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The Molecular Structure of 2,2,6,6-Tetramethyl-4-piperidone-1-

oxyl Free Radical Determined by Electron

Diffraction in the Gas Phase
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The structure determination of 2,2,6,6-tetra-
methyl-4-piperidone-1-oxyl free radical has been
carried out in the gas phase using the electron
diffraction method. The N — O bond length has
been found to be 1.247 (11) A and the angle of
this bond with the C(2) —N —C(6) plane is 14°.
All bond lengths and angles have acceptable
values, only the C(2)—C(3) bond (Fig. 2) of
1.570 ,(36) A is longer than what is usually
found. The ring has a chair conformation. At-
tempts to refine a twisted boat conformation
resulted in unacceptable non-bonded distances.

2,2,6,6-Tetramethyl-4-piperidone-1-oxyl (TAN)
is a stable free radical of relatively low toxicity,
high solubility, and strong radiosensitizing ef-
fect in & number of biological systems.?»? Organic
nitroxyl free radicals may be stabilized by a
low ground state energy of the three-electron
bond and by sterical hindrance of the nitroxyl
group from alkyl substituents in the « positions.?
Such sterical hindrance may affect the radio-
sensitizing effect of the different nitroxyl free
radicals when these are used in low molar
concentration.?

TAN has previously been shown to interact
with approximately 50 %, of radiation induced
DNA radicals through covalent binding %° or
through red-ox reactions.® Due to low reactivity
or sterical hindrance or both, a significant frac-
tion of DNA radicals are unable to interact with
TAN.

The advantage of having solved the structure
of 2,2,6,6-tetramethyl-4-piperidone-1-hydroxyl
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(TAN-H) ® using the electron diffraction method
in the gas phase has been utilized in the struc-
ture determination of TAN. By comparing the
radial distribution (RD) curves and interpreting
the difference between the two curves, which
on beforechand was assumed mainly to be
associated with the difference between the two

H
groups >N -07 and >N —O, one could

more easily arrive at reliable molecular param-
eters. A number of structure determinations of
different nitroxyl radicals -** have been carried
out using X-ray crystallographic and electron
diffraction methods. There is still some doubt as

to the planarity of the CM\N — O group and we

felt that the structure determination in the gas
phase could be of some value while the molecules
are removed from the effect of their sur-
roundings in the crystal. The comparison of
TAN with TAN-H should make it possible to
get a good estimate of the N—O bond angle

C
with the (‘>N plane.

EXPERIMENTAL

2,2,6,8-Tetramethyl-4-piperidone-1-oxyl (TAN)
was synthesized from 2,2,6,6-tetramethyl-4-
piperidone-HCl (Fluka AG) according to pub-
lished procedures %® with some minor modifi-
cations. The sample, after recrystallization from
light petroleum, had a m.p. of 36.7 °C.

The intensity of the scattered electrons were
recovered on photographic plates in the usual
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Fig. 1. Calculated (solid line) and experimental (dotted line) molecular intensity curves. A: 2,2,6,6-
tetramethyl-4-piperidone-1-oxyl (TAN), B: 2,2,6,6-tetramethyl-4-piperidone-1-hydroxyl (TAN-H).

way at two nozzle-plate distances. One set of
six plates at 480 mm and a nozzle temperature
of 125 °C and a second set of eight plates at
200 mm and a nozzle temperature of 125 °C
were used. The electron wave length was for
both sets 0.06457 A. The first set covered an &
range of 1.625—19.875 A-1 and the second an s
range of 7.50—43.00 A-1, The total modified
molecular intensity curve is reproduced in Fig.
1 and extends over an s range from 1.625 A-1
to 35.00 A-1,

The RD curve of TAN was compared with
the RD curve of TAN-H and analyzed to
determine approximate molecular parameters
for the structure. The parameters were refined
by a least squares method in the usual way.
The computer programs available in Oslo ¥
were used throughout this investigation.

STRUCTURE ANALYSIS

It was initially assumed that TAN and TAN-
H would both have a chair conformation and
that there should be a plane of symmetry
through N and C(4) (Fig. 2). In Fig. 1 are
shown the molecular intensity curves of TAN
and TAN-H and in Fig. 3 are shown the RD
curves of the two compounds. The curves
showed that not only the parameters for the
free radical part of the molecule had to be
changed but also other molecular parameters
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Fig. 2. 2,2,6,6-Tetramethyl-4-piperidone-1-oxyl
(TAN) and the numbering system of the carbon,
nitrogen and oxygen atoms.
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Fig. 3. Calculated (solid line) and experimental
(dotted line) radial distribution curves. A:2,2,
6,6-tetramethyl-4-piperidone-1-oxyl (TAN), B:
2,2,6,6-tetramethyl-4-piperidone-1-hydroxyl
(TAN-H). Artificial damping constant k=
0.0009 A.

had to be modified somewhat. However, it
could be shown that a chair conformation could
be present according to the experimental RD
curve.

Rozantsev ? has proposed that TAN should
have a twisted boat conformation. His assump-
tion is based on calculated values of the dipole
moment. There are also other indications that
TAN could have this form. A recent crystal
structure investigation of TAN by Shibaeva
and coworkers in the U.S.S.R."® shows that
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TAN has a twisted boat conformation with a
180° angle between the N—O and C=0 direc-
tions. The structure is refined to an R value
of 0.13 and the parameters should probably be
further refined to obtain more accurate bond
distances and angles. A crystal structure deter-
mination of cyclohexane-1,4-dione ** showed
that this molecule had a twisted boat conforma-
tion. TAN is probably more analogous to cyclo-
hexane-1,4-dione than TAN-H because of the
sp? hybridized atoms in 1,4 positions. It was
therefore also assumed that TAN should have
this conformation, and the bond lengths men-
tioned above and the angles from cyclohexane-
1,4-dione were used as starting parameters.
There were indications that calculated RD
curves of both conformations had a shape fairly
similar to the experimental RD curve.

Least squares refinements on the chair form
proceeded satisfactorily while the refinements
on the twisted boat always resulted in unac-
ceptable non-bonded interatomic distances. No
matter what was tried, some interatomic dis-
tances would always come out too short.

Calculated and experimental molecular inten-
sity curves are reproduced in Fig. 1. A com-
parison of the experimental and calculated RD
curves is shown in Fig. 3.
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Table 1. Structure parameters for 2,2,6,6-tetra-
methyl-4-piperidone-1-oxyl (TAN) obtained by
least squares refinement on the intensity data.
Distances (r,-values) and mean amplitudes of
vibration (u-values) are given in A, angles in
degrees. The standard deviations given in paren-
theses have been corrected to take into account
data correlation. The uncertainty arising from
error in the electron wave length is included.
(For numbering system of the atoms see Fig. 2).

Distances r u
N(1)-0(7) 1.247 (11) 0.045
N(1)-C(2) 1.500 (20) 0.044
C(2)—C(3) 1.570 (36) 0.047
C(3)—C(4) 1.500 (38) 0.046
C(4)—O(8) 1.204 (11) 0.037
C(2) - C(9) 1.520 (20) 0.048
C(2)-C(11) 1.520 (20) 0.048
C—-H 1.094 ( 9) 0.068
Angles deg.

C(2)—N(1)—C(6) 110 (5.3)
C(2)~N(1)—0(7) 123 (3.5)

N(1) - C(2) - C(3) 109 (5.4)
C(3)—-C(2)—C(9) 112 (3.6)
C(3)—C(2)—-C(11) 104 (3.6)

C(2) - C(3) - C(4) 114 (3.6)
C(3)—C(4)—-C(5) 111 (7.0)
C(3)—C(4)—-0(8) 124 (3.5)
N(1)-C(2)-C(9) 114 (3.6)
N(1)-C(2)—-C(11) 112 (3.6)
C(2)-C(9)—-H 112 (1.9)

Table 2. Correlation matrix (X 100) for the parameters. (The coefficients having absolute values less than

0.6 are not given.)

Parameters

R’l Rﬂ RS Rd RS R’G R7 Rs R’D RIO Rll RH R’13 Ru RISRIG RU Rla

R, N(1)-0(7) 100

R, N(1)-C(2) 100

R, C(2)—C(3) 100

« C(3)=C(4) —86 100

s C(4)—0(8) 100
s C(2)—C(9) -7 100
. C(2)—N(1)—C(6) —72

s C(2)—N(1)-0(7)

o N(1)-C(2)-C(3)

R0 C(3)—C(2)—C(9)

Ry, C(3)— C(2)—C(11)

R,, C(2)~C(3)—~C(4)

Ry, C(3)—C(4)—C(5)

Ry, C(3)—C(4)— 0(8)

R, C(9)— C(2)— N(1)

R, C(11)—C(2)—N(1)

Ry, C(2)— C(9)—H

Ry O—H

el

7 & W

89

100
—85 100
—85 94 100
-179

74 70 100
72 11 100

74 -6 100
-4

—88 100
—173 100
—81 —~-83 —~756—-"172 100
—72 =72 7115 100
100

100
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Table 3. Nitroxyl group parameters of free radicals whose structures have been determined. TAN-H
is added for comparison.

C.—~ C

Molecule  Ref. Z>N— 0 % N-O N-C Method
I 7 planar 114.5 1.26 1.50 X-ray
II 8 planar 114.8 1.267 1.48 X-ray
(9)
ITI 10 15.8 125.4 1.291 1.499 X-ray
v 11 planar 121 1.308 1.496 X-ray
A\’ 12 planar 136 1.28 1.512 el.
diffr.
VI 15 planar - 1.278 1.501 X-ray
VII 13 planar 124 1.23 1.44 X-ray
VIII 14 planar 121 1.30 1.46 X-ray
this 14 110 1.247 1.50 el.
work diffr.
IX 6 37 118 1.465 1.50 el.
diffr.
H
-
o K* NH, RESULTS AND DISCUSSION

I

o—Z

1l

The bond lengths, angles, standard devia-
tions, and u-values (vibrational amplitudes) are
listed in Table 1. The correlation between
parameters decides how well these parameters
may be determined.'® In Table 2 the correlation
coefficients [g;|> 0.6 are listed and the R;, E;
refers to parameters shown in Table 1. The
correlation between R, and the 17 other param-
eters is less than 0.6 and the same is the case for
Ry and R,,. These parameters are determined
with greater accuracy than the other bond-
distance parameters. B, and R, as well as R,
and R, are greatly correlated and this explains
why these are less accurately determined. The
correlation between bond distances in TAN is
greater than in TAN.-H which makes the
structure determination of the latter more
accurate.

Except for the C(2)—C(3) the bond lengths
are about what could be expected. The poor
accuracy makes it doubtful to discuss the
significance of this lengthening, but it may be
pointed out that the 1.570 A found here is close
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to the 1.560 A found in both TAN-H® and
cyclohexane-1,4-dione *® for the same distance.
The C(2) —N —C(6) and C(3) — C(4) — C(5) angles
are about equal in this structure while C(2)—
N-—-C(6) was 118° in TAN-H. This change in
angle contributes to the shortening of the
distance between the axial methyl groups which
in TAN is C(9):--C(10)=2.91 A. The two
distances from the nitroxyl oxygen to the
methyl groups are O(7):-:C(9)=3.35 A and
'0(7)--+C(11) = 2.83 A. The dihedral angles in the
ring are C(5)—C(6) —N —C(2)=60°, N-C(2)—
C(3) — C(4) = 54°, and C(2) — C(3) — C(4) — C(5) =
47°. The angle between the N — O bond and the
plane defined by C(2) —N —C(6) is found to be

C
14°. A comparison of the (‘>N—O parameters

in the structures determined so far is shown in
Table 3.

Pulse radiolysis studies have revealed that
organic nitroxyl free radicals might have dif-
ferent sterical hindrance in reactions with deoxy-
nucleotide radicals.? Sterical hindrance seems
also to be involved in the radiosensitizing effect
of nitroxyls in bacteria.? Thus, in one bacterial
species, where different nitroxyls had nearly
equal sensitizing effects at high concentrations,
the effect differed strongly at low concentra-
tions of sensitizers.?

Evidence is accumulating that DNA is the
vital target in irradiated bacteria and cells.?! It
is therefore of interest that TAN may be bound
covalently to irradiated native DNA, tc the
extent expected from the observed yield values
in experiments where the four separate deoxy-
nucleotides were irradiated in the presence of

TAN.2
Nearly all radiation induced binding of TAN

to DNA seems to take place at the 5 — 6 position
of the pyrimidine bases of DNA.? On a model
of double stranded DNA it can be shown that
TAN may interact with DNA radicals, located
at such sites, without restrictive sterical hin-
drance. It can also be shown that TAN, when
bound to DNA with a conformation as in
TAN-H (¢.e. as a hydroxylamine derivative) may
be located in the minor groove of the double
helix of DNA without sterical hindrance from
neighbouring groups of DNA.
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