carbonyl compounds by H atom donors may be of the same
order.

The chemistry of the triplet state of sym-triazine has
been studied* and was found to be similar to that of the
diazabenzenes examined in this work.
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Abstract: Photoelectron (PES) and electronic absorption spectra of a series of NV-nitrosamines have been obtained and com-
pared with the results of CNDO/2 and CNDO/S calculations; all observable PES and electronic absorption bands have
been assigned. The highest occupied molecular orbital is a = orbital, and the subjacent occupied orbital is an n orbital local-
ized on the nitroso oxygen. Bond orders, charge densities, and dipole moments determined by the calculations are presented
and discussed. The calculated = charge densities indicate that the amino nitrogen is electron deficient; however, the calculat-
ed total charge densities indicate that amino nitrogen is slightly electron rich. Barriers to syn-anti isomerization of dimethyl-
nitrosamine by means of both rotation around the N-N bond and inversion at the nitroso nitrogen have been calculated by
means of the CNDO/2 method. The inversional barrier is four times greater than the rotational barrier. The calculated rota-
tional barrier, 18.2 kcal/mol, has the same magnitude as that of the experimentally determined barrier, 23 kcal/mol. Con-
formational analyses of methylphenylnitrosamine and of diisopropylnitrosamine have been made by means of the CNDO/2
method and have been compared with the analyses of previous investigations.

Introduction

The NMR spectrum of dimethylnitrosamine (1) consists
of two singlets.! The nonequivalence of the two methyl
groups is postulated to be the result of partial double bond
character between the two nitrogen atoms; one methyl
group is syn (Z) and the other is anti (E) to the nitroso
oxygen.!:23 NMR coalescence studies have given the ener-
gy of activation for reorientation of the methyl groups in di-
methylnitrosamine (I) to be 23 kcal/mol.! The observation

H,C (Z)HC + (O
: >N—N=0 -~ >N=N/
H,C (E)H,C
I IA

of two separate methyl resonances implied a planar or near-
ly planar configuration for all atoms but hydrogens in di-
methylnitrosamine.

X-Ray diffraction studies® on dimethylnitrosaminecop-
per(Il) chloride (CH3);N-NOCuCl; and electron diffrac-
tion studies on dimethylnitrosamine® have indicated that
the C;N>O atoms in both compounds lie in a single plane.
A comparison of the bond lengths of gaseous dimethylnitro-
samine and of the copper(Il) chloride complex reveals that
both have the same C-N bond length but the N-N and
N-O bond lengths in the complexed molecule are shorter by
0.08 and 0.02 A, respectively,® than the corresponding bond
lengths in the gaseous one. The greater shortening of the
N-N bond distance in the complex indicates that complexa-
tion increases the N-N bond order more than it increases
the N-O bond order.

In order to establish the energetic ordering of the molec-
ular orbitals we have studied the photoelectron spectra of
some N-nitrosamines. Quantum chemical calculations of
the CNDO/2 and CNDO/S type have been performed to
obtain orbital energies and transition energies of com-
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Table 1 Table 11
Compd Structure Name Length, A
CH, 0 Bond Electron diffraction This study
I - >N—N/ N-Nitrosodimethylamine N—O 1.235 1.20
' N-N 1.344 1.31
CHCH, e C—Nsyn 1.461 1.41
1l N—N N-Nitrosodiethylamine C—Nanti 1.461 141
CHCH, C-H 1.129 1.12
(CH ).CH 0 Angle, deg
111 >N—.\'/ N-Nitrosodiisopropylamine NNO 113.6 115.0
(CH),CH CNNgyp 120.4 121.0
cH o CNNanii 116.4 120.0
v \N—_\’/ N-Methyl-N-nitrosoaniline NC 123.2 119.0
@ NCH 109.6 109.5 (assumed)
3 2P1/2 and 2P3;; lines of argon were used to determine resolution;
. . ) the resolution range of all spectra was between 18 and 25 meV.
v ot N-gltzrozs]o-Z-tazablcyclo- The ultraviolet spectra were recorded by means of a Cary Model
-c.c|octane 14 spectrophotometer in the double beam mode. EPA (by volume
5 parts ethyl ether, 5 parts isopentane, and 2 parts ethanol) was a
solvent for all compounds; a 3-methylpentane solution of com-
. . pound 1V was also used.
VI N-Nitroso-1,3,3-trimethyl-2-

azabicyclo[2.2.2]octan-
S-one

pounds I-VI (Table I), and we have used these calculations
in the interpretation of the photoelectron spectra. Koop-
mans’ approximation,” which sets the negative of the appro-
priate eigenvalues of the molecular orbitals equal to the ex-
perimental ionization potentials, was utilized. lonization
potentials based on the use of this approximation are usual-
ly too large because electron reorganization during ioniza-
tion® is neglected; in the customary manner their magni-
tudes were reduced empirically in order to make compari-
son with experimental results easier. Our studies indicate
that the occupied orbital of highest energy is the = orbital
and that the second highest occupied orbital is an n orbital
localized mostly on the nitroso oxygen.

The result of our calculation of the rotational barrier is in
good agreement with the experimentally determined value.
We have calculated the barrier to inversion (a planar di-
lacement of the oxygen from one side to the other through a
linear transition state N-N-O) to be four times greater
than the barrier to rotation. The calculated charge densities
and bond orders are in good agreement with the results of a
previous Pariser-Parr-Pople calculation.3 Lehn has pre-
viously indicated’® that heteroatoms attached to the N
atom can bring the barrier to rotation below the carrier to
inversion. We believe that the resonance form IA is an in-
sufficient representation of the actual charge distribution in
spite of its ability to account for the nonequivalence of the
two methyl groups that is revealed by the NMR spectrum.

By means of our calculational methods we have exam-
ined the preferred conformations of diisopropylnitrosamine
and methylphenylnitrosamine. The preferred conformations
agree with those suggested by the NMR data.?

Experimental Section

The N-nitrosamines listed in Table I were prepared and purified
by means of conventional methods. Compound VI is a new com-
pound, and its preparation is described in another paper.'#

PES spectra were recorded by means of a Perkin-Elmer Model
PS-18 photoelectron spectrometer equipped with a 10-cm radius
cylindrical electrostatic field deflection analyzer. The He I reso-
nance line at 584 A (21.22 eV) was used as the ionization source.
Solid samples (compounds V and VI) were allowed to sublime in a
probe heated to a temperature between 50 and 80°. The liquids
1-1V were introduced into the target chamber at 0.1 Torr. The

Quantum Chemical Calculations. The CNDO/2 and CNDO/S
calculations were carried out for the series of nitrosamines, I-VI,
by means of an IBM 360/65 digital computer. The CNDO/2 pro-
gram written by Pople and Dobosh® was used. The CNDO/S
method was originally developed by Del Bene and Jaffe;!0 their
later reparameterization!! was used in this work. The Fock matrix
averaging technique suggested by King!2 was employed to acceler-
ate convergence.

The CNDO/2 program was used to calculate the minimum en-
ergy bond lengths and bond angles of the >N—N=0 group of di-
methylnitrosamine, and the equilibrium geometry determined by
means of this calculation was usually considered to be the geome-
try of the same group in the other nitrosamines in the series; the
exceptions are described later. Since the C,N,O atoms of di-
methylnitrosamine have been shown by X-ray and electron diffrac-
tion to have a planar geometry,*56 we used a planar model of the
C;,;N20 framework of the molecule. We further assumed that (a)
the bond angles in the methyl group are tetrahedral, (b) all of the
C-H bond lengths are the same, (c) the two C~N bond lengths are
identical, and (d) the methyl hydrogens are oriented in the manner
shown in 1A’

,H
H. /.H
\C/

N/

N—N
!
H/ \H

IA’

With these assumptions, the calculations gave the energy-mini-
mized bond lengths and bond angles of dimethylnitrosamine that
are presented in Table I1; this table includes the experimental bond
lengths and bond angles based upon electron diffraction results.
The agreement between calculations and experiment is quite good,
the calculated bond lengths are slightly shorter than the experi-
mental ones.

Bond lengths and bond angles within the ethyl and isopropyl
groups of 11 and 111 were taken to be those given by Pople and Bev-
eridge.!> Within the phenyl group of 1V, the carbon-carbon bond
lengths were taken to be 1.395 A, the carbon-hydrogen bond
lengths to be 1.084 A, and all carbon-carbon-carbon bond angles
to be 120°. The energy-minimized bond length of the phenyl-ni-
trogen bond was found to be 1.41 A for both a completely planar
molecule and for several conformations that have various angles of
twist between the planar phenyl and planar NNO groups.

Compounds V and VI were assumed to have standard C-C and
C-H bond lengths of 1.54 and 1.07 A, respectively.!* All C-C-C
and C-C-H bond angles in the methyl groups and in the bicyclic
ring structures were assumed to be tetrahedral. The geometry of
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Table IIl. Ionization Potentials
CNDO/2 CNDO/S
Type Caled Caled Obsd,
Compd orbital (-3.0eV) (-2.0eV) eV
I (CH,),NNO , 8.99 9.21 9.09
n 10.23 10.35 9.69
m, 15.39 13.54 11.54
o 13.48 12.84 12.90
II (CH,CH,),NNO =, 8.69 8.93 8.76
n 9.92 10.21 9.39
m, 13.81 12.53 11.61
o 12.34 11.15 12.30
Il (-Pr),NNO L8 8.29 8.60 8.58
n 9.65 9.85 9.18
m, 13.74 12.30
o 11.65 11.11 11.60
IV PhCH,NNO b 8.24 7.59 9.01
(planar TPh 8.19
conformation) n 10.03 10.05 9.66
7ph, 11.28 10.22 10.76
o 11.30 10.60 11.50
m, 8.40 8.70 8.72
n 9.62 10.01 9.15
m, 11.32 1042 10.97
o 10.72 10.32 11.37
ki 8.20 8.57 8.63
n 9.07 (NNO) 8.98 (C==0) 9.29
n 9.55 (C==0) 9.40 (NNO) 9.49
o 10.94 10.57 10.80

the NNO group was kept the same as that in the energy-mini-
mized structure of dimethylnitrosamine. However, the bond angles
and bond lengths associated with the CNC position of the molecule
were varied in order to find the minimum energy geometry. The
resultant geometry has angles at the carbons « to the ring nitrogen
which are slightly smaller than the normal tetrahedral angles of
the ring structure, C-N bond lengths that are greater than the 1.41

energy-minimized value for dimethylnitrosamine, and a C-N-C
bond angle near 120°. The compressed ring angles at the « car-
bons and the C-N bond distances, lengthened with respect to those
of dimethylnitrosamine, are the structural features that were ad-
justed to accommodate the nitrosamine group into the bicyclic ring
system. The energy-minimized geometry of compound V is shown
in VA. The geometry of the bicyclic ring of compound V1 was the

106.69° | 445 1314 N 1204
VA

same as that of compound V except that the C*C3C® angle (see
Table 1, compound VI) was increased slightly from tetrahedral to a
value approaching 120° and the C4-C5 and C5-C® bond lengths
were decreased from 1.54 to 1. 52 A. These changes were made to
lessen the strain in the C,-C(=0)-C, group. The C=O bond
length was assumed to be 1.22 A,

Results and Discussion

Tonization Potentials. Table I11 presents the four highest
occupied molecular orbitals and the orbital energies pro-
duced by both CNDO/2 and CNDO/S calculations for
compounds I-VI. In each case the occupied molecular or-
bital with the highest energy is predicted to be a = orbital
that is denoted m and is essentially localized on the nitroso
group. The orbital is quite similar to the highest occupied =
orbital of allyl anion and has large electron density on the
oxygen and the amino nitrogen. There is practically a node
on the nitrogen bound to oxygen. In each case except that of
IV, the next subjacent occupied molecular orbital is predict-
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Table IV. Orbital Energies and Assignments

CNDO /2
Néo
1
/N\<H <’
HQ H
o
Energy(eV) Orbitol Energy(eVv) Orbital
-11.24 T, -11.26 M
-13.03 NNNoO -13.03 NNNo
-i4 28 77'¢ -i4.26
-14.30 a -14 .29 7T¢
-14.62 a ~14.60 a
-156.29 T mixed -15.22 Tmixed
CNDO /S
n=°
|
N

L ¢
Energy(eV) Orbital Energy (eV) Orbital
-9.59 T, -9 58 A
-10.19 7T¢ -10 20 77'4,
-i2.08 NNNO -12.02 Tmixed
-12.22 Tmixed -2 29 NNNO
-12.60 -12.67 a
1312 a -i3.16 a

ed to be an in-plane orbital which has major electron densi-
ty on the oxygen atom and some delocalization onto both
nitrogens. This orbital has been designated to be an n orbit-
al because most of its electron density is on the oxygen
atom. Both of these occupied orbitals become more energet-
ic and consequently less stable as the alkyl groups attached
to N become more complex.

The energetic order of the remaining occupied orbitals
varies from molecule to molecule, and CNDO/2 and
CNDO/S methods give different relative and absolute
values. In the cases of the nitrosamines I, II, 111, and V,
that contain only carbon-hydrogen substituents, the calcu-
lations indicate that there are one or two ¢ orbitals at lower
energy than that of the n orbital. Only the more energetic ¢
is given in Table I11. A nitroso = orbital, 73, occurs at lower
energy than does the first ¢ orbital in the cases of I, I1, 11,
and V. The 7, orbital has major electron density on the ni-
trogen and the oxygen of the nitroso group but does not
have a node on the nitrosamino group. In the case of VI the
CNDO/2 and CNDO/S methods yield opposite orders for
the energies of the two n orbitals below the most energetic
occupied orbital; the CNDO/2 calculation places the NNO
n orbital at higher energy, but the CNDO/S calculation
places the CO n orbital at higher energy.

The ordering of the occupied orbitals of methylphenyini-
trosamine (IV) depends upon both the conformation chosen
and the calculational method used. The results of the
CNDO/2 and CNDO/S calculations on two representative
conformations are shown in Table IV.

The CNDO/2 method predicts the two highest molecular
orbitals to be the nitroso = orbital, =, and the nitroso n or-
bital. The energetic order of these two orbitals does not
change upon twisting the phenyl group or rotation of the
methyl hydrogens. However, the phenyl localized = orbital,
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Table V. Bond Orders and Charge Densities
for Dimethylnitrosamine

pa
HG\C' - 'HB 04
3\N-—N/
f‘fl sz Bond 77 Baond Order
/Cs\ CNDO/2 CNDO/S
H He
[l¢} N-O 0.773 0.752
N-N 0.i98 0217
TT Charge Densities
Atom CNDOs2 CNDO /S
N; +0.i26 +0.i33
N, +0.253 +0.202
04 -0.3i2 -0.335
Overaii Chorge Densities
Atom CNDO/2 CNDO/S
N, +0.154 +0.i37
N, -0.078 -0.109
Ca +0.094 +0.02i
O4 -0.238 -0.32i
Cy +0.097 -0.028
Hg -0.00! +0039
He -0.0i0 +0.039
Hg -0.010 +0.039
Hg -0.005 +0.030
Ho -0.002 +0.048
Hy -0.002 +0.048

wph, becomes less energetic in the twisted models than in
the planar model.

The CNDO/S method predicts the highest occupied or-
bital of the planar form to be the nitroso = orbital, =;. How-
ever, in contrast to the CNDO/2 method, the subjacent oc-
cupied molecular orbital is predicted to be wpn. The two re-
maining orbitals to lie above the highest occupied o orbitals
are the nitroso n orbital and a 7 orbital which is delocalized
over the entire molecule, mmixed. When the phenyl group is
twisted out of the plane the two most energetic occupied or-
bitals retain the same ordering. The mnixed Orbital, however,
becomes more energetic than the nitroso n orbital. The
CNDO/2 calculation indicates that this wmixed Orbital is at
lower energy than that of either of the two o orbitals.

Charge Densities, Bond Orders, Dipole Moments. These
CNDO/2 and CNDO/S calculations also produced charge
densities, bond orders, and, in the case of the CNDO/2 cal-
culations, dipole moments. Bond orders have been defined
to be the square of the density matrix element for the out-
of-plane p orbitals on the two atoms between which the
bond is made.!” Since the phenyl and carbonyl groups in
compounds IV and VI did not appreciably change the bond
orders and charge densities for the nitrosamino group of
compounds I-VI, only the results from the calculations of
these quantities for the nitrosamino group of compound I
will be given. Table V presents the = bond orders, = charge
densities (relative to the formal structure >N-—N==0), and
overall charge densities of dimethylnitrosamine. Note the
similarity between the CNDO/2 and CNDO/S results. The
N-O = bond order is slightly less than one, the N-N 7 bond
order is about 0.2, and the 7 charge densities give two elec-
tron-deficient nitrogens and an electron-rich oxygen. How-
ever, the overall charge densities predict an alternating dis-
tribution of charge in which the oxygen is electronegative,
the nitroso nitrogen electropositive, the amino nitrogen elec-

Table VI. = Bond Orders of N-Methyl-N-nitrosoaniline
Bond CNDO/2 CNDO/S
N-N 0.1871 0.2014
N-O 0.7804 0.7616
N-Cph 0.0788 0.0574

tronegative, and the methyl carbons electropositive. This
predicted alternating charge distribution for polar mole-
cules has been pointed out by Pople and Beveridge.'*

The experimental dipole moments of compounds I and
IV are 3.98 and 3.62 D, respectively.!® The dipole moments
calculated for these compounds by means of the CNDO/2
method are 2.99 D for I and 2.72 D for IV and are smaller
than the observed values. However, the calculated values
fall in the same order as the observed ones and little signifi-
cance should be attributed to the quantitative results be-
cause neither CNDO method is parameterized to give good
dipole moments. Nevertheless, the calculations may be un-
derestimating the charge separation and contributions of
canonical forms such as IA.

The = bond orders for the planar CN,O portion of com-
pound IV are shown in Table VI. Note that the N-Cpp, 7
bond order is very small, and thus only a small amount of
formal conjugation between the phenyl group and the nitro-
samino group is predicted. In the case of compound VI, the
overall charge density (CNDO/2) of the carbonyl oxygen
and carbon are —0.271 and +0.253, respectively. One inter-
esting result in the case of compound VI is that C-3, the
methylene carbon « to the carbonyl, is predicted to carry a
slight negative charge and its attached hydrogens are pre-
dicted to be significantly electropositive.

This charge results from the reinforcement of the nega-
tive charge on C-3 by the alternating charge distributions
from both the carbonyl oxygen and the nitroso oxygen. Be-
cause of the predicted electropositive character and the ex-
pected enolizable nature of these hydrogens we anticipated
easy exchange with dilute NaOD/D,0O. Indeed, both of
these hydrogens undergo replacement by deuterium under
mild conditions.

Electronic Spectra. The CNDO/S method was also used
to calculate electronic transition energies and oscillator
strengths. Configuration interaction with 30 single-elec-
tron-excitation CI states was used. Table VII gives the pre-
dicted lowest energy singlet-singlet transition energies and
the oscillator strengths for compounds I1-VI. The general
result for compounds I-111 and V is a weak low-energy n —
w* transition and a strong higher energy = — =* transition,
Increasing the complexity of the alkyl group (I — IlI) re-
sults in a predicted red shift in both transitions. The n — #*
transitions of V are predicted to occur to the blue of the n
— 7* transitions of I — III, and its # — «* transition is
predicted to be between those of 1 and I1.

Calculations for compounds IV and VI likewise show the
low-energy n — 7* and strong high-energy = — #* transi-
tions. In addition, both compounds have a predicted inter-
mediate transition. In the case of IV, the intermediate tran-
sition is a = — #* transition that is primarily localized on
the phenyl group and has an intermediate intensity; the po-
sition of the band is influenced by the nitroso group. It is
predicted to occur near the position of the lowest energy =
— 7* transition of benzene. In the case of the twisted con-
formations of IV the predicted n — =* transition is red
shifted from that of the planar form, and the nitroso = —
m* transition remains at practically the same position.

In the case of VI, the predicted intermediate transition is
an n — 7* transition of the carbonyl group and has a low
intensity. It is predicted to occur to the red of the n — #*
transition of acetone.
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Table VII. Transition Energies (Vertical)
Exptl Theor Type of Oscillator
A, NmM v, cmTla A, NM v,cm™! transition strength
I (CH,),NNO 358 27,930 w 566 17,660 n-n* 20x 10°°
230 43,480 s 200 50,110 7o ¥ 0.149
II (CH,CH,),NNO 363 27,550 w 571 17,520 n— 1% 1078
232 43,100 s 205 48,790 ¥ 0.148
Il (i-Pr,)NNO 370 27,027 w 582 17,190 n—n* 0
233 42919 s 211 47,320 ¥ 0.159
IV CH,PhNNO 381 26247 w 552 18,097 n— T*NNO 0
273 36,630 s 267 37,391 m— 7¥pp 38x 1073
218 45,872 s 247 40,405 = T*NNO 0223
v ;E 347 28,820 w 557 17,970 n-n* 3% 107
; 233 42,920 s 203 49,320 7o 0.169
:\\N/o
0
VI . 376 26,600 w 532 18,790 n- T*NNO 2.1% 107
o, 307 32,570 w 324 30,850 n-m*c=o (2).?4>< 107
AN 235 42,550 s 209 47,920 - T*NNO 140
aw = weak; s = strong.
The spectra of compounds I-VI included a weak absorp- T ' ’ ‘ T T
tion in the 340-400 nm region which showed vibrational
structure, and in the case of all compounds except V and VI
a vibrational spacing of about 750 cm™' was noted; see Fig-
ure 1 and Table VII. When a more polar solvent is used, x10 o~
there was observed a blue shift of the band of IV in this re- \/'\_
gion; this shift is indicative of an n — =* transition. All
compounds also have a strong structureless band in the | (9\—a /\I
215-235 nm region. A change to a more polar solvent h
caused the band of IV in this region to red shift, and this
shift indicates that this band is a # — #* band. Thus, the
weak band in the 340-400 nm region is an n — «* band of o
the nitroso group while the strong absorption in the 215- S
235 nm region is a # — #* band. Our calculated results Z
agree qualitatively with these conclusions. It is normal for P |
CNDO/S calculations to predict n — #* transitions well to ... _
the red of the observed positions. @
Both 1V and VI showed a band intermediate between i
these two bands. In IV this intermediate band is a broad, § x25
relatively intense band that has only a hint of structure. The o m
band of IV is only slightly red shifted in a more polar sol- o .
vent but the shift does indicate a = — =* transition. Its ©

location is approximately that of the 'A — 'L, transition in
benzene. The calculations predicted in this wavelength
range a band for I'V which is primarily located on the phe-
nyl group. Therefore, we conclude that this band is a 'A —
I'Ly transition perturbed by the nitrosamino group.

In the case of VI there is a weak transition in the 320 nm
region which shows structure that has a vibrational progres-
sion of approximately 1200 cm~'. This value is approxi-
mately that which would be expected for an excited carbon-
yl stretching vibration. The location of this band is red
shifted from the position of a typical carbonyl n — =* tran-
sition. The calculation predicted a weak C=0 n — =*
transition in this region; thus, this band is interpreted to be
a perturbed n — =* transition of the carbonyl group in the
molecule.

Barriers to Rotation and Inversion. The CNDOQ/2 meth-
od was used to calculate the barrier to rotation around the
N-N bond and the barrier to inversion of the nitroso group
of dimethylnitrosamine. Two transition states were em-
ployed. (a) One was a 90° rotated form in which the
N-N-O plane is perpendicular to the C-N-N plane; this
transition state is the one for rotation about the N-N bond.
(b) The other was a N-N-O linear transition state; this

x 500

|

I )
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Figure 1. Elecironic absorpiion spectra of the V-nitrosamines | — VI

transition state is the one for inversion at the nitroso nitro-
gen. In each case the approximate barrier was calculated to
be the difference between the binding energy of the transi-*
tion state and the binding energy of the planar form. In the
case of the rotational transition, N-O and N-N distances
and the NNO angle were energy minimized. For this con-
formation, both NNC angles were assumed to be 120°, and
all C-H bond lengths were taken to be 1.10 A, The energy-
minimized parameters were calculated to be: N-O, 1.18 l{;
N-N, [.34 A; and /NNO, 115°. Note (see Table II) that
the N-O distance is predicted to be shorter and the N-N
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Conformation Binding Energy
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Figure 2. Binding energies of various conformers of diisopropylnitro-
samine

distance to be larger than their corresponding values in the
planar form. These facts are consistent with the idea that
rotation destroys the N-N partial = bond. In the case of the
linear transition state, the same assumptions concerning the
NNC angle and the C-H distances were made. The N-N
and N-O distances were energy minimized, and the resul-
tant values were 1.29 and 1.16 A, respectively. Note (see
Table II) that both of these distances are shorter than the
corresponding distances in the planar form. The calculated
energy barriers to rotation and inversion are 18.2 and 73.3
kcal/mol, respectively.

The CNDO/2 program was also employed to predict the
preferred conformations of molecules Il and IV. In the
case of IV the parameter of interest is the angle between the
phenyl group plane and the nitrosamino group plane.

Binding energies were calculated for the stable confor-
mer of methylphenylnitrosamine (O syn to methyl). The di-
hedral angle between the CoNNO plane and the planar
phenyl ring was varied from 0 to 90°. However, it was
found that the spatial orientation of the methyl hydrogens
greatly influenced the binding energy of conformers having
various angles of phenyl twist. Steric repulsions between a
methyl hydrogen and an ortho hydrogen on the phenyl
group caused greater destabilization than steric interaction
between a methyl hydrogen and the nitroso oxygen. There-
fore, a representative number of methyl conformations were
averaged to give a representative binding energy for each
angle of phenyl twist. The averaging formula employed was

binding energy = Y. Bie~ (B—E0)/RT/S o=(Bi=Eo)/RT
7 7

B, is the binding energy for one particular methyl confor-
mation, Eg is the binding energy of the most stable methyl
group conformation for a given phenyl angle of twist, T is
room temperature, and the sum extends over all methyl
conformations which were calculated for each angle of
twist. Note that the formula weights each contributing
methyl conformation by a Boltzman factor which gives its
relative importance in the overall distribution of confor-
mers. Table VIII presents the binding energy as a function
of the dihedral angle between the phenyl group and the ni-
trosamine group after the averaging has been done.

Table VIII,
Phenyl angle, deg

Binding Energy as a Function of Dihedral Angle

Binding energy, hartrees

0 -9.14567
10 -9.14568
20 -9.14532
30 —-9.14458
40 —9.14345
50 —-9.14207
60 -9.14069
70 -9.13956
80 —9.13884
90 —9.13859

Note that the most stable conformation has a value of the
phenyl-nitrosamine angle of about 10°. The binding energy
of the unstable conformer of methylphenylnitrosamine
shown below was calculated. The difference in binding en-
ergy between Ve and the more stable I'Va is approximately
7.8 kcal/mol. The steric interaction of the ortho phenylhy-
drogen with the nitroso oxygen in I'Ve causes I'Va to be the
only observed conformer.

@)
\N
Tl
N\C/H
II, \
Hyg o
e

Conformational Analysis. The few conformations of di-
isopropylnitrosamine that were considered are shown in
Figure 2 along with their binding energies. In each of the
four conformations interactions between methyl group hy-
drogens syn and anti to oxygen were minimized. The isopro-
pyl group syn to oxygen was maintained in the same spatial
arrangement in each of the four conformers because NMR
evidence indicates that a-methine hydrogens resonate at
lower fields when they are syn than when they are anti to
the oxygen. This arrangement requires the methine hydro-
gen to be in the plane or very nearly in the plane of the ni-
troso group. By comparison of the NMR chemical shift of
the anti methine resonance in methylisopropylnitrosamine
and diisopropylnitrosamine Karabatsos and Taller® showed
that the anti methine in the latter compound must spend
more time in the shielding zone of the nitroso group than
does that in the former compound. Thus, these workers as-
signed the preferred conformation of diisopropylnitrosam-
ine to conformer I1IB of Figure 2. However, conformer I11B
is calculated to be only 6.2 kcal/mol more stable than the
most strained conformational possibility, conformer IITA.
Conformer I11ID is calculated to be about 62 kcal/mol more
stable than ITIB. The most stable conformer is I11C, and its
stability may be attributed to the minimization of hydro-
gen-hydrogen interactions between the isopropyl group syn
to oxygen and the one anti to oxygen. However, 111C does
not account for the observed NMR absorptions. Conformer
11D does account for the observed NMR chemical shifts,
and the calculations demonstrate it is energetically more
stable than conformer IIIB. Figure 3 shows that the two
conformations (I11B and IIIA) considered by Karabatsos
and Taller? are predicted by means of the CNDO/2 calcu-
lation to be the least stable ones. Thus, the present work
elucidates the effects of the hydrogen-hydrogen interac-
tions between the two isopropyl groups on the conforma-
tional preference of diisopropylnitrosamine.

Photoelectron Spectroscopy. The photoelectron spectra
of compounds I-VI are shown in Figure 4. The shapes of
the bands in the spectra of the series are similar; the first
band is a broad low intensity band, but the second band is
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Figure 3. Binding energies of diisopropylnitrosamine conformers. 111A,
-B, -C, and -D are illustrated in Figure 2. Curve is approximate be-
cause only the maxima and minima were calculated.

much sharper and is more intense. Table III lists the ob-
served and predicted ionization potentials and also includes
the molecular orbital assignment of each ionization poten-
tial.

The assignment of molecular orbitals to certain ioniza-
tion potentials is based on the CNDO/2 and CNDO/S pre-
dictions and also on the assignment of molecular orbitals in
dimethylformamide (VII).'® This compound is not only
isoelectronic with dimethylnitrosamine, but it also exhibits

0 -0
CH CH;
//&L\\ DJ/// ’ -~ /\=== ;&/// \
H \ H
CH, CH,

\
VIl VIIA

dimethylformamide

hindered rotation around the C-N partial double bond.
Thus its electron distribution should be similar to that of di-
methylnitrosamine (I — [A).

In dimethylformamide the occupied orbital that has the
highest energy is a = orbital and has an ionization potential
of 9.25 eV. The subjacent occupied molecular orbital is an n
orbital that has an ionization potential of 9.77 eV. The cor-
responding bands in the photoelectron spectrum of di-
methylnitrosamine (I) occur at 9.09 and 9.69 eV, respec-
tively. Further, the separations between the two bands are
in good agreement; the value is 0.52 eV in the case of di-
methylformamide and 0.60 eV in the case of dimethynitro-
samine.

The next greatest ionization potential that is observed is
indicated by a band at 11.54 eV in the case of I and at
11.61 eV in the case of I1. These ionization potentials have
been tentatively assigned to the w3 N-N-O orbital that was
previously described in the results of the calculations. Al-
though the calculations consistently place the ionization po-
tential related to a ¢ orbital below that of m,, we assign the
lower value to 73 because the bands are in all cases sharper
than those usually associated with ¢ orbitals and because it
is well known that CNDO calculations generally associate o
orbitals with ionization potentials that are too small relative
to those associated with = orbitals. The ionization potential
of III that we would assign to the = orbital could not be ob-
served with certainty probably because the bands related to
o and = orbitals overlap. The observed unexpected trend of
the movement of the =, band from 11.54 eV in I to 11.61
eV in II to greater than 11.61 eV in IlI is consistent with
the assignments and the overlap hypothesis.

The results of the CNDO/2 and CNDO/S calculations
compare very well with the observed ionization potentials
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Figure 4. Photoelectron specira of a series of N-nilrosamines.

when their values are reduced by 3.0 and 2.0 eV, respective-
ly.® The calculations display the same trend in orbital sta-
bility as that observed experimentally. That is, as the « sub-
stituents become more complex, Me < Et < i-Pr, the 7 and
n orbitals become more energetic.

In the case of methylphenylnitrosamine (IV) the CNDO/
S calculations predicted two = orbitals very close in energy
to be the most energetic and second most energetic occupied
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orbitals. Analysis of the PES spectrum shows that the first
broad band which has been assigned to the =, orbital is at
half-height twice as broad as the =, band for any of the
other N-nitrosamines. The n band has approximately the
same width at half-height as those of the other nitrosam-
ines. This breadth indicates that the two bands predicted by
the calculations to originate from two = orbitals may ap-
pear as one broad band in the observed spectrum,

We showed the two limiting resonance forms for di-
methylnitrosamine (I and IA). Resonance form IA ac-
counts nicely for the N-N partial double bond character,
and it indicates a positive charge on the amino nitrogen and
a negative charge on the oxygen. The = charge densities cal-
culated by both CNDO/2 and CNDO/S methods that are
shown in Table V agree with this picture. However, the
overall charge densities calculated by both methods predict
that the amino nitrogen is slightly negative, the nitroso ni-
trogen slightly positive, and the oxygen very negative. These
results lead us to point out that (a) resonance form IA is
limited to representation of the charge distribution in the =
system and (b) that the o system readjusts the electron dis-
tribution of the nitroso group largely by removing electron
density from the « carbons.

Summary

The PES spectra and both calculational methods indicate
that the = molecular orbital is higher in energy than the n
molecular orbital in all the N-nitrosamines studied. As the
substituents on the a carbons of the simple dialkylnitrosam-
ines I-11l become more complex, both = and n orbitals be-
come more energetic. Both CNDO/2 and CNDO/S calcu-
lations show this same trend.

The electronic absorption spectra and the CNDO/S cal-
culations indicate that the N-nitrosamines have a weak n —
7* transition in the 340-400 nm region. The methylphenyl-
nitrosamine (1V) has in addition a transition near 270 nm
that is intermediate in both position and intensity and is in-
terpreted to be a transition analogous to the 'A — 'L, tran-
sition of benzene that has been perturbed by the nitrosam-
ine group. Compound VI has a weak band near 300 nm that
is assigned to an n — «* transition of the carbonyl group.

The charge densities obtained from the CNDO/2 and
CNDO/S calculations require a clarification of the inter-
pretation of the standard resonance form that is usually
drawn for NV-nitrosamines. Note that the = charge densities
in Table V indicate an electronegative oxygen and two elec-
tropositive nitrogens; the amino nitrogen is the more elec-
tropositive. However, the overall charge densities obtained
by means of the calculations show an electronegative oxy-
gen, an electropositive nitroso nitrogen, and a slightly elec-
tronegative amino nitrogen. These charge densities present
a perplexing problem in the interpretation of the signifi-
cance of the resonance form. A full double bond between
the two nitrogens would require a positive charge on the
amino nitrogen; a partial double bond between the two ni-
trogens would involve the redistribution of the lone pair of
electrons on the amino nitrogen toward the mitroso nitro-
gen, and a deficiency of electron density on the amino nitro-
gen would then occur. Thus, the standard resonance form

would appear to be satisfactory. However, the molecule’s o
electrons may redistribute themselves and indeed the elec-
tropositive character of the o carbon atoms indicates that
this redistribution has taken place. Therefore, the standard
resonance form should be classified as the limiting case for
the = electron system.

The calculated energy barrier, 18.2 kcal/mol, for rota-
tion around the N-N partial double bond agrees well with
the experimentally determined barrier E, = 23 kcal/mol.
Because the calculated barrier for inversion of the nitroso
nitrogen, 73.3 kcal/mol, is about four times larger than the
calculated barrier for rotation, the inversion process for
making the two methyl groups of dimethylnitrosamine
equivalent may be ruled out.

This work demonstrates the successful application of
CNDO/S and CNDOQ/2 calculational methods for predict-
ing physical and structural properties of N-nitrosamines.
The use of the CNDO/2 method for determining the pre-
ferred conformations of some newly synthesized bicyclic
N-nitrosamines is the subject of research that is underway.
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