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EPR Studies of Amine Radical Cations, Part 1: Thermal and Photoinduced
Rearrangements of n-Alkylamine Radical Cations to their Distonic Forms in
Low-Temperature Freon Matrices

L. Janovsky,”! W. Knolle,**! S. Naumov,"” and F. Williams™

Abstract: The thermal and photochem-
ical transformations of primary amine
radical  cations  (n-propyl 1'*, n-
butyl 5't) generated radiolytically in
freon matrices have been investigated
by using low-temperature EPR spec-
troscopy. Assignment of the spectra
was facilitated by parallel studies on
the corresponding N,N-dideuterio-
amines. The identifications were sup-
ported by quantum chemical calcula-
tions on the geometry, electronic struc-
ture, hyperfine splitting constants and
energy levels of the observed transient
radical species. The rapid generation of
the primary species by a short exposure
(1-2 min) to electron-beam irradiation
at 77 K allowed the thermal rearrange-
ment of 1" to be monitored kinetically
as a first-order reaction at 125-140 K
by the growth in the well-resolved
EPR signal of the distonic radical
cation "CH,CH,CH,NH;*. By compari-
son, the formation of the correspond-
ing ‘CH,CH,CH,CH,NH;* species
from 5% is considerably more facile
and already occurs within the short ir-
radiation time. These results directly

verify the intramolecular hydrogen-
atom migration from carbon to nitro-
gen in these ionised amines, a reaction
previously proposed to account for the
fragmentation patterns observed in the
mass spectrometry of these amines.
The greater ease of the thermal rear-
rangement of 5% is in accordance with
calculations on the barrier heights for
these intramolecular 1,5- and 1,4-hy-
drogen shifts, the lower barrier for the
former being associated with minimisa-
tion of the ring strain in a six-mem-
bered transition state. For 1'*, the 1,4-
hydrogen shift is also brought about di-
rectly at 77 K by exposure to ~350 nm
light, although there is also evidence
for the 1,3-hydrogen shift requiring a
higher energy. A more surprising result
is the photochemical formation of the
H,C=N' radical as a minor product
under hard-matrix conditions in which
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diffusion is minimal. It is suggested
that this occurs as a consequence of
the B-fragmentation of 1'* to the ethyl
radical and the CH,=NH,* ion, fol-
lowed by consecutive cage reactions of
deprotonation and hydrogen transfer
from the iminonium group. Additional-
ly, secondary ion-molecule reactions
were studied in CFCL,CF,Cl under
matrix conditions that allow diffusion.
The propane-1-iminyl radical
CH;CH,CH=N" was detected at high
concentrations of the n-propylamine
substrate. Its formation is attributed to
a modified reaction sequence in which
1t first undergoes a proton transfer
within a cluster of amine molecules to
yield the aminyl radical
CH;CH,CH,N'H. A subsequent dispro-
portionation of these radicals can then
yield the propane-1l-imine precursor
CH;CH,CH=NH, which is known to
easily undergo hydrogen abstraction
from the nitrogen atom. The corre-
sponding butane-1-iminyl radical was
also observed.

Introduction

Amines are excellent electron donors on account of their

low ionisation potentials;!! therefore, it is not surprising that

radical cations as diverse as those of N,N,N',N'-tetramethyl-
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p-phenylenediamine (TMPD)?  and  1,4-diazabicy-
clo[2.2.2]octane (DABCO)P! are counted among the most
stable forms of ionised organic molecules found in solution.
Nevertheless, many radical cations derived from amines
with diverse structures display significant reactivity, and
their chemistry finds many useful applications. In fact,
amines and their radical cations play a significant role in

[b
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many areas of polymer, biological and synthetic chemistry.
Thus, in polymerisation reactions, the role of aliphatic
amines as co-initiators in radiation- and UV-induced curing
is well established,*” the reaction mechanism consisting of
a one-electron oxidation of the amine followed by proton
transfer to generate a neutral radical. This is exemplified by
the camphorquinone/amine initiator system widely used in
practice for dental restorative materials.”’ In addition, so-
called donor/acceptor systems that avoid the use of tradi-
tional photoinitiators have been developed.’®! While the
formation of radical ion pairs again constitutes the first step
towards the initiation of the polymerisation in such systems,
the use of unsaturated amines as the donor component
allows a fast rearrangement of the amine radical cation to
occur, thereby reducing the probability of electron back-
transfer and increasing the yield of initiating species. It is
also noteworthy that the antioxidant action of HALS com-
pounds (sterically hindered amine light stabilisers) is similar-
ly based on electron transfer reactions and intermediate
amine radical cations.”

The reactivity of amine radical cations is also of consider-
able biological significance."™'! Due to their formation as in-
termediates, they generally afford a relatively low-energy
path for the metabolism of endogenous amines to the corre-
sponding imines by enzymes such as monoamine oxidase.l”)
The most likely mechanism for the one-electron oxidation
occurs by means of electron transfer to the flavin group of
the enzyme.'®¢] Another facet of considerable biological in-
terest concerns exogenous amines that function as enzyme in-
hibitors. These are often described rather dramatically as “sui-
cide inactivators”,"¥ and this terminology defines a class of
enzyme inhibitors that are mechanism-based'* and become
reactive only after interaction with the enzyme’s active site.
For certain of these amine inhibitors, the suicide action upon
oxidation is considered to result from the rearrangement of
the primarily formed nitrogen-centred aminium radical cation
to a more potent chemical form, in which the biologically
active species is thought to be a carbon-centred radical.!"™!

Aminium cation radicals''? also serve as important inter-
mediates in the Hofmann-Loffler—Freytag chain reaction!™
for the synthesis of pyrrolidine derivatives. Typically, these
aminium species are generated by the oxidation of N-haloal-
kylamines under acid conditions,'** 33 and the key propa-
gation steps in the accepted mechanism of this overall reac-
tion consist of an intramolecular 1,5-hydrogen transfer from
the alkyl group to the nitrogen atom of the aminium radical
cation,* followed by reaction of the alkyl radical with the
substrate by means of chlorine atom transfer. This results in
a substituted ammonium ion pre-product, which, upon treat-
ment with base, undergoes deprotonation and the elimina-
tion of hydrogen chloride with the generation of the desired
substituted pyrrolidines." Although detailed mass-spectro-
metric and associated computational™ studies of analo-
gous abstraction reactions have been carried out on much
simpler molecules, such as those of ionised alkylamines,
even here the gas-phase processes are frequently accompa-
nied by -NH,* group migration and fragmentation,"* and
there do not appear to be any previous investigations of
such elementary reactions in the condensed phase.

Chem. Eur. J. 2004, 10, 5524 —5534 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Consequently, there is much interest in studying model re-
actions of amine radical cations under conditions in which
the individual reaction steps can be isolated and well de-
fined." Matrix isolation at low temperatures coupled with
rapid generation of the ionised species by electron-beam ir-
radiation and EPR detection provides an ideal method for
following specific reaction pathways unhindered by compet-
ing processes. Here, in the first of two papers, we describe
EPR, deuterium-labelling and computational studies on the
intramolecular hydrogen-atom abstraction reactions that
result in the rearrangement of the primary aminium radical
cations of n-propylamine and n-butylamine to their diston-
ic! forms. The photochemical reactivity of these primary
radical cations has also been examined. A subsequent paper
will report on the rearrangements of radical cations derived
from several unsaturated amines, including those of allyl-
amine, propargylamine and their derivatives.

Results and Discussion
EPR spectral assignments
n-Propylamine in the CF;CCl; matrix: The EPR spectra of
frozen solutions of n-propylamine (PrNH,) in CF;CCl,
taken after irradiation at 77 K are shown in Figure 1. Initial-

ly, the spectrum observed in the dark at 77 K (Figure 1a),
consists of a broad multiplet with a total spectral width of

50 G

a) 77K

b) 120K

d) 143K
(3h later)

e) 95K
(after 143K (c))

Figure 1. EPR spectra of a frozen solution (1:500) of n-propylamine in
CF;C(l; irradiated at 77 K and measured at the temperatures indicated.
Spectrum c¢) obtained by quick warming to 143 K and spectrum e) by
direct cooling down after spectrum c) was measured. Note that spec-
trum c) is plotted with seven-fold intensity in comparison to spectrum d).
The hfc parameters used for stick plot of species 2+ are a[G]: 44 (1H),
21.4 (2H) and 7.6 (1H).
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approximately 245 G. The resolution of the pattern is slight-
ly better at 95 K, and the spectral change is reversible in this
low-temperature range. However, on increasing the temper-
ature up to and above 120K, a well-resolved spectrum
grows in (Figure 1b—d and stick plot) with coupling con-
stants of 44 G (1H), 21.4 G (2H) and 7.6 G (1H), as derived
from the final 143 K spectrum. Although this transformation
proceeds rather slowly at 140 K and takes three hours for
completion, the process is quantitative with no loss of spin
concentration (see Figure 8 below in kinetics section). Also,
the broad outer features (marked with an asterisk in Fig-
ure 1c) are seen to disappear concomitantly with the forma-
tion of the secondary species. Confirmation that these sig-
nals belong to the primary species comes from the observa-
tion that the outermost features of the original spectrum are
reproduced by cooling the sample back to 95 K immediately
after a short (2 min) annealing at 140 K (Figure 1a and e). It
should be noted that the overall splitting of ~185G at
143 K is less than that observed at 77 K, an effect that is
likely to result from a net reduction in the hyperfine aniso-
tropy and from dynamic averaging of (-proton couplings
(see later). Also, the outer features are not observed at
120 K (Figure 1b), possibly due to dynamic line broadening
at this intermediate temperature.

To assist in the assignment of the initial and final spectra,
N,N-dideuteriopropylamine (PrND,) was synthesised for a
comparative study. While its corresponding spectrum at
77 K (Figure 2a) is less resolved than that of the nondeuter-
ated compound, there are some common features, such as
the coincident positions of the sharper lines. The main dif-
ference lies in the overall spectral width, and although this
is difficult to determine exactly, it is clear that the PrND,
spectrum extends for only ~200 G, which is ~45 G narrower
than that of the non-deuterated sample. However, this con-
traction is easily rationalised by assuming that the NH, pro-
tons each contribute an ~25-30 G (2H) splitting to the 77 K

50G

a) 77K

b) 140K

c) 140K, 3h

d) 96K
(after 3h at 143K)

Figure 2. EPR spectra of a frozen solution (1:500) of [D,]propylamine in
CF;C(l; irradiated at 77 K and measured at the temperatures indicated.
Spectrum d) measured after complete annealing at 143 K.

spectrum. Since the deuterium splittings are reduced by a
factor of 6.54, they are not resolved due to the natural line
width of ~5G in the low-temperature matrix, and this
effect contributes to a further broadening of the PrND,
spectral lines. Hence, the deuteration not only eliminates
the hydrogen splittings, but also increases the apparent line
width, as observed.

Therefore, we assigned the initial 77 K spectrum to the
parent radical cation 1'* of n-propylamine. Quantum chemi-
cal calculations (Tables1 and 2) are consistent with the
above estimates for the hfs of the NH, protons. Moreover,
the values are in good agreement with the literature data
for other alkyl amines (~22-23 G).'" According to the

Table 1. Spin density (o), Mullikan charge distribution (g) and coupling constants (a[G]) for isomeric amine radical cations and radicals, calculated with
B3LYP/6-31G(d). Data are given for the most stable conformer. Relative stability AE[kJmol '] (including zero point vibrational energy) is given with

respect to the most stable isomer.

la.+ 1b+ 2+ 3+ 4+ 7 8 9 10
ot @® @ . .

- NH, ./\/’\(J‘DHB /.\/NH:; o~ NH; ~~NH /\./NHZ _~_NH, o ~-NH;
AE(Eq+ZP) 0.0 +10.3 4.8 -22.1 +7.5 +18.9 0.0 +27.3 +44.4
o(N) 0.746 0.877 0.009 0.048 —0.047 0.987 0.151 0.082 0.003
o(C1) 0.026 —0.005 0.020 —0.016 1.019 —0.066 0.859 —0.059 0.014
0(C2) 0.186 —0.003 —0.063 0.951 —0.070 0.002 —0.057 0.999 —-0.077
0(C3) 0.034 0.001 1.040 —0.069 0.020 0.000 0.006 -0.079 1.087
q(N) 0.390 0.442 0.557 0.547 0.573 —-0.163 —0.070 —0.111 —0.131
q(C1) 0.309 0.359 0.265 0.239 0.234 0.123 0.092 0.118 0.123
q(C2) 0.142 0.088 0.125 0.113 0.118 0.057 —0.008 0.012 0.040
q(C3) 0.158 0.111 0.053 0.101 0.075 0.018 —0.013 —0.019 —0.032
a(N) 13.6 16.2 1.1 2110 -2.0 13.6 6.2 1.9 -0.3
a(H,N) —19.5QH)  -232(2H) —0.6(3H) 0.4(3H) 1773H) 218 4.0/5.3 —2.4(2H) 0.1
a(H,C1) 18.9/18.9 85.2(2H) —0.7(2H) 6.5/7.9 -232 46.02H) —11.4 6.9/4.9 0.7(2H)
a(H,C2) —2.8(2H) 2.4(2H) 45.5/3.4 -22.8 55.2/1.3 —0.5(2H) 10.4/35.4 -22.3 51.1/13.2
a(H,C3) 7.8(3H) 02(3H) -19.9/-22.8 27.7(3H) —0.5(3H) 0.1(3H) —0.5(3H) 24.1(3H) 23.9(2H)

[a] Due to strong through-space spin polarisation.
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Table 2. Spin density (o), Mullikan charge distribution (g) and coupling constants (a[G]) for isomeric amine radical cations and radicals, calculated with
BH&HLYP/6-31G(d). Data are given for the most stable conformer. Relative stability AE[kJmol '] (including zero point vibrational energy) is given

with respect to the most stable isomer.

1lat 1b+ 2+ 3+ 4+ 7- s o 10°
-+ ® ® : NH : NH
A NH, o~ NH; /.\/NH3 o NH; ~~NH A ~~.-NH, oS- NH,
AE(E+ZP) 0.0 +2.7 —155 -29.9 -34 +12.1 0.0 +24.9 +38.6
p(N) 0.902 0.980 0.009 0.042 —0.058 1.020 0.124 0.067 0.002
p(C1) —0.036 —0.051 0.020 —0.047 1.063 —0.088 0.914 —0.079 0.015
p(C2) 0.138 0.000 —0.083 1.027 —0.092 0.004 —0.075 1.060 —0.099
p(C3) 0.024 0.000 1.087 —0.094 0.020 —0.001 0.007 —0.101 1.128
qg(N) 0.450 0.476 0.559 0.551 0.574 —0.169 —0.094 —0.134 —0.148
q(C1) 0.301 0.344 0.276 0.259 0.247 0.132 0.112 0.142 0.141
q(C2) 0.113 0.070 0.116 0.093 0.108 0.057 —0.009 0.006 0.034
q(C3) 0.136 0.110 0.049 0.095 0.071 —0.015 —0.009 —0.014 —0.027
a(N) 20.5 22.0 0.7 16.21% 24 17.3 5.6 2.88 -0.3
a(HN) _2702H)  -2902H)  —0.9(3H) 01GH)  180G3H) 253 47531 _24(2H) 0.1/—0.1
a(H,C1) 18.52H) 63.6(2H)  —0.8/-0.8 7081  —272 $B6(2H) —148 7.8/5.8 —09(2H)
a(H,C2) _3.6(2H) 01QH)  45.7/4.1 258 52572 —07QH)  112/360  —263 50.1/13.3
a(H,C3) 32(3H) 03(3H) -236/-267  27.53H)  —0.7(3H) 01GH)  —06(3H)  244B3H)  28002H)

[a] Due to strong through-space spin polarisation.

given empirical relationship between hydrogen and nitrogen
couplings in nitrogen-centred radicals, an a;,(N) value of
~18 G can thus be expected. The literature! suggests that
the corresponding anisotropic components of the nitrogen
hfs tensor would then be in the region of A (N)=45 G and
A [ (N)=5G. The determination of the B-proton couplings
is less straightforward, as the primary radical cation spec-
trum at 77 K shows anisotropic contributions, probably due
to both the nitrogen atoms, as mentioned above, as well as
the a-protons on the amino group. However, even taking
into account this anisotropy, it is clear that the total spectral
width can only be explained by a geometry resulting in large
p-proton couplings. Furthermore, the observation of the
common, sharp features for PrNH, and PrND, (Figures la
and 2a) can be rationalised by assuming that they result
from the M;=0 transitions for the two amino protons/deu-
terons, in which case they correspond to only [-proton cou-
plings. Also, it may be noted that since these sharp lines are
unaffected by the nitrogen anisotropy, they presumably
belong to the M;(**N)=0 spectral components. From the dis-
tance between the outer sharp lines, a sum of [3-proton cou-
plings (at 77 K) in the region of 130 G is estimated. At
143 K, an estimate of the p-proton hfc (hyperfine coupling
constant) can be made from the difference between the
spectrum taken immediately after warming to 143 K (Fig-
ure 1c) and that recorded three hours later (Figure 1d). The
multiplet spectrum obtained was simulated satisfactorily (in
an isotropic powder approximation) with couplings of 43 G
(2Hg), 24.6 G (2H,(N)) and 20.1 G (N,,). Interestingly, two
conformers (1a't and 1b't) are calculated (Scheme 1), dif-
fering mainly in the orientation of the m-radical at the
(nearly planar) NH, group with respect to the neighbouring
methylene group; the eclipsed conformer (1b'*) with the
large B-H couplings has a slightly higher heat of formation
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(+10.3 and +2.7 kJmol™" by B3LYP and BH&HLYP, re-
spectively, see Tables 1 and 2).

Reconciliation of the experimental results above with the
calculations (Tables 1 and 2) suggests that at 143 K, averag-
ing of the B-proton hfc may occur either due to interconver-
sion of the two conformers or by nearly complete rotational
averaging. However, in order to account for the reduced
spectral width at 143 K (Figure 1c, asterisk) relative to 77 K
(Figure 1a) as well as the large B-couplings associated with
the 77 K spectrum, this explanation would require the
eclipsed conformer 1b** with the larger B-proton hfc to be
the more stable form, reversing the order predicted by the
calculations. As the calculated energy difference between
1a't and 1b't is very small, the reversed order could be a
result of interaction with the matrix. It is also interesting to
consider the singlet ground-state geometry of the neutral
molecule. Two real conformers s1 and s2 (no negative fre-
quencies in this case) are calculated (Scheme 1), showing
the expected high pyramidality on nitrogen with the lone-
pair orbital positioned anti and gauche, respectively, to the
ethyl group. In comparison with the conformers of the radi-
cal cation, the neutral ground-state conformers are separat-
ed by a much higher energy difference (ca. 40 kImol™). The
more stable conformer s2 clearly exhibits a more favourable
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geometry for the formation of the radical cation 1b**, which
could explain further the initial observation of 1b*t after
ionisation.

Annealing the PrND, sample above 110 K leads to the ap-
pearance of the same secondary spectrum as in the case of
PrNH,. The transformation at 140 K proceeds at a similar
rate to that of PrNH,, the broad outer features (marked
with asterisks in Figure 2b) again decaying concomitantly
with the formation of the secondary spectrum. As expected
from the results at 77 K (vide supra), the overall spectral
width defined by these features at 120-140 K is again some
30-40 G narrower than that in the corresponding PrNH,
case. Therefore, although the primary PrND, spectrum is
subject to a greater congestion of lines, it can be assigned to
the parent radical cation by analogy to the results for
PrNH,. Even more significantly for these two systems, the
spectra that grow in at =140 K are seen to be completely
identical (Figures 1d and 2c). Thus, in view of the same split-
ting constants for these spectra and the absence of any deu-
terium effect on the rate of the transformation (Figure 8
below), the only reasonable assignment for the secondary
radical is to the distonic radical cation 2' and its deuterated
analogue (Scheme 2), formed in each case by the intramo-

+- N ®
A~ NH (NDp) 14Hshit . NH, (ND,H)

1o+ 20+
Scheme 2.
lecular 1,4-hydrogen-atom transfer from the terminal methyl

group to the ionised amine group (reaction enthalpies and
activation energies are given in Figure 3).

E /kJ mol S+169
23

Figure 3. Energy diagram for transformations of propyl- and butylamine
radical cations.

The assignment is strongly supported by the quantum
chemical calculations for 2'*, as the hfc constants calculated
(Tables 1 and 2) agree well with the experimental values
given in the caption to Figure 1. (Note that the hfc’s are cal-
culated for the most stable conformer, which has indeed a
geometry similar to the transition-state geometry 1t —2-%*.)

n-Propylamine in the CF;CCl; matrix—photobleaching ex-
periments: To check the stability of the primary radical

5528
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cation to excitation, photobleaching experiments were per-
formed. Whereas illumination of the samples at 77 K with
light of 1>400 nm had no effect, a transformation was in-
duced on using UV light in the range 350-400 nm (below
350 nm the light is not transmitted due to the use of a glass
sample cell), leading to essentially the same spectral pattern
for both PrNH, and PrND, (Figure 4a and b). The spectral

50 G
[ —
a) 95K
= 10
c) 140K .

d) simulation

Figure 4. EPR spectra after photobleaching (4~350-400 nm) at 77 K of
frozen solutions (1:500) of propylamine (a and c) and [D,]propylamine
(b) in CF;CCl,, irradiated at 77 K and measured at the temperatures indi-
cated. The hfc parameters used for the stick plots and for the simulation
(d) are given in the text. (Relative concentrations of 11°, 2°* and 3"t are
5%, 25% and 70 %, respectively.)

changes observed upon warming (Figure 4c) are completely
reversible and are mainly due to improved resolution result-
ing from the smaller intrinsic line width at the higher tem-
peratures. By comparison with the spectra of the distonic
species 2% recorded at 140 and 95 K (Figure 2c and d), one
can deduce that the spectra after photobleaching result from
the overlapping patterns of several species, one of which is
easily identified as species 2. It should be noted that dis-
tonic isomer 2'" is produced directly at 77 K upon photo-
bleaching, its three main lines dominating the central part of
the spectrum at low temperature (95 K, see Figure 4a), and
no further increase in intensity is observed upon raising the
temperature to 143 K.

The remaining spectrum was more difficult to assign. The
outer lines with a spacing of about 175 G actually belong to
a triplet spectrum marked 11" in Figure 4. This triplet is also
formed to a certain extent if the sample is kept at 140 K
until the transformation from 1" into 2% is completed
(without a preceding illumination), and then subjected to
photobleaching. The difference between the spectra taken at
140 K before and after photobleaching shows a 1:2:1 triplet
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of narrow lines and a coupling constant of 87.8 G, each of
these lines being accompanied by broad wing features
(Figure 5). At first sight, the large coupling constant would
seem to indicate a radical of the ‘CF,X type containing 2 a-
fluorine atoms, and an almost identical a(2F) coupling of

Figure 5. EPR spectrum of methyleneiminyl radical 11' obtained at 143 K
in the CF;CCl; matrix (noisy grey line, for experimental details see text)
and at 77 K after photobleaching of formaldazine®®'! (smooth black line,
reproduced with permission from J. Phys. Chem. 1971, 75, 164. Copyright
by the American Chemical Society).

87.6 G was found for the CF;CF, radical in solution.!'”!
However, an assignment of this signal carrier to the corre-
sponding CCIL;CF, species formed from CF;CCl; seems im-
probable, given that the spectra of neutral freon radicals
with isotropic line shapes are usually observed only well
above the matrix softening points (150 K for CF;CCl,).*")
Considering that the sharp lines (2 G line widths) of the
triplet are observed even at temperatures well below 143 K
(77-95 K, Figure 4a and b), and that the signals from 11' are
only detected in experiments when the n-propylamines are
present in the matrix, a more reasonable assignment is to
the small methyleneiminyl radical H,C=N", for which a(2H)
is reported to be in the range 87-91 G, depending on the
matrix.”!! Moreover, the additional wing features present in
the spectrum (Figure 4c, x10) can be interpreted as origi-
nating from the anisotropic coupling of around 30 G to the
nitrogen atom. Indeed, confirmation of this assignment is
provided by the fact that the difference spectrum (see
Figure 5) is virtually identical to that of the H,C=N- radical
derived directly by the photolysis of formaldazine in a rigid
matrix at 77 K.Y The contribution of 11' to the total spin
population is in the order of 5% or less, and, therefore, it is
a minor product in these transformations of the propylamine
radical cations. A possible pathway for its formation is dis-
cussed below.

Having identified two species present in the spectrum of
Figure 4c, namely 2" and 11°, the remaining spectral fea-
tures are spaced by 20-25 G splittings with an overall spec-
tral width of 125 G. Assuming that only intramolecular rear-
rangement reactions are possible in CF;CCl; below 145 K,
calculations suggest that the distonic isomer 3t of the radi-
cal cation, formed by 1,3-hydrogen transfer from the C2
atom to the amino group, is favoured over isomer 4™,
formed by 1,2-hydrogen transfer from C1 (see Scheme 3 and
the energy diagram in Figure 3).

Chem. Eur. J. 2004, 10, 5524 —5534 www.chemeurj.org
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1,3 H-shift A _NH; g+
AN —
1+ 1,2 H-shift ®

e o NHs A

Scheme 3.

The exclusion of species 4% is supported further by the
observation that deuteration of the amino group in the B-po-
sition to C1 did not change the observed spectrum. Coupling
constants a(H) of 24 (3H, CHj), 21 (H,) and 11.9/6.9 G
(2H,;) were derived for 3'* by taking the calculated values
given in Tables 1 and 2 as a starting point for the simulation.
It should be noted that an unexpectedly high nitrogen cou-
pling of 21 G is calculated as a result of a strong through-
space spin polarisation in this isomer. Some weak wing com-
ponents (see Figure 4c, asterisk) that are not covered by the
simulation (Figure 4d) can be assigned tentatively to this ni-
trogen coupling.

Considering the possibility of deprotonation of the pri-
mary radical cation 1'F, the a-aminoalkyl radical 8 would be
superior over the nitrogen-centred radical 7 and the other
two carbon-centred radicals 9° and 10" by +18.9, 4+27.3 and
+44.4kImol ™!, respectively (see Table 1). However, if the
energetically preferred radical 8 or even the less stable
amino radical 7 would be formed, deuteration of the amino
group should affect the observed EPR spectrum. However,
this is not the case. Also, deprotonation in freon matrix usu-
ally occurs only if a proton acceptor (i.e., another solute
molecule) is available. Even at the rather high concentration
of 1:20 no significant differences are observed. Therefore,
radical formation by deprotonation can be ruled out in the
“hard” freon.

Another possible reaction channel of the radical cat-
ion 1'* will now be discussed. The p-fragmentation reaction
(also known as the a-cleavage of a C—C bond in the mass
spectrometry literature!™) is found to be a main reaction
channel at high ionisation energies in the gas phase for pri-
mary n-alkyl amines, and would lead in the case of 1'* to
the ethyl radical and the CH,=NH,* ion. The dissociation
energy is estimated (in vacuo) to be rather low, only +20 to
40 kImol™'; however, the separation of both fragments is
considered to be unlikely in the frozen matrix. Even if the
remaining spectrum can be fitted well with a set of two and
three magnetically equivalent protons, the coupling con-
stants of 21 G (2H) and 23 G (3H), respectively, obtained in
that case do not agree with the data for the ethyl radical. In
particular, the value for the methyl protons of the ethyl radi-
cal is much larger (26.8 G (3H, CH;)).”? Although this ex-
cludes the ethyl radical as a contributor to the observed
spectrum, the ethyl radical produced by such a (3-fragmenta-
tion reaction in the solid state may readily abstract a hydro-
gen atom from the geminate CH,=NH,* ion or its conjugate
base, CH,=NH. Quantum chemical calculations show that
whereas the former reaction is unlikely (AH~
+120 kJmol ™), the latter would be possible due to an en-
thalpy change of —71 kJmol™". In this case, hydrogen ab-
straction from the nitrogen leads to the methyleneiminyl
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radical CH,=N", which, as mentioned earlier, is the signal
carrier responsible for the triplet spectrum labelled 11'. The
whole reaction sequence is considered to proceed under
cage-like conditions and may be written formally as shown
in Scheme 4, in which the deprotonation step probably in-
volves transfer to a negatively charged matrix species like
Cl.

4 .
A~ NHy P2 (Hc-8H, + HaCONH, |
1°+ l_H+

CoMg + HC=N «— [HsC-CH, + HC=NH |
1°

Scheme 4.

n-Propylamine in the CFCL,CF,Cl matrix: The EPR spectra
of irradiated frozen solutions (1:500) of PrNH, and PrND,
in CFCL,CF,Cl taken at 77 K and 95 K are broad and rela-
tively structureless. The width of the spectra of both amines
is similar to that in CF;CCl; matrix and it is likely that the
primary radical cation 1'* is observed in F-113 as well. At
the low concentration of 1:500 a temperature increase to ~
100 K leads to some irreversible changes in the spectra. Al-
though the spectra remain relatively unresolved, the new
features do not correspond to the splittings of the distonic
species 2t observed in CF;CCl;. In contrast to the latter
matrix, F-113 is commonly used to study ion-molecule reac-
tions,”™™ the onset of these reactions being around 105 K.

To check if the observed changes are due to such ion-
molecule reactions, concentrated solutions (1:10) were inves-
tigated. As a result, the EPR patterns that appeared at ~
100 K at the lower concentration now already dominate the
spectra at 77-95 K (Figure 6a and b). Comparison of the
spectra of PrND, and PrNH, clearly shows the loss of one

a) PrND,, 95K

b) PrNH,, 95K

c)PrNH,, 105K

d) PrNH,, 125K

Figure 6. EPR spectra of frozen solutions (1:10) of PrND, (a) and PrNH,
(b-d) in F-113 irradiated at 77 K and measured at temperatures indicat-
ed.
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proton coupling of 28 G upon exchange of the amine pro-
tons. Therefore, the most likely explanation for the radical
structure in both cases is the aminyl radical 7
CH;CH,CH,N'H or its deuterated analogue
CH;CH,CH,N'D, in which the deuterium splitting is unre-
solved due to the natural line width in this matrix. As for
the preceding radical cation 1't (see above), radical 7 re-
tains a conformation with two large B-proton couplings of
approximately 53 G each. The additional nitrogen splitting
has an a;,(N) value of approximately 22 G, but the remain-
ing anisotropy is clear (Figure 6a). From the EPR spectra it
is impossible to decide if the radical cation 1" deprotonates
or abstracts a hydrogen atom from a neutral molecule. In
either case, radical 7 is formed together with the ammoni-
um-type cation R—NH;* (Scheme 5). We propose that at

N - 17 kJ ol RH ®
PN \H""NHZ/\/ — + NH3/\/
1%+ 7
Scheme 5.

high concentration the amine does not dissolve in freon to
give isolated single molecules, but associates through hydro-
gen bonding to give dimeric or higher clusters (the stabilisa-
tion energy of a hydrogen-bonded dimer is calculated to be
—20.8kJmol™), in which deprotonation/abstraction may
readily occur at 77 K; at lower concentration the reaction
occurs after softening of the matrix. The preferential forma-
tion of the aminyl radical 7, which is energetically less
stable than the o-amino alkyl radical 8' by 18.9 kJmol ™, is
also explained well by the hydrogen bonding between the
amino groups.

By increasing the temperature to 105 K in the case of the
high concentration, a doublet spectrum (ca. 80 G) appears
(Figure 6¢), showing an additional anisotropic nitrogen split-
ting, similar to that observed for the aminyl radical 7 (Fig-
ure 6a). At low concentration this doublet appears after
warming the sample to 115-120 K. The spectrum is quite
well resolved at 125 K (Figure 6d, note that the central part
of the spectrum contains lines from another species) and
coupling constants of 80.5G (1Hp), 9.9 G (1N,,) and 2.8 G
(2H,) are derived. The values agree exactly with the data
for the propane-1-iminyl radical 12° (CH,CH,CH=N"), ob-
served in the case of cyclopropylamine in the same matrix
after ring opening and subsequent hydrogen transfer.””! The
observation of radical 12° seems to be surprising at first
sight, but the assignment can be regarded as definitive. A
possible (and probably the most likely) explanation is based
on two further reaction steps involving radicals and/or the
primary radical cations. Considering the termination reac-
tion of two aminyl radicals 7', quantum chemical calculations
predict the disproportionation reaction leading to the imine/
amine pair to be superior to the recombination reaction
(AH=-330 and —250 kJmol™!, respectively). The subse-
quent hydrogen abstraction from the imine by an aminyl
radical 7 is exothermic by —91 kImol™' and leads to 12
(Scheme 6). The latter is also formed in the case of PrND,,
although in much smaller amounts, pointing to an isotope
effect in these reaction steps.
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. - 330 kJ mol™
2 _~_NH - > NNH + _~_-NH;
7°
. - 91 kJ mol! .
7 12°

Scheme 6.

Replacing one aminyl radical by the primary radical cat-
ion 1'* in each of the above equations results in calculated
reaction enthalpies of —313 and —77 kJmol™' that are of
comparable exothermicity, the driving force arising from the
formation of the highly stabilised ammonium-type RNH;*
ion. The pronounced formation of the iminyl radical already
at 105 K at high concentration is best explained if one as-
sumes the presence of not only dimeric but also higher clus-
ters of amine molecules, all associated through hydrogen
bonding in a head-to-head arrangement of the amine
groups.

n-Butylamine in the CF;CCl; and CFCL,CF,Cl matrices: In
the transformations of the primary radical cations of alkyl-
amines carried out by mass-spectrometric studies, it has
been shown that hydrogen transfer to the amino group is fa-
cilitated for alkyl chains containing at least four carbon
atoms." ™! For this reason, n-butylamine (BuNH,) and par-
tially deuterated [D,]n-butylamine (BuND,) were investigat-
ed in order to evaluate the effect of chain length on the effi-
cacy of the rearrangement. In both cases, exactly the same
spectra are observed in CF;CCl; already at 77 K, and these
do not change upon increasing the temperature to the
matrix softening point of 143 K (Figure 7a), except for some

50 G

a)143 K

b) simulation v J /
c) 130K ‘/W\/WJ\J\//*’

Figure 7. EPR spectra of frozen butylamine/freon solutions, irradiated at
77 K and measured at the temperatures indicated. a) 1:500, CF;CCl;; c)
1:9, CFCL,CF,Cl. The hfc parameters used for simulation (b) are a/G: 50
(1H), 19.6 (2H), 6 (1H) and 4.9 (N;,); these parameters are assigned to
the distonic radical cation 6% formed from the n-butylamine radical
cation 5% by an intramolecular 1,5-hydrogen shift (see Figure 3).

line width narrowing in the latter case. The spectrum is well
analysed as a doublet (a(1H)=50 G) of triplets (a(2H)=
19.6 G) with further small splittings in the order of 4-6 G.
The best simulation is achieved by using an additional
proton coupling of a(1H)=6 G and an isotropic nitrogen
coupling of a(N)=4.9 G (Figure 7b). The spectrum can be
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straightforwardly assigned to the distonic radical cation 6+
(see Figure 3), with 2a- and 2p-protons (19.6 G (2H,) and
50/6 G (2Hjp)). The assignment is supported by the stability
of the species under different experimental conditions and
the absence of any effect from deuteration. It also agrees
well with quantum chemical calculations for the hyperfine
couplings in species 6. Additionally, the calculated activa-
tion energy of the six-membered transition state is smaller
and the reaction enthalpy larger than in the case of propyla-
mine with a five-membered transition state (Figure 3). Thus,
it is hardly surprising that at 77 K, this hydrogen transfer in
the butylamine radical cation 5% already occurs too rapidly
to be observed, whereas for propylamine, additional energy
in the form of a temperature increase or UV illumination is
needed to drive the reaction.

Irradiation of BuNH, and BuND, in the CFCL,CF,Cl
matrix at a concentration of 1:500 leads to the same spec-
trum (no effect of deuteration) as that observed in CF;CCl,.
This signal is stable up to 110 K and despite some broaden-
ing similar to that encountered in the CF;CCl; matrix, the
spectrum can be confidently assigned to the distonic spe-
cies 6't. Even at the rather high concentration of 1:9, 6
contributes significantly to the overall spin population, in
contrast to the case of propylamine. By careful comparison
of the spectra for propyl- and butylamine solutions at high
concentration, it can be proved that the formation of the
aminyl radicals -CH,N'H or -CH,N'D also occurs in the case
of butylamines, and their contribution to the overall spin
population can be estimated at about 50%.

As it can be reasonably assumed that clusters associated
by hydrogen bonding would also be formed at the high bu-
tylamine concentration, our results indicate the competitive-
ness of the 1,5-hydrogen shift over the hydrogen/proton-
transfer reaction in the hydrogen-bridged complex. At
125 K an iminyl radical can be observed (Figure 7c), with a
set of coupling constants (a/G: 80.8 (1Hg), 9.9 (N;,) and ~
2.2 (3H,,;)) similar to the propane-1-iminyl radical, differing
only in an additional, small 2 G splitting. We also note that
after illumination of 6* with UV light (1~350 nm), small
bands with a spacing of 175 G are observed outside the
main spectrum; these bands indicate the formation of the
methyleneiminyl radical 11° at low concentration, as in the
case of propylamine.

Kinetics of intramolecular hydrogen atom abstraction in
case of n-propylamine: The transformation of the parent
radical cation 1'* into the distonic cation 2'* was studied in
the temperature range 130-145 K. The kinetics at 140 K as
an example is given in Figure 8. The formation rate of 2+
(0.71 h™!, measured with the amplitude of its main line, Fig-
ure 1d) and the decay rate of 1" (0.66 h™', measured with
its relatively noisy outer line, marked with an asterisk in Fig-
ure 1c) agree reasonably well. Further evidence for the 1:1
transformation is given by the constant total spin concentra-
tion. The transformation rate does not depend on the con-
centration and it is independent of deuteration at the NH,
group. In the investigated temperature range, an apparent
activation energy of 10.8 kI mol™' can be derived for this hy-
drogen migration reaction (Figure 8, inset). However, if
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Figure 8. Time dependence of total spin concentration (¥) (normalised
to 100%) and relative concentrations of species 1'* (m) and 2% (0) as
measured at 140 K. Inset: Arrhenius plot (of the apparent activation
energy) for the transformation 1'*—2'* for PrNH, (m) and PrND, (2).

quantum tunnelling contributes to the reaction rate, the acti-
vation energy may be much less than the true barrier height.
Incidentally, it should be noted here that kinetic measure-
ments taken over a narrow temperature interval® are un-
likely to reveal the nonlinear Arrhenius plots that are symp-
tomatic of hydrogen-atom tunnelling.”*#*2*41 For n-butyl-
amine the transformation kinetics could not be studied
quantitatively, as the reaction at 77 K is so fast that it is al-
ready complete one minute after irradiation.

As noted in the introduction to this paper, there is already
much evidence from mass-spectrometric isotope-labelling
studies™*# that n-alkylamine radical cations in the gas
phase can undergo facile 1,5-, 1,6- and 1,7-intramolecular
hydrogen-atom abstraction reactions prior to NH; migration
and fragmentation. Similarly, a 1,5-hydrogen transfer to an
aminium radical cation is considered to represent the first
step in the Hofmann-Loffler-Freytag synthesis of pyrroli-
dines.'> However, in none of these studies has the hydro-
gen atom transfer reaction been isolated for kinetic study,
and only estimates are available from such experiments for
the barriers to these hydrogen shifts."**'* In essence, the re-
sults of these previous investigations have established that
1,5- and more distant 1,n- (n>5) shifts are favoured over
1,4-shifts, and that 1,3- and 1,2-shifts are not generally ob-
served." This conclusion is also in agreement with theoret-
ical calculations,™ showing that the barrier height increases
by approximately 50 kJmol™! in going from a 1,5-shift in the
n-butylamine radical cation to a 1,4-shift in the n-propyl-
amine radical cation.

The present work is consistent with these previous find-
ings, but adds significant quantitative information concern-
ing the kinetics at low temperatures. Firstly, a low barrier to
the 1,5-shift in the n-butylamine radical cation is indicated
by the fact that the reaction already occurs within the short
irradiation time of a few minutes at 77 K. The results of the
calculations displayed in Figure3 give a barrier of
13.5 kJmol™', in reasonable agreement with the earlier esti-
mate of 18 kImol ™.l Secondly, in contrast to the ease of
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this 1,5-shift, the 1,4-shift in the n-propylamine radical
cation is undetectable at 77 K, but can be observed directly
over a period of hours after raising the temperature above
120 K. In this case the barrier height (Figure 3) is calculated
to be 71.6 kI mol™', which agrees closely with the 68 kI mol™
reported earlier."

According to the theoretical calculations of Yates and
Radom,™ the rate constant at 298 K and the Arrhenius acti-
vation energy for this latter reaction are estimated to be
42x10's7! and 57 kIJmol ™!, respectively. Using these values,
which only incorporate the Wigner correction for the rela-
tively small degree of tunnelling applicable at 298 K,
the rate constants for the n-propylamine radical cation at
120 and 140K are predicted to be 6.4x107* and 2.2x
10%s™!, respectively. These rate constants are much too
small to account for our results. For example, the observed
reaction half-life of around 1h at 140 K corresponds to a
rate constant of 1.93x107*s™', which is a factor of ~10°
larger than the theoretical value extrapolated from 298 K.
Thus it seems likely that the tunnelling correction at 140 K
is far larger than that (~360) suggested by the Wigner equa-
tion.”**! In previous studies of hydrogen-atom abstraction
reactions at cryogenic temperatures,* tunnelling correc-
tions have ranged from 10° to 10"%®! 5o it is not surprising
that extensive tunnelling can augment the reaction rate for
the n-propylamine radical cation at 140 K. This is entirely
consistent with the fact that the apparent activation energy
for the latter system of 10.8 kJmol™ is considerably lower
than the calculated barrier height of around 70 kI mol~".[*"]

In contrast, the more rapid reaction for the n-butylamine
radical cation at 77 K can be explained qualitatively without
recourse to a large tunnelling “correction.” Thus, an “over-
the-barrier” estimate with a frequency factor of 1.5x10?s™!
and an Arrhenius factor exp (—E,/RT) of 1.4x10"" based
on a predicted barrier of around 16 kJmol™" (vide supra)
gives a rate constant of 2.1x10's™!, some three orders of
magnitude above the observable lower limit of around 1x
1072s1. However, since the actual rate constant could in
fact be very much higher than this limit, a contribution from
tunnelling cannot be ruled out.

Conclusion

In this work, direct evidence from low-temperature EPR
studies has established the elementary reactions that consti-
tute the pathways for the thermal and photoinduced rear-
rangements of the n-propylamine and n-butylamine radical
cations. This has been achieved through the detailed assign-
ment of the EPR spectra, corresponding to the initial and
final signal carriers, and by monitoring the kinetics of the
thermal transformation for the n-propylamine cation. In the
case of the thermal reactions, the isolated single-reaction ini-
tial processes are shown to be the intramolecular 1,4- and
1,5-hydrogen shifts from carbon to nitrogen; these processes
are of key mechanistic significance in the classical Hof-
mann-Loffler—Freytag reaction. The rates of these reactions
are found to be in accordance with theoretical calculations
that predict a much lower barrier for the 1,5-shift in the n-
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butylamine radical cation than for the 1,4-shift in the n-pro-
pylamine radical cation. The fact that the apparent Arrhe-
nius activation energy (10.8 kJmol™") derived from the ki-
netic studies on the ionised n-propylamine over the narrow
temperature range of 125-140 K is much lower than the bar-
rier height predicted theoretically (ca. 60-70 kJmol™")
strongly suggests that a large contribution from quantum
mechanical tunnelling becomes significant under these cryo-
genic conditions. The contribution from tunnelling in the
case of the n-butylamine radical cation rearrangement at
77 K appears to be less significant in view of the much
lower barrier height.

The photoinduced reactions of the primary n-propylamine
radical cation 1'" also result in a 1,3-hydrogen shift, leading
to the distonic radical cation 3% with spin located at a sec-
ondary carbon atom. Although the latter is energetically the
most stable C;H(N'* isomer, its formation does not take
place spontaneously (due to the barrier height of ~
120 kI mol ™). It requires additional energy supplied by pho-
toactivation.

Aminyl radicals -CH,N'H are formed in a deprotonation/
hydrogen-abstraction reaction of the primary radical cations
with a neutral molecule. This reaction is strongly enhanced
under the condition of high solute concentration, when
ground state dimers are easily formed by hydrogen bonding
between the amine groups. It is worth noting that in case of
n-butylamine, the intramolecular isomerisation still com-
petes efficiently with the intermolecular hydrogen transfer
in the hydrogen-bonded complex, due to the very low acti-
vation barrier (13.5 kJmol ™) of the former reaction. A rear-
rangement of the aminyl radicals to the more thermodynam-
ically stable a-aminoalkyl radicals RC'H—NH, has not been
observed under our conditions. Instead, the evidence sug-
gests that aminyl radicals disproportionate, giving rise to
propane-1-imine, which then serves as the immediate pre-
cursor for the formation of the propane-1-iminyl radical.

A surprising result of the present work is the formation of
the methylene imino radical H,C=N- after photoexcitation
and of alkyliminyl radicals RCH=N" under matrix conditions
that allow diffusion. In each case this highlights the great
stability of RCH=N" radicals due to a strong hyperconjuga-
tion between the C—H o-orbital(s) and the nitrogen 2p orbi-
tal of the unpaired electron. Iminyl radicals are important
reaction intermediates and, as in the present case, they are
often detected under circumstances in which their formation
would not normally be expected."!

Experimental Section

Materials: n-Propylamine (98% +, Lancaster) was purified by distilla-
tion and n-butylamine (99 %, Lancaster) was used as received. Deriva-
tives of amines deuterated on amino groups were prepared from corre-
sponding protiated compounds by hydrogen exchange with heavy water
(99.5% according to NMR spectroscopy); the mixture of amine with
excess of D,0O (10-fold in mol) was stirred for about 20 h at room temper-
ature; the amine was then separated by distillation and the procedure
was repeated. The content of the deuterated compound in the final reac-
tion product of >98% was estimated by NMR spectroscopy. 1,1,1-Tri-
fluorotrichloroethane (99 %, Aldrich or Acros) was purified by passing it
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through a column filled with neutral Al,Os. 1,1,2-Trifluorotrichloroethane
(Uvasol 99.9 %, Merck) was used as supplied.

Sample preparation and irradiation: Amines were dissolved in freons at
solute to solvent concentrations typically between 1:500 and 1:1000 and
carefully degassed by the freeze—thaw technique. The solutions were irra-
diated in the dark at 77 K in liquid nitrogen with the electron beam of a
Linac (Elektronika U-003, Thorium, Moscow). A dose of ~10-15 kGy
(irradiation time ca. 1 min) was sufficient to generate an easily observa-
ble concentration of paramagnetic species. Irradiated samples were pro-
tected from light and the first spectrum was taken as soon as possible
(within about 2.5 min) after irradiation.

EPR spectroscopy: The measurements were performed by using a
Bruker ESP 300e spectrometer (9.5 GHz, 100 kHz modulation) equipped
with either a finger Dewar (77 K) or a variable-temperature control unit
(ER 4121 VT, at >95 K). Spectra were recorded at a microwave power of
0.1 mW and a modulation amplitude of 0.05 or 0.1 mT.

Sample photobleaching: A tungsten lamp (250 W) and a Xenon lamp
(XBO 1000 W, Osram) equipped with a water heat-filter and coloured
glass filters were used for sample illumination at 77 K (outside the ESR
cavity).

Spectra simulations: Isotropic and anisotropic spectra simulations were
performed using the WinSim®! and SimFonia (BRUKER®) software,
respectively.

Computational methods: Quantum chemical calculations were performed
by using density functional theory (DFT) hybrid B3LYP?*"! methods
with the standard 6-31G(d) basis set as implemented in the Gaussian 98
program.P” It was shown”'! that B3LYP and several other DFT function-
als (which set the HF exchange equal to 20 %) tend to delocalise spin for
radical cation structures in which localisation of the unpaired electron is
expected. Therefore, calculations with the BH&HLYP method,* which
utilises a larger fraction of the HF exchange (50 %), were made for com-
parison. Both B3LYP and BH&HLYP methods produce qualitatively
similar geometrical and electronical molecular parameters. However, the
hfs constants calculated with B3LYP are in slightly better agreement with
the experiment.
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