometer,
B. INDO Caleulations

The INDO calculations were performed on an IBM 360/50 computer
utilizing the program of Pople, et 53.52’53 A copy of thls program
was obtained from the Quantum Chemistry Program Exchange, Indlansa
University, No. 141. The standard progrsm was modified by Purcell59
to allow calculations on amido radicals in the IT electronic confi-
guratioﬁ. The Carteslian coordinates for all the atoms in a molecule
were calculated using a program described by Schwendeman.83 A geo=-
metry for a glven molecule was assumed using bond lengths (in ang-
strom units) and bond angles as standardized in Pople's model "A".53
Energy-minimization with respect to the geometry was accomplished by
varistion of one parameter (first bond lengths then angles) until op=-
timlzation with respect to this parameter was achleved while keeping
the remaining part of the molecule constant, The bond lengths were
optimized to 0,01 £, bond angles to 1°, The hfsc for a freely ro-
tating methyl group was approximated by averagling the calculated

hyperfine interactions of three methyl rotamers,
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C, Chemicals

Melting polnts were obtained on a calibrated Flsher~Johns mel-
ting point apparatus. Boiling polnts were recorded while distilling
the materials and were uncorrected. Nnélear magnetiec resonance (nmr)
spectra were obtalned on a Varian T-60 spectrometer and chemical
shifts wre reported relative to tetramethyisilane (TMS)., The infra-
red (ir) spectra were recorded on a Perkin-Flmer Model 137 spectro=-

meter and calibrated with the 6,23 1 1line of polystyrene film,
l. N-Chloroamides

The N-chloro-N-alkylamides were obtained by treatment of the
corresponding amides with tert-butylhypochlorite in the presence of
small émounts of potassium carbonate in an inert solvent, usually
carbon tetrachlbrida, at room temperature for several hours as de-
scribed by Neale, et gl.s Completion of the chlorination was deter-
mined by the disappearance of the N-H stretching band (eca. 3.0 p) in
the ir spectrum and the dlsappearance of the broad absorption peak
due to the amide proton in the nmr spectrum, Addlitionally, a charac=-
teristic downfield shift of up to 0.8 ppm of the P-protons adjacent
to the N-Cl bond was noted when comparing nmr spectra with the parent
amides, A direct identification of the N-Cl1 bond formation by spec-
troscoplic methods d1d not seem sultable slnce the N=Cl stretching
band was in the fingerprint region of the 1r spectrum (12,5 p ﬁo
13.2 p)gu where an unambiguous assignment dld not seem possible,

Likewise, ldentification by uv/visible spectroscopy was not useful
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as the crbonyl group adjacent to the nitrogen atom of the N-Cl chro-
mophore removed the selective absorption of the N-(Cl bond.\85
The tert-butylhypochlorite used in these syntheses was initisal-

86 in 50 to 70% yield by

1y prepared by the method of Teeter and Bell
passing chlorine into an aqueous sodium hydroxide solutlon in the
presence of tert-butyl alcohol at 5-10° for two hours, Although a
highef yleld was obtained In this manner a second method described
by Mintz and Wallinga7 proved more convenlent In avolding the use

of gaseous chlorine, A mixture of tert-butyl alcohol and glacial
acetic acld was added dropwise to a common housshold bleach solution
at ice bath temperatures and stirred for several mlnutes. The tert-
butylhypochlorite which separated as the upper layer was washed

acld free and stored over l £ molecular sieves in the dark in the re-

frigerator with no noticable loss In activity after several weeks,

N-Chloro-N-methylacetamide., The synthesls of N-chloro-N-methylacet-

smide was achieved in 58% yield from L.25 g (0,058 mol) N-methyl-
acetamide (commercially available} and 7.0 g (0,065 mol) tert-butyl-
hypochlorite according to the procedure of Neale, et 5&.:5 bp L5=47°,
15 mn (116,58 52°, 50 mm),

N-Chloro-N-tert-butylacetamlide. The N-tert-butylacetamlide used in

this preparation was synthesized in 7,4% yield from acetyl chloride

8
and tert-butylamine according to the method of Trelbs, et al.: ?

P 97-98°)., The synthesis of the N-chloro compound

mp 100-101° (1it,
was achieved in }j2% yleld from 6.7 g (0,058 mol) amide and 7.0 g
(0.065 mol) tert-butylhypochlorite following the method of Neale, et

gl.:s bp 65-679, 15 mm (lit.5 L%, 9 mm),
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N-Chloro-N-methylplvalamide, The synthesls of the parent amlde was

achlieved in 79% yleld by the dropwlse addition of 12.0 g {0.10 mol)
pivaloyl chloride to a solution of 8.0 g (0.025 mol) monomethylamine
(bp «6°) in 100 ml ether at 1ce bath temperatures: mp 88-90°cf the
erude product, Reaction of L,5 g (0.0Bé mol) N-methylplvalamide
with 4.7 g (0.0l3 mol) tert-butylhypochlorite in the previously de-
scribed manner afforded the N-chloro-N—methylpivalamide in 5h¥ yield:
bp 67-71°, 15 mm (11t.88 65°, 25 mm),

N-Chloro-N-tert-butylformemide. To 9.0 g (0.089 mol) tert-butyl-

formamide (commercially available) was added 10.0 g (0.092 mol) tert-
butylhypochlorite according to the method of Neale, et gl.,; to

give the N-chloro compound in 37% yileld: bp 48-49%, 1.5 mm (lit.91
;8-52°, 0.1-0.15 mm; the reported pressure might be a printing error),

N-Chloro-N-ethylplvalamide, The N~ethylpivalamlde used in thils pre-

paration was synthesized in 82% yleld from 12.0 g (0,010 mol) pival-
oyl chloride and 17.2 g (0.25 mol)monoethylamine (bp 16°) in the
same manner ﬁs N-methylpivalamide, Treatment of 7.0 g (0.05l mol)
of the crude amide with 6.5 g (0,060 mol) tert-butylhypochlorite in
75 ml carbon tetrachloride in the presence of 0,1 g potassium carbo-
nate for 48 hours gave the N-chloro-N-ethylpivalamide in 347 yleld:
bp 28-29°, 1 mm; 1ir (CClu) 6,02 p (€=0); nmr (CDCl3)'t 8.77 and 8.66
(3 + 9 H, triplet and singlet, overlapping methyl and tert-butyl
group, J = 7.0 Hz), 6.26 (2 B, quartet, J = 7.0 Hz). See page 88
for ir and nmr spectra, -

N-Chloro-N-iso-propylpivalamide, Preparation of the crude parent

amide (mp 93-95°) was achieved in 629 yield from 12.0 g (0.10 mol)
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pivaloyl chloride and 15,0 g (0.25 mol) iso-propylamine in a similar
manner a8 had been described for N-methylpivalamide, The synthesls
of the N-chloroamide was achieved in 39% yleld from 6.0 g (0,042 mol)
N-iso-propylpivalamide and 5.l g (0.0SO'mol) tert-butylhypochlorite
utilizing the method of Neale, et al.:> bp 38-10°, 1 mm; ir (co1y)
6,03 p (C=0); nmr (CD613) © 8.82 (6 H, doublet, J = 6.6 Hz), 8,65

(9 H,‘singlet), 5.13 (1 H, septet, J = 6,6 Hz), See page 90 for 1ir
and nmr spectra,.

N-Chloro-e-caprolactam, The synthesis of N-chloro-e-caprolactam was

achleved in 37% yield from 2.5 g (0,022 mol) e-caprolactam (commer-
clal reagent) and 2,7 g (0,025 mol) tert-butylhypochlorite in the
previously described manner, A colorless liquid was obtalned, No
distillation was attempted since this N-chloro compound was known to
decompose at 806, 760 mm, 72

N-Chloro-2-pyrrolidinone., 5.1 g (0.060 mol) 2-pyrrolidinone (com-

mercial reagent) were treated with 7.0 g (0,065 mol) tert-butylhy-
pochlorite following the procedure of Neale, et g;.,g to give the
N-chloro compound in 77% yield., The colorless crystals obtained
melted at L 2-14°, the ir showea no N-H stretching band.

N-~Chloro-5,5=-dimethyl-2-pyrrolidinone. The synthetle route given by

Morfett+*?3 was followed 1n the preparation of 5,5-dimethyl-2-pyr-
rolidinone, In a 500 ml three-necked flask, fitted with a stirrer,
e dropping funnel, and a thermometer, 89,0 g (1.0 mol) redistilled
2-nitropropane (bp 120°), 50 ml dioxane, and 10 ml of a L0% metha-
nolic sclution of benzyltrimethylammonium hydroxide (Triton B) were

warmed to 70°. 86.0 g (1.0 mol) redistilled methyl acrylate (bp 80°)



78

were added with stirring during 15 min, The temperature rose to a-
bout 100° during the addltion and the dropped to about 85°, The mix-
ture was heated with stirring on a steam bath fﬁr four hours, After
cooling and acidification with dilute hydrochloriec sacid the product
was extracted with four 50 ml portions of ether, The ether layer
was washed with water,0,1% sodium bicarbonate solution, eand finally
agaln with water. The etheral solution was dried over anhydrous SO
dium sulfate, After flltration and removal of the solvent by dis-
tillation the product was distilled through a short fractionating
column. The methyl K-mmthyl-g-nitrovalerata was obtained in 7h%
yleld: bp 129°, 1.5 mm (11t.72 79°, 1 mm).

A different catalyst than described by Moffett93 was used for
the reduction of the nitro compound. To a solution of 15.0 g (0.086
mol) meéhyl X—methyljg-nitrovalerate in 200ml absolute ethanol 1.5 g
of palladium on powdered charcoal (5%) were added, The mixture was
hydrogenated at room temperature for 5 hours starting with an ini-
tial pressurehof 60 psi. The catalyst was fillterd and the ethanol
removed by distillation. The residue was heated to 200° and kept at
this temperéture for 10 min, After cooling the product was distilled
through a short distillation apparatus: bp 1048-152°, 16 mm (11t,7>
126,5-128,5° 12 mm). The %,5-dimethyl-2-pyrrolidinone was obtained
in only 26% yield, probably due to the catalyst employed,

The synthesis of N-chloro-5,5-dimethyl-2-pyrrolidinone was
achieved In ;2% yield from 2.5 g {0.021 mol) 5,§-d1mathy1-2-pyrfoli~
dinone and 2,7 g (0,025 mol) tert-butylhypochlorite following the
synthetic method given by Neale, et l.:” bp 75-78%, 1.5 mm; ir (CC1))



79

5.79 u (¢=0); nmr (cuh) © 8,72 (6 H, singlet), 7.8 (4 H, multiplet).
See page 92 for ir and nmr spectra,

N-Chloro~3,5,5-trimethyl-2-pyrrolidinone, The synthesis of 3,5,5«

trimethyl-2-pyrrolidinone was achleved in 57% yield following the
procedure given for 5,5-d1methy1-2—pyrr§11dinone, except redistil-
led methyl methacrylate (bp 99-100°) was used as a starting material,
The N-chloro compound was synthesized in Sé% yileld from L.0 g (0,032
mol) 3,5,5-trimethyl-2-pyrrolidinone and 4.0 g (0,037 mol) tert-bu-
tylhypochlorite in the previously described manner.5 A white crys-
talline solid was obtained: mp 75°; ir and nmr spectra showed no
presence of the amlde proton,

N-Chloro~B~1so-valerolactam. The starting P-iso-valerolactam-N-sul-

fonyl chloride was syntheslzed according to the method described by
Graf.gu A 300 ml four-necked flask was fitted with a mechanical
stirrer, a dry ice-jacketed dropping funnel, a thermometer, and a
dry ice reflux condenser. The flask was cooled down te -20° by means
of a dry ice-acetone bath while 67 ml of sulfur dloxide were con-
densed Into the flask. U7.1 g (0.33 mol) chlorosulfonyl isocyanate
(commercially available) and 0,3 g potassium chloride were added,
19.5 g (0.35 mol) iso-butylene, previously condensed in a cold trap,
were added to the dropping funnel. The temperature in the reaction
flask was lowered to -60° and the iso-butylene was added dropwise to
the stirred solution during 20 min., The cooling bath was removed
and the reaction mixture allowed to warm until the sulfur dioxi&e
started refluxing, The slightly yellow liquid obtained was added

gradually to 125 ml water with vigorous stirring, A white preci-
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pltate formed and sulfur dloxlde evolved, Dissolved sulfur dioxide
was removed by means of an alr stream directed on the surface of the
1iguid. The precipitate was collected on a Buchner funnel and washe
ed three times with 30 ml portions of ice water, The molst product
obtained in thls manner was converted directly to the B-lgo-valero-
lactam utlilizing the method of Durst and O'Sullivan.95

A solution of 35.6 g of the crude B-iégrvalerolactam-N-sulfonyl
chloride dissolved iIn 200 ml ether was added dropwise to a mixture
of 25% (by welght) aqueous sodium sulfite solution and 50 ml ether
at room temperature, At the same time a 107 (by weight) aqueous
potassium hydroxlde solution was added to maintain the pH of the re-
action mixture at 8. After completion of the addition the ether
layer was separated and dried over anhydrous sodium sulfate, then the
ether was removed by distillation, The lactam, distilled at re-
duced pressure:lbp 75-83°, 1,5-1.75 mm (lit.gh 709, 1 mm), was ob-
tained in 26% yileld based on chlorosulfonyl isocyanste,

Conversion to the N-chloro-P-iso-valerolactam was achieved in
31% yield by the reaction of 2.0 g (0.020 mol) F-iggrvalerolactam
with 2.7 g (0.025 mol) tert-butylhypochlorite as previously descri-
bed: bp 50-52°,1 mm; ir (neat) 5.6 p (C=0); nmr (CDCIB) T. 8.55 (6 H,
singlet), 7.09 (2 H, singlet; the spectrum of the parent amide show=-
ed a doublet, J = 1.8 Hz, at 7.29, 2 H, which was shown to be due to
& long range effect of the amide proton, replacement by chlorine re-

moved this interactlon)., See page 9L for ir and nmr spectra.
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2. HN=Chlorosulfonamides

The N.alkylsulfonamldes used as starting materials in these syn-
theses were mainly prepared according to the genersl method given by

96

Hinsherg and Kessler: the sulfonyl chloride was added to a so-
lution of the corresponding amine in ca. 10% (by weight) aqueous so-
dium hydroxide solution at 5-10°, Convefsion to the N-chlorosulfon-
amide was achleved according to the method of Okshara, et gl.76
Chlorine was passed into a suspension of the sulfonamide in an saque-
ous sodium hydroxide solution (ca, 2.5% by weight) at 1ce bath temp-
eratures until the yellow color of chlorine persisted, In two cases

the method of Neale and Marcus78

was employed, utilizlng tert-butyl-
hypochlorite as a chlorinating agent., However, as much longer re-
action ‘times were required in the latter method, a preference was
given to the synthetic route of Okahara,et 5},76

The same spectroscopic methods as used in the syntheses of the
N-chlorcamides was employed in the identliflication of the N-chloro«
sulfonamides which, however, :showed an enhanced instabillty at high-
er temperatures and could generally not be purified by distillation.

N-Chloro-N-methylmethanesulfonamide, The synthesis of the starting

N-methylmethanesulfonamide was achieved in I5% yield from 22,9 g
(0.20 mol) methanesulfonyl chloride (commercially available) and
18.6 g (0.60 mol) monomethylamine according to the procedure of Bax-

7 A solution of the amine in 150 ml dry ether was cooled

ter, et al.
to =10° with an lce/ammonium chloride bath, the solution of the sul-
fonyl chloride was added very slowly to keep the temperature below

-5°. After complete addition the reaction mixture was gradually
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warmed to room temperature, stirred for an additionally three hours
and filtered from the precipltate which was washed with ether and
chloroform, After removal of these solvents by distlllation the
product was distilled: bp 110-114°, 0.25 mm (11t.7! 117-118°, 0.3 mm).
Converslon to the N=chloro compound was gchieved in 477 yield
according to the précedure of Okahara, et g;.:76 bp 62-64°, 1mm
(11t.79 611-659, 1 mm). )

N-Chloro-N-ethylmethanesulfonamide, The parent sulfonamide was syn-

thesized in 66% yleld from 11.) g (0,10 mol) methanesulfonyl chlor-
ide and 13.5 g (0.30 mol) monoethylamine using the same procedure

as had been described for the synthesis of N-chloro-N-methylmethane-
sul fonamide: bp 108-111°, 0.25 mm (lit.98 105,5-107,0°, 0,3 mm).
Conversion to the N-chlorosulfonamide was achieved in the previously
describ;d manner, No distillation was attempted since N-chloro-N-
tert-butylmethanesulfonamide was known to decompose at higher tempe-

78

ratures, The product was dried over 4 % molecular sieves: ir
(CHClB) 7.4 and 8.6 p (-SOZ-Nz); nmr (CDCl3)'B 8.65 (3 H, triplet,
d = 7.0 Hz), 6.93 (3 H,singlet), 6.48 (2 H, quertet, J = 7.0 Hz).
See page 96 for ir and nmr spectra,

N-Chloro-N-iso~propylmethanesul fonamide, N-1so-nropylmethanesulfon-

amide was synthesized according to the method of Baxter, et g&.,97
in 81% yield from 17.2 g (0,15 mol) methanesulfonyl chloride and
26,6 g (0.45 mol) iso-propylamine: mp 33° (lit.99 34-35°), Syntheéis
of the corresponding N-chlorosulfonamlde was achleved in the pre-
viously described manner; no distlllation was attempted: 1r (CClu)

7.4 and 8.5 p (-80,-N=); nmr (CDClB)*t 8.72 (6 H, doublet, J = 6,0



Hz), 6.92 (3 H, singlet), 5.60 (1 H, septet, J = 6,0 Hz), See page
98 for ir and nmr spectra.

N~Chloro~N-tert-butylmethanesulfonamide, The synthesls of the pa-

rent amide was achleved in 33% yield from 16.0 g (0.1l mol) methane-
sulfonyl chloride and 8.0 g {0.11 mol) ﬁgggubutylamine according %o
the procedure of Hinsberg and Kessler:J® mp L;B"(lit.96 4o-11°),
N-Chloro-N-tert-butylmethanesnlfonamide was prepared in 177 yield
from 3.9 g (0,026 mol) N-tert-butylmethanesulfonamide and 3.8 g
(0,035 mol)tert-butylhyﬁochlorite following the method given by
Neale and Marcus.78 A distillation was not attempted since these
workers reported decomposition of the N-chloro compound at 889, 1 mm,

N-Chloro-N-lso-propylphenylsul fonamide, N-iso-propylphenylsulfonamide

was prepared in 367 yield from 38.8 g (0.20 mol) benzenesulfonyl
chloride (ecommercial reagent) and 17.7 g (0,30 mol) iso-propylamine
according to the procedure glven by Hlnsberg and Kessler:96 bp 187-
191°, 15 mm (11t.1%9 190°, 13 mm). The synthesis of the N-chloro
compound was ﬁchieved in 49% yield from 5.4 g (0.027 mol) N-iso-pro-
pylphenylsulfonamide utilizing the method of Okahara, et 51.76 The
ir and nmr spectra showed similar features as the ones obtained from
N-chloro-N-iso-propylmethanesulfonamide., Further purification by
distillation was not attempted to avold decomposition at higher tem-
peratures,

N-Chloro-N-tert-butylphenylsulfonamide, The parent sulfonamide was

synthesized in 82% yleld from 14.5 g (0.083 mol) benzenesulfonyl
chloride and .0 g (0.055 mol) tert-butylamine in the same manner as
N-iso-propylphenylsul fonamide: mp 80-80.5°(11t.7u 79-80°), Conver-



8l

sion to the N-cﬁlorosulfonamide was achieved in 62% yleld by reflux-
ing 8,2 g (0.039 mol) N-tert-butylphenylsulfonamide and 4.7 g (0,043
mol) tert-butylhypochlorite in 75 ml Cclh in the presence of 0,15 g
potassium carbonate for 8 hours according to the method of Neale

and Marous: '8 mp 56-57°¢ (1:‘L’c."‘”‘L 58°),

N-Chloro-propanesultam, The synthetlc route given by Bliss and his

coworkers?! was used in the preparatlion of propanesultam,
The starting 3-chloro-propylthiclacetate was syntheslzed by the

method of Sjoberg.lo1

One hundred grams (1,31 mol) thiolacetic acid
were added dropwise to 101 g (1.31 mol) allylchloride in the presence
of 2 ml tert-butylperoxide at 1ce bath temperatures with stirring.
After complete addition the reaction mlixture was warmed gradually

to 60° and stirred at this temperature for 8 hours., The slightly
green liquid obtained was distilled at reduced pressure: bp 63-68°,
i mm (11t, 77 7L-76°, 6 mm).

A 1000 ml three-necked flask was fitted with a stirrer, a ther-
mometer, and gas inlet and outlet tubes. A mixture of 66.5 g (0.36
mol) 3-chloro-propylthiolacetate, 100 ml cold water, and 100 g crush-
ed 1ce was prepared in this flask which was cooled by an 1ce bath,
Chlorine was passed into the solution at such a rate to keen the
temperature between 5-10°, Crushed ice was added as necessary. The
color of the reaction mixture turned from bright yellow to pink and
then colorless., After about 1.5 hours the yellow color of chlorine
perslsted, The heavy oll formed was separated and the aqueous so=-

lution was extracted twlce with ether, The combined oll and ether

extracts were washed with water and dried over anhydrous sodium sul-
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fate, Filtratlon and distillation of the ether gave a yellow oil.

The crude 3-chloropropanesulfonamide was obtained in 907 yield and

converted to the 3=-chloropropanesulfonamlide without further purifi-
cation,

A mixture of 40O ml ether and 58 ml (ca. 0.93 mol) concentrated
squeous ammonium hydroxide solution in a 1000 ml flask was cooled to
5%, A solution of 57.0 g (0.315 mol) 3-chloropropanesulfonyl chlor-
lde in 200 ml ether was added at such a rate to maintaln a temper-
ature of 5-7° in the reaction flask, The ether layer was separated
and dried over anhydrous sodium sulfate, Petroleum ether (bp 30-60°)
was added until faint turbidity occurred. Upon cooling, 3-chloropro-
panesul fonamide was collected in 63% yleld: mp 61-63°(1it.77 63°).

Conversion to the cycllc sulfonamide was achieved in R4% yileld
according to the procedure of Bliss, et §£.77 To a solution of
31.0 g (0.196 mol) 3-chloropropanesulfonamide in 270 ml absolute
ethanol which had been freshly dilstilled over potassium hydroxyde
was added a solution of 11.0 g (0.196 mol) potassium hydroxide in
Sh ml absolute ethanol. The reactlion mixture turned neutral after
refluxing for one hour. A solution of 0,5 g KOH in 20 ml absolute
ethanol was added and refluxlng continued for 30 min, After cool-
ing the basic soclution was filtered from a white preciplitate which
was washed twlce with 15 ml portions of ethanol, The filtrate and
the washings were combined, neutralized with concentrated hydrochlor-
ic acld and filtered again, The ethanol was removed by distillation
and the product propanesultam distilled: bp 173-1759, 2 mm (11t, 77
156-157°%, 2 mm).
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N-Chloro-propanesultam was obtained in 56% yield from 6.0 g
(0.049 mol) propanesultam by the method of Okahara, et 5}.:76 bp
118-122°, 0.5 mm; ir (neat 7.5 and 8.6 p (-S0,-N=); nmr (CD013)

T 7.40 (2 H, multiplet), 6.55 (4 H, multiplet). See page 100 for ir

and nmr spectra,



D. NMR and IR Spectra

N~Chloro-N~ethylpivalamide

NMR (CDCl., internal TMS)

3!

IR (CCIu)
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N-Chloro-N-1so-propylpivalamide

NMR (CDC1l internal T™S)
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IR (ccC1,)
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N-Chloro-5,5-dimethyl-2~pyrrolidinone

NMR (CClu, internal TMS)

IR (CCILL)
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N-Chloro-ﬁ-iso-valerolactam

NMR (CDC1 internal TMS)

3!

IR (neat)
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N-Chloro-N-ethylmethanesulfonamide
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IV, SUMMARY

It was shown that upon photolysis of N-chloroamides, R-C(0)-
N(Cl)-R', in cyclopropane at low temperatures directly in the ca-
vity bf the esr spectrometer slgnals of the corresponding amido ra-
dicals were detected., Identity of the radicals producing the esr
signals was established by comparison with similar radicals report-
ed In the literature. The obtalned hyperfine splitting constants

H 29,30 gauss were interpreted

(hfsc's), all ca, 15 gauss and aNCH3
in terms of a II electronic ground state of amldo radicals in which
the unpaired electron resided in a 2p orbital on nitrogen in con-
Jugation with the W-system of the carbonyl group., The magnitude of
the hfsec for the N-methyl protons furthermore suggested that there
was not extensive delocalization of the unpaired electron onto the
carbonyl group.

X-irradiastion of a N-chloroformamide in an adamantane matrix
did not prodﬁce the expected formamido radical but the carbon-cen-
tered formyl radiecal, Instead,

By photolyzing N-chlorcamides In alr-saturated toluene at low
temperatures, spectra of the corresponding acyl nitroxlides were ob-
served. The 1dentity of these radicals was evidenced by the mode
of generation, the relatively small aN and aNCH3H coupling constants,
g values characteristlic of nitroxides, and comparison with reported
acyl nitroxides.

Using the semlemplrical INDO method and a systematic population

scheme for all orbltals, an energetlic preference of ca, 15 kcal/mol
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was given to a II electronic configuration of the Ne-methylformami-

do radical compared with the 2. state in which the unpalred elec-

N
tron resided in a 2p orbltal on nitrogen in the plane of the mele-
cule., However, smaller hfsc's than observed were calculated by the
INDO method for a II state due to the o?erestimate of conjugational
effects of the unpalred electron with the carbonyl group.

Analysis of B-hydrogen hyperfine interaction in methyl, ethyl,
end iso-propyl substituted amido radicals revealed decided confora-
mational preferences iIn these radlicals by comparison with the cor-
responding B-hfsc's of dialkylamino radicals and dialkylaminium ra-
dical cations, The results suggested that the preferred conforma-
tion at the nitrogen site in amldo radicals was bent which was taken
as further evidence for a IT electronlc ground state of amldo radia
cals since the INDO method predicted an angle of 121° for the ener-
gy-minimized geometry in this particular electronlc state, However,
the INDO method failed to predlct correct conformational preferen-
ces in the NQethylformamido radical due to the overestimate of hy-
perconjugational effects of the carbon-carbon bond with the unpalr-
ed electron, Therefore, a very high potential barrier to rotation
of several kecal/mol was predicted, From exﬁerimental results 1t was
inferred that interactions of the substltuent group with the lone
palr of electrons on nitrogen largely deéermined the preferred time-
averaged conformation and Interactions with the unpaired electron
were secondary in nature,

Upon photolysis of N-chlorolactams in solutlon no esr signals

were recorded., However, spln trapplng experiments indicated that



103

homolytlic cleavage of the N-Cl bond was the initial photolytic re=
action, The g values of speétra of these cyclic N-chloroamides ob-
tained in an adamantane matrix upon x-irradiation suggested that
carbon-centered ] radicals were formed as secondary products, in-
dicaﬁing that the cyclle nitrogen-centered radlcals were very sus-
ceptible to Intramolecular abstraction and elimination reactions,

Upon photolysis of N-chlorosulfonamides, R-S0,-N(Cl)-R', In
cyclopropane at reduced teﬁperatures esr spectra of the correspon-
ding sulfonamido radicals, R-SOE-&-R', were recorded, These radi-
cals exhibited very simllar spectral parameters as had been obtaln-
ed for the corresponding amido radicals. Therefore, a Il electro=
nlc configuration was also suggested for sulfonamido radicals, The
dependence of the B-hydrogen hfsc's on the alkyl substitution at the
nitrogen site likewise revesled a bent S-N-C geometry and a restric-
ted rotation about the N-C bond, a regsult that was confirmed from
temperature dependence studles of the B-hydrogen hfsc of the N-1so-
propylsulfonamido radical.

Esr evlidence for a cyclic nitrogen-centered sulfonamido radical
was obtalned upon photolysls of N-chloropropanesultam in cyclopro-
pane., The result Indicated that open chain and cyelic amido radi-
cals were of the same electronlc configuration.

Sulfonyl nitroxides, R=S0 -N(O)-R',‘were obtained under similar

2
experimental conditions as were employed for the generation of acyl
nitroxides, a result which emphasized the similarity of the nitrogen-

centered radicals derlived from Nechloroamides and -sulfonamides,



(1)

(2)

(3)

(4)

(5)

(6)

(7}
(8)

(9)

(10)

(11)

(12)
(13)
(14)
(15)

10l

V. REFERENCES

Y. L. Chow and T. C. Joseph, Chem., Commun., 490 (1969).
R. S. Neale, Synthesis, 1 (1971).

A, L. J. Beckwith and J. E. Goodrlich, Aust, J. Chenm., &ﬁ,

747 (1965).

R. C. Petterson and A, Wambsgans, J. Amer. Chem. Soc., 86,
1648 (196L).

R. S. Neale, N. L. Marcus, and R. G. Schepers, ibid., 88,
3051 (1966).

E. Flesia, A. Croatto, P. Tordo, and J. M. Surzur, Tetrahedron
Lett., 535 (1972).

D. D, Tanner and E., Protz, Can, J. Chem,, Lk, 1555 (1966),

R. 0. C. Norman and B. C. Gilbert, J. Phys, Chem., 71, 1l
(1967).

Capital greek letters were used to label electronic configu.-
rations; small ones to characterlize the type of bonding and/
or orbltal,

E. Hedaya, R. L. Hinman, U. Schomsker, S. Theodoropulas, and
L. M. Kyle, J. Amer. Chem. Soc., 89, 4875 (1967).

B. Danieli, P. Manitto, and G. Russo, Chem, Ind. (London),
203 (1971). |

R. J. Lontz, J. Chem. Phys,, 45, 1339 (1966).

P. Smith and P. B. Wood, Can, J. Chem,, kL, 3085 (1966),

R. Livingston and H. Zeldes, J. Chem. Phys., L7, 4173 (1967).

T. Yonezawa, I. Noda, and T. Kawamura, Bull, Chem. Soc., Jap.,



(16)

(17)
(18)

(19)
(20)
(21)
(22)
(23)
(24)
(25)

(26)
(27)

(28)

(29}

(30)

(31)

(32)

105

41, 766 (1968).
H., W. Shields, P. J. Hamrick, and W. Redwine, J. Chem. Phys,,
L6, 2510 (1967). .

W. M. Fox and P, Smith, ibid., 48, 1868 (1968),

H. Bower, J. McRae, and M. C. R. éymons, J. Chem, Soc, A,
2L00 (1971).

N. Cyr and W. C. Lin, Chem, Commun,, 192 (1967).

N. Cyr and W. C. Lin, J. Chem, Phys,, 50, 3701 (1969).

D. C. Straw and G. C. Moulton, ibid., 57, 221% (1972).

M. C. R. Symons, 1bid., 55, 1493 (1971).

P. W. Lau and W. C. Lin, ibid., 54, 823 (1971).

G. Lind and R. Kewley, Can, J. Chem., 49, 2514 (1971).

W. C. Lin, N. Cyr, and K. Toriyama, J. Chem. Phys., 56, 6272
(1972).

M. C. R. Symons, Tetrahedron, 29, 615 (1973).

T. Koenlg, J. A. Hoobler, and W.R. Mabey, J. Amer. Chem, Soc.,
9, 251k (1972); 1ibid., 95, 3082 (1973).

P. Tordo, E. Flesia, gnd J.-M. Surzur, Tetrahedron Lett.,

183 (1972).

P. Tordo, E. Flesla, G. Labrot, and J.-M. Surzur, idbid,,

1413 (1972).

A. Mackor, Th. A. J, W, Wajer, and T™h. J. DeBoer, Tetrahedron,
2l, 1623 (1968).

W. C. Danen and T. T. Kensler, J, Amer, Chem, Soc,, 92, 5235
(1970).

L. P. Kuhn, G. G. Kleinspehn, and A. C. Duckworth, J. Amer,



(33)
(34)

(35)
(36)
(37)

(38)

(39)
(40)

(41)
(42)

(43)
(4ly)
(45)
(u6)
(47)

(48)

(49)

106

Chem., Soc., 89, 3858 (1967).

Y. L. Chow and A. C. H, Lee, Chem, Ind, (London), 827 (1967).
J. K. Kochi and P. J. Krusiec, J, Amer, Chem. Soe,, 91, 6161
(1969).

M. L. Huggins, ibid., 75, L4123 (1553).

W. C. Danen and R. C. Rickard, ibid., 94, 3254 (1972).

D. H. R. Barton, A. L, Beckwith, and A. Goosen, J. Chem,
Soe., 181 (1965).

Thls program was obtained from P, J. Krusic at E, I, DuPont
de Nemours Company.

R. W. Fessenden, J. Chem, Phys., 37, 747 (1962).

W. C. Danen and R. W. Gellert, J. Amer. Chem. Soc,, 94, 6853
(1972).

C. T. West, Ph. D, Thesis, Kansas State University (1972)}.

W, C. Danen and C. T. West, J. Amer. Chem, Soc., 93, 5582
(1971).

G. A. Russell and J. Lokensgard, ibid., 89, 5059 (1967).

M. €. R. Symons, J. Chem. Soc., 2276 (1965),

B, C. Gilbert and R, 0. C., Norman, J. Chem, Soc, B, 722 (1946),
D. E. Wood and R. V. Lloyd, J. Chem, Phys., 52, 3840 (1970);
1vid,, 53, 3932 (1970).

D, E. Wood, C. A, Wood, and W. A, ﬂathan, J. Amer, Chem. Soc.,
ok, 9278 (1972). |

D. E. Wood, L. F. Willlams, R. F. Sprecher, and W. A. Lafhan,
ibid,, 9L, 6241 (1972).

J. W. Hartgerink, J.B. F. N. Engberts, and Th. J. DeBoer,



(50)

(51)
(52)

(53)

(54)
(55)

(56)

(57}

(58)

(59)

(60}
(61)

(62)

(63)

107

Tetrahedron Lett., 2709 (1971).

F. R. Stermitz and D. W. Neiswander, J. Amer. Chem, Soc.,, 95,
2630 (1973).

G. R. Chalfout and M. J. Perkins, 1bid., 89, 3054 (1967).

J. A, Pople, D. L. Beveridge, and P. A. Dobosh, J. Chem. Phys.,
L7, 2026 (1967); J. Amer, Chem. Soc., 90, 4201 (1968).

J. A. Pople and D. L, Beveridge, "Approximate Molecular Orbi-
tal Theory", McGraw-Hill, New York (1970)}.

A copy of the program was obtalned from the Quantum Chemistry
Program Exchange, Indiana University, No. 141,

M. Kimura and M. Aoki, Bull, Chem, Soec,, Jap., 26, 429 (1953).
Appreclation 1s expressed to Dr, Danen for supplying the re-
sults from these calculatlons,

T. Koenig, personal communication to W. C. Danen.

C. C. Costain and J, N. Dowling, J. Chem. Phys., 32, 158 (1960).
L. Radom, J. A, Pople, V. Bﬁss, and P, v, R. Schleyer, J. Amer,
Chem. Soc., 93, 1813 (1971).

Acknowledgment is made to Dr, K. F., Purcell of thls depart-
ment for modifying the standard INDO program.

H. Fischer, Z. Naturforsch, A, 20, 428 (1965).

J. K. Koehi, P. Bakuzls, and P. J. Krusie, J. Amer. Chem. Soc.,
95, 1516 (1973)..

R. W. Fessenden and R. H., Schuler, J. Chem., Phys,, 39, 21&7 
(1963). |
Presented at the Eighth Mlidwest Reglonal Meeting of the Amer-

fcan Chemical Society, Columbia, Missouri, Nov. 9, 1972, No. 31¢



(6h)

(65)
(66)
(67)

(68)
(69)
(70)
(71)
(72)

(73)

(7h4)
(75)

(76)

(77)

(78)

(79}

(80)

(81)

108

W. England and M. S. Gordon, J. Amer, Chem. Soc,, 93, L64S
(1971).

W. C. Danen, 1bid., 9L, 4835 (1972).

R. W. Fessenden, J. Chem, Phys., 61, 1570 (196L).

P, J. Krusic and J. K. Kochi, J. Amer. Chem. Soc., 93, 846

(1971).

R. B. Moffett and J. L. White, J. Org. Chem,, 17, LO7 (1952).
E. G. Janzen, Accts, Chem. Research, l, 31 (1971).

E, G, Janzen, B. R, Knauer, L, T. Willlams, and W. B. Harri-
son, J. Phys. Chem,, 7L, 3025 (1970).

K. D. Kampe, Tetrahedron Lett., 117 (1969).

A. Hudson and R. A, Jackson, Chem. Commun,, 1327 (1969),.

D. J. Edge and J. K. Kochi, J. Amer, Chem, Soc., 9l, 7695
(1972).

A. E., Fuller and W, J. Hickinbottom, J. Chem. Soc., 3228 (1965),
S, M, Verma and R. C. Srivastava, Bull, Chem, Soc., Jap., 4O,
218L (1967).

M. Okahara, T. Ohashi, and S. Komori, Tetrahedron Lett,, 1629
(1967); J. Org. Chem., 33, 3066 (1968),

A, D, Bliss, W. K. Cline, C, E. Hamilton, and 0, J. Sweeting,
1bid,, 28, 3537 (1963).

R. S. Neale and N, L. Marcus, ibid,, 3k, 1808 (1969).

H. G. Benson and A, Hudson, Theor, Chim. Acta, 23, 259 (1971).
T™. A, J. W. Wajer, H. W, Geluk, J. B. F. N. Engberts, and
Th, J. DeBoer, Rec. Trav, Chim,, 89, 696 (1970).

R, J. Faber and G, K. Fraenkel, J. Chem, Phys., L7, 262 (1967),



(82)
(83)
(84)

(85)
(86)

(87}
(88)

(89)
(90)
(91)

(92)
(93)

(94)
(95)
(96)
(37)

(98)

109

T. T. Kensler, Ph, D. Thesis, Kansas State University (1971),
R. H. Schwendeman, J. Mol, Spectrosc., 6, 301 (1961),

R. C. Petterson, U. Grzeskowlak, and L, H. Jules, J. Org.
Chem., 25, 1595 (1960),

W, S. Metcalf, J. Chem, Soc,.,, 148 (1942),

H., M., Teeter and E. W, Bell, Org. Synth;, Coll, Vol. IV, 125
(1963).

M. J. Mintz and C. Walling, Org. Synth., 49, 9 (1968),

Y. V. Mitin and G, P, Vlasov, Probl. Organ, Sintezsa, Akad,
Nauk. S8SR, 297 (1965); Chem Abstr., 6L, 11122 a (1966),

W. Treibs, H.-J. Neipert, and J, Hiebsch, Chem. Ber., 92, 1216
(1959). |

J. J. Ritter and P.P. Minieri, J. Amer, Chem, Soc., 70, LOL7
(1948). |

M. D. Hurwitz and R. W. Anten, US patent, Chem. Abstr., 51,
511l a4 (1957).

H. Beyér and J. Korosi, Chem. Ber., 94, 480 (1961).

R. B. Moffett, Org. Synth., Coll,Vol. 31, 357 (1963); 1ibid,,
652 (1963).

R. Graf, Org. Synth., L6, 51 (1966).

T. Durst and M. J, 0'Sullivan, J., Org, Chem., 35, 2043 (1970).
0., Hinsberg and J. Kessler, Chem. Ber., 38, 906 (1905).

J. N, Baxter, J, Cymerman-Craig, and J, B. Willis, J. Chem,’
Soc., 669 (19558).

B. Helferich and H. Gruenert, Chem. Ber,, 73, 1131 (1940).



110

(99)
(100)

P, Spless, British patent, Chem, Abstr,, 55, 456 h (1961),

J. v. Braun, F. Jostes, and H. Wagner, Chem. Ber., 61, 1423
(1928).

(10L) B. Sjoberg, Chem, Ber., 7L B, 6l (1941).



111

VI. ACKNOWLEDGMENTS

Acknowledgment 1s made to the donors of the Petroleum Research
Fund, adminlstered by the American Chemical Soclety, and the Kansas
State.University Bureau of General Research for support of this work,
Thanks are also due to Kansas State University for assistance in de-
fraying computing costs.

Appreciation 1s expressed to Dr. Danen for his expert guldance
and inspiration during the course of this research,

T would also like to express my appriciation to the Chemistry
Faculty and my collegues at Kansas State University for many help-
ful suggestlions. Special note 1s made to Dr., West who alded me iIn
many detéils regarding the esr experiments and offered many help=-
ful suggestions,

To my wife, my deepest appreclation for her sacrifices and pa-
tience. 4And I am very thankful to my parents who gave all for my

education,



112

VII. VITA

The author was born January 6, 1947 in Lelpzlg, Germany, After
his parents moved to the western part of this country, the author
obtained his high school "Abitur" at Hittorf Gymnasium, Reckling-
hausen, in 1966, After two years in the service, the author start-
ed the study of chemistry at Justus-Lieblg Unlversitaet, Glessen,
West CGermany, in April 1968, Three years later the author entered
the academlc exchange program of Justus-Liebig Universitaet and Kan-
gas State Unlversity and contlnued his graduate study in the fleld
of chemlstry at Kansas State Universlity in August 1971.

The author is marrled and-he and his wife have one girl, born
March 11, 1973.

The author is a member of the American Chemical Society and Phi

Lambda Upsilon.



FLECTRON SPIN RESONAWNCE STUDIES OF
TRANSITNT AMIDO AND SULFONAMIDO FREE RADICALS

by

ROLAND WERNER GELLERT

Diplom-Chemiker-Vorpruefung, 1970
Justus-Lieblg Universitaet, Glessen

AN ABSTRACT QF A MASTER'S THESIS
submitted in partial fulfillment of the
rquirements for the degree
MASTER OF SCIENCE
Department of Chemistry

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1973



ABSTRACT

Amido radicals, R-C(0)~N-R', had been the subject of consider-
able controversy due to the possibllity of elther a 5: or a II elec-

tronic ground state configuration for this type of a radical (ef. 1

0 Q ... 0 @/,,;.
@/O O% VY

0

0 O

> I

1 2

and 2)0

Purported evidence for both a IT and a 2. structure had been repor-
ted in the literature but frequently misassignments of electron
spin resonance (esr) spectra occurred.

It was shown in this work that upon photolysis of N-chloro-
amides, R-C(0)~N(Cl)=R', in cyclopropane solutions at low tempera-
tures directly in the cavity of the esr spectrometer, slgnals of the
corresponding amido radicals were detected. The obtained hyperfine
splitting constants (hfsc's) for nitrogeh and B-protons were inter-
-preted in terms of a II electronic ground state of amido radicals,
The magnitude of the hfsc for the N-methyl protons furthermore sug-
gested that there was not extensive delocsllzation of the unpalred

electron onto the carbonyl group.



X-irradiation of a N-chloroformamide in an adamantane matrix
did not produce the expected amldo radical but the carbon-zentered
2_ formyl radical instead,

By photolyzing Nechloroamides in air-saturated toluene solu-
tions, spectra of the corresponding acyl nitrqxides, R-C(O)-N(é)-R‘,
were obtalned,

Uslng the semliemplrical Intermediate neglect of differential
overlap (INDO) calculations and a systematic population scheme for
all valence electrons, an energetlc preference of ca. 15 kecal/mol
was glven to a IT electronlec configuration of the N-methylformamido
radical compared with thez state, Smaller hfsc's than obhserved
were calculated for a TI state-dua to the overestlmate of conjuga-
tional effects of the unpalred electron with the W-system of the
carbonyl group.-

Analysis of P-hydrogen hyperfine interaction in methyl, ethyl,
and iso-propyl substlituted amldo radlcals revealed decided confor-
mational preférences In amido radicals, The results suggested that
the preferred conformation at the nitrogen site in amido radicals
was bent which was taken as further evidence for a IT electronic
ground state since the INDO method predicted an angle of 121° for
the energy-minimized geometry In this particular electronic state,
However, the INDO method falled to predlict correct conformational
preferences in the N-ethylformamido radical due to the OVGrestimaﬁe
of hyperconjJugational effects of the carbon-carbon bond with the
unpaired electron., From expérimental results it was Inferred that

interactions of the substituent group with the lone palr of elec-



trons on nitrogen largely determined the preferred time-averaged
conformation.

Upon photolysis of N-chlorolactams no esr signals were recor-
ded. Spin trapping experiments indicated that homolytic cleavage
of the N-Cl bond was the Initial photolytlc reaction. The g va-
lues of spectra of these cyclic amides obtalined upon x-irradiastion
In an adamantane matrlx suggested that carbon-centered II radicals
were formed as secondary products, Indicatling that the cyclic nitro-
gen-centered radicals were very susceptible to Intramolecular ab-
straction and elimination reactions.

Upon photolysis of N-chlorosulfonamides, R-SOZ-N(Cl)-R', in
cyclopropane esr spectra of the corresponding sulfonamido radicals,
R-Soz-ﬁ—R', were recorded, These radicals exhibited very similar
spectral parameters as had been obtalned for the corresponding amido
radlcals., Therefore, a II electronic configuration was also suggest-
ed for sulfonamido radicals, The dependence of the B-hydrogen hfsc's
on the alkyl substitution at the nitrogen site llkewlse revealed a
bent S-N-C geometry and a restricted rotation about the N-C bond.

Esr evidence for a cycllc nitrogen-centered sulfonamldo radi-
cal was obtalned upon photolysis of N-chloropropanesultam, The re-
sults Indicated that open chain and cyclic sulfonamido radicals
were of the same electronic configuratioﬁ.

Sulfonyl nitroxides, R-SOE-N(b)-R', were observed under similar
experimental condltions as were employed in the generatlion of acyl
nltroxldes, a result that emphasized the similarity of the nitrogen-

centered radicals derived from N-chloroamides and -sulfonamides,



