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The Electronic Structures and Electronic Spectra of Some
Aliphatic Nitroso Compounds
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The electronic structures and electronic spectra of l-chloro-l-nitrosocyclohexane, nitrosyl
chloride, methyl nitrite and dimethylnitrosoamine were studied by making molecular orbital
calculations and by measuring the electronic absorption spectra. Concerning 1-chloro-1-nitroso-
cyclohexane, the n—z* and 7—7z* bands were observed at 650 and 160 mp respectively. The
conjugation effect of electron donors such as Cl, OCHj; and N{CHj;), upon the electronic spectrum of
the nitroso group was studied. The intramolecular charge-transfer bands characteristic of the
donor-acceptor interaction were found at 190, 210 and 230 mg for nitrosyl chloride, methyl
nitrite and N, N-dimethylnitrosoamine respectively. This shows that the intramolecular charge-
transfer bands appear at longer wavelengths in the order of the increasing ability of the electron
donors, Cl<OCH;<N(CHj;);. On the other hand, the n—z* bands shift to shorter wavelengths

in the same order.

* Present address: Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya.
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In a previous paper which studied the elec-
tronic absorption spectra of nitrosobenzene? and
its derivatives, it was shown that the nitroso group
is a strong electron acceptor, and that their ul-
traviolet absorption spectra are greatly different
from that of benzene. Nitrosobenzene exhibits
a new band characteristic of the charge-transfer
interaction between the benzene ring as an elec-
tron donor and the nitroso group as an electron
acceptor. Moreover, the maximum wavelength
of the band is longer than the corresponding band
of nitrobenzene. This seems to mean that the
electron affinity of the nitroso group is greater
than that of the nitro group. In view of the large
electron-accepting ability of the nitroso group, the
electronic structures of aliphatic nitroso compounds
have been studied in the present paper by combin-
ing the experimental data of the absorption spectra
with the theoretical results based on the molecular
orbital calculations.

The electronic absorption spectra of aliphatic
nitroso compounds have been studied by several
workers from both experimental?-" and theoret-
ical®:® points of view. In the present study,
the electronic absorption spectrum of 1-chloro-I-
nitrosocyclohexane was measured in order to ob-
tain fundamental knowledge about the electronic
structure of the nitroso group itself. Then the
charge-transfer interaction of the nitroso group
with electron donors such as Cl, OCH; and N(CHj),
has been studied by the aid of the electronic ab-
sorption spectra in the vacuum ultraviolet region.

Experimental

Materials.—Meihyl Nitrite.>—A sulfuric acid (12 n)
solution was dropped on a mixture of methanol and a
459, aqueous sodium nitrite solution. The crude
product was dried over calcium chloride and was
purified by repeated low-temperature distillations in
vacuo.

N, N-Dimethylnitrosoamine.}—A mixture of dimethyl-
amine and sodium nitrite was heated for several hours.
The oil layer was separated and the aqueous portion
was extracted with benzene. The benzene was removed
by distillation and the residue was fractionally distil-
led under reduced pressure. The nitrosoamine was
obtained as a light yellow liquid; b.p. 104°C/ca.
10mmHg.

1-Chloro-1-nitrosocyclohexane.»>—Cyclohexanone  oxime
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was dissolved in diluted hydrochloric acid and the
solution was cooled by ice water.

A fairly rapid stream of chlorine was passed through
the solution until no more gas was absorbed. The
separated blue oil was extracted with ether and then
washed with an aqueous sodium bicarbonate solution
and with water. After the extract had been dried
with anhydrous sodium sulfate, the ether was removed.
The nitroso compound was then distilled under reduced
pressure as a purple oil with a very unpleasant smell;
(b. p. 58°C/13 mmHg).

Measurements.—The absorption spectra of the
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spectra of

absorption
methyl nitrite and nitrosyl chloride.
—— nitrosyl chloride, measured by Goodeve

Fig. 2. The ultraviolet

and Katz

---= nitrosyl chloride, measured by Price and
Simpson

-+— methyl nitrite, measured by the present
authors



768 Masashi Tanaka, Jiro TANakA and Saburo NAGAKURA

N(CH3),~No

T m I~

12

1103

160 200 240mp

1 1 1 | I 1

Fig. 3. The ultraviolet absorption spectrum of
N, N-dimethylnitrosoamine.

above-mentioned samples were measured in the gaseous
states. The ultraviolet absorption measurements down
to 190 mp were made with a Cary recording spectro-
photometer, model 14 M, a quartz cell 10 cm. long
being used. A vacuum ultraviolet spectrophotometer
constructed in our laboratory was used for the measure-
ments in the vacuum ultraviolet region. In this case,
a gas cell 0.7cm. long and equipped with lithium
fluoride windows was used.

The results are shown in Figs. 1—3, together with
the absorption spectrum of nitrosyl chloride, which
was measured by Goodeve and Katz® down to 190 my
and by Price and Simpson™ down to 130 my.

The peak wavelengths and molar extinction coef-
ficients are tabulated in Table I.

TaBLE I. THE OBSERVED PEAK WAVELENGTHS
AND MOLAR EXTINCTION COEFFICIENTS FOR VARIOUS
ALIPHATIC NITROSO COMPOUNDS

Sample Amazs My Emax
1-Chloro-1-nitroso- (750 0.6)*5
cyclohexane
197 1200
179 2800
~160 >2600
Nitrosyl chlorides.™ (615 0.7)*
197 2550
145 2000
Methyl nitrite (386 10)*
212 1050
N, N-Dimethyl (377 50)*
nitrosoamine
227 5200
205 2350

* These absorptions have vibrational structures.
The wavelengths given in this table are those
for the longest wavelength bands which may
be assigned to the 0—0 band.
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Theoretical

The r-electron structures of nitrosyl chloride,
methyl nitrite and N, N-dimethylnitrosoamine
have been studied theoretically on the basis of the
geometrical structures shown in Fig. 4. The
geometrical structures of nitrosyl chloride and me-
thyl nitrite were studied by Ketelaar and Palmer!!>
and by Rogowski!® respectively. However, the
geometrical structure of N, N-dimethylnitrosoamine
has not yet been studied experimentally. There-
fore, we assume its structure to be as is shown in
Fig. 4.
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Fig. 4. The geometrical structures of nitrosyl

chloride, methyl nitrite and N, N-dimethyl-
nitrosoamine.

Calculation of the MO of the Nitroso Group.
—First of all, the LCAO SCF MO’s ¢; of the =-
electron system of the nitroso group were evaluated
by means of the usual equation!'®:

Fp; = e;9y, ¢¢ = akn+blo

where Zy and X indicate the 2pz atomic orbitals of
the nitrogen and the oxygen atoms of the nitroso
group respectively. The details of the calculation
will be given in the Appendix.

The resultant molecular orbitals, ¢;, and orbital
energies, &;, are given below:

e,=—17.70eV., ¢,=0.5963%y+0.8028%¢
e,=—0.61eV., ¢,=0.8028%5—0.5963%,

It is clear from these results that the p-electron dis-
tribution in the ¢; orbital of the nitroso group
inclines toward the oxygen atom, and that the
clectron affinity of the nitroso group, —e,=0.61 eV.,
is larger than those of the nitro and carbonyl
groups, 0.40 eV.!¥> and —1.20 eV.15 respectively.

The transition energy, 4E(N—V), and oscillator
strength, f, were calculated as follows:

AE(N—V) = 7.96 eV.
£ = 0.475

For the purpose of checking the theoretical results,
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we measured the absorption spectrum of 1-chloro-
I-nitrosocyclohexane. As may be seen in Table I,
1-chloro-1-nitrosocyclohexane shows absorption
bands at 750, 197, 179 and ~160 mg. The 750
my band may safely be regarded as the n—n*
transition band. The peak at about 160 my
(7.75 eV.) may correspond to the N—V (r—nx%*)
transition of the nitroso group, while the other two
peaks, at 179 myu and 197 my, seem to correspond
to an n—x* transition or a band of the Rydberg
series.

Configuration Interaction Calculation.—The
m-electron energy levels and the wave functions of
nitrosyl chloride, methyl nitrite and N, N-dimethyl-
nitrosoamine were calculated by taking into ac-
count the configurational interaction among several
electron configurations. The respective molecules
were separated into the two components, the elec-
tron donor, Cl-, CH;0- or (CHj;),N- and the elec-
tron acceptor, NO-. The interaction between
them was considered by means of the configurational
interaction among m electron configurations which
were constructed by putting the four z electrons
into the appropriate orbitals of the components.

The electron configurations actually taken up
in the present calculation are shown in Fig. 5.

P — % o— o—
S A-acs ©—
¢] oo~ % ©— 20~
ground locally excited  charge-transfer
config. config. config.

Fig. 5. The electron configurations of the nitroso
compounds. )

In addition to the ground configuration, G, a charge-
transfer configuration, CT, caused by an electron
transfer from the electron donor toward the elec-
tron acceptor, and a locally excited configuration,
LE, were considered. The energy of the ground
configuration, Hg, was taken as the standard.
The energy of the locally excited configuration,
Hyg, was set equal to 7.96 e¢V., the N—V transition
energy of the nitroso group as evaluated theoretically
by the present authors. The energy of the charge-
transfer configuration, Hgr, was calculated by the
following equation:

Hop = In— Ayo—0.59632(NN/DD)
—0.80282(00/DD)

Here the Iy’s are the ionization potentials of the
electron-donating groups, i.e., Cl-, CH;O- and
(CH;);N-. They were taken to be 12.84, 10.85
and 8.24 eV. for the chloro, methoxy and N, N-
dimethylamino groups respectively from the ioni-
zation potentials of hydrochloric acid,'®?> methanol!™
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and dimethylamine!®>. Ayg is the electron affinity
of the electron-accepting group, -NO; it was cal-
culated to be 0.61 eV. by the present authors.
D indicates the 2px or 3px atomic orbital for the
lone pair electrons of the donor.

Two center Coulomb repulsion integrals like
(NN/DD) were evaluated nonempirically, using
Slater orbitals except for (NN/CICI) and (OO/CICl),
which were calculated by Pariser and Parr’s me-
thod.!”> The energies and wave functions of
the configurations used in the present calculations
are tabulated in Table II.

TasLe II. THE ENERGIES AND WAVE FUNCTIONS
OF THE ELECTRON CONFIGURATIONS

Energy, eV. Wave function
Hg=0 D= ¢:16:DD |
Hyg=7.96 Ore=1/y/7{| $:16:DD |
+| g26:DD |}
Her=5.71(NOCl)  Ocr=1/v/ 2 {| $1g19:D |
2.58(CH,ONO) +| ¢16:Dgz [}

—0.04((CH3),NNO)

TasLE III. THE OFF-DIAGONAL ELEMENTS USED
IN THE PRESENT CALCULATION

HoLe=0  Hgcr=1"2bfnp
.‘9N01=f AnHeore Y oydr=—1.40eV.

Hig ct=—afnp

3N0=fINHcorexCIdr:—ZZDeV.

Bnn =f AnHeore Y oyder=—2.10eV.

The off-diagonal matrix elements of the total
electronic Hamiltonian, each of which represents
the magnitude of the interaction between two dif-
ferent configurations, were evaluated by the aid
of the formulations by Pople?” and by Longuet-
Higgins and Murrell.??> They are given in Table
III in terms of the core resonance integrals, Bxci,
Bxo and fyx. By solving the determinants con-
structed by the matrix elements given in Tables
II and III with an electronic computer, Facom
202, in our Institute, the w electron energy levels
and the wave functions for nitrosyl chloride, me-
thyl nitrile and N, N-dimethylnitrosoamine were
evaluated. The results are shown in Table IV.
From these results, the dipole moments due to the
« electrons in the ground state, the transition ener-
gies and the oscillator strengths were calculated
for these nitroso compounds. The results are shown
Table V, together with the observed results.

18) K. Watanabe, ibid., 26, 1773 (1957).
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Pariser, ibid., 24, 250 (1956).
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A68, 601 (1955).
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TaBLE IV. THE ENERGY LEVELS AND WAVE FUNCTIONS FINALLY OBTAINED WITH NITROSYL
CHLORIDE, METHYL NITRITE AND N, N-DIMETHYLNITROSOAMINE

Energy, eV.

Nitrosyl chloride Wy=—0.41
Wi= 5.86

W= 8.28

Methyl nitrite Wy'=—1.57
W= 3.80

Wy'= 8.30

N, N-Dimethyl- Wy''=—2.48
nitrosoamine W= 2.23
Wy'= 8.17

Wave function

Uo= 0.967305—0.02510 g+ 0.25220c
¥y =—0.244205—0.35880 £ +0.90099c
Uy=—0.06790g+0.93300 . +0.3533Pc
Vo= 0.84410c—0.07310L+0.53120c1
U,'=—0.530805—0.25510 g +0.80820c1
Py'=—0.764406+0.96410; g +0.25420c T
U= O.GQOD@GFO.O%2¢LE+0‘7137@CT
U= 0.72220+0.14770.—0.6757PcT
Uy =—0.04790¢+0.98530 g +0. 16420c

TABLE V. THE OBSERVED AND CALCULATED DIPOLE MOMENTS, TRANSITION
ENERGIES AND OSCILLATOR STRENGTHS

Dipole moment
in the ground state

(DU) Transition
Obs. Caled.
Nitrosyl chloride 1.8322 1.91 Wy—W,
Wo—We
Methyl nitrite 3.842 3.90 Wy —W,'
Wof_)wzl
N, N-Dimethyl- 3.9820 5.50 W' — W,
nitrosoamine Wy''—-We''

a) Observed oscillator strengths are uncertain.

Discussion

Nitrosyl Chloride.—As is shown in Fig. 2
and Table I, nitrosyl chloride shows three absorp-
tion bands in the visible and ultraviolet regions.
The 615 mp band may be ascribed to the n—z*
transition. The 197 mp band can be assigned
to the Wy-W, transition. From the wave function,
¥, given in Table IV, it may be seen that the band
has the character of the intramolecular charge-
transfer band. The band at about 145 my is due
to the Wy-W; transition, which has the property
of the local excitation within the nitroso group.
Therefore, the 160 my band of the nitroso group
shifts to 145 mpg by conjugation with the nonbonding
electrons of the chlorine atom.

It may be seen from ¥, given in Table IV that
the contribution of the charge-transfer configura-
tion in the ground state of this compound is only
69%. The calculated dipole moment due to the
m-electrons can explain the observed value
satisfactorily (see Table V).

Methyl Nitrite.—Methyl nitrite shows two ab-
sorption peaks, at 386 my and 212 mp. In ad-
dition, a strong band appears below 160 mg (see
Fig. 2). The 386 my band may be assigned to the
n—r* band of the nitroso group. The 212 mp
band, which corresponds to the W,'—=W,' transi-
tion of methyl nitrite, may be regarded as an in-
tramolecular charge-transfer band. This is because,
as may be seen from ¥, in Table V, the contribu-

Transition

Oscillator

ergl;gy strength
Obs.  Caled. Obs.® Calcd.
6.28 6.28 0.263
8.55 8.69 0.263
5.90 5.38 0.052 0.272
7.5 9.88 0.270
5.47 4.71 0.150 0.253
7.5 10.65 0.194

tion of the charge-transfer configuration in the
W,' state amounts to 65%. The shorter wave-
length band, the maximum of which does not appear
until 160 myg, may be ascribed to the W' —W,'
transition. This band may be interpreted as the
blue-shifted band of the 170 my band of the nitroso
group. It is known from ¥’ given in Table
IV that the contribution of the charge-transfer
configuration in the ground state is 28%,.

N, N-Dimethylnitrosoamine. — The absorp-
tion spectrum of N, N-dimethylnitrosoamine is
similar to that of methyl nitrite. The 377 mg
band may be regarded as an n—x* transition band,
as may be the 386 my band of methyl nitrite. The
strong band at 227 mp corresponds to the 212mp
band of the methyl nitrite and may be interpreted
as an intramolecular charge-transfer band. The
absorption tail below 190m g may be due to the local
excitation within the NO group. A similar ab-
sorption tail was also observed with methyl nitrite.
The peak at 205 mp may be thought to be an extra
band in the sense that the corresponding band was
not observed with methyl nitrite. This may be
regarded as the n—z* transition band of the di-
methylamino group.?5?

As may be seen from Table IV, the contribution of
the charge-transfer configuration in the ground state

22) J. A. Ketelaar, Rect. trav. chim., 62, 289 (1943).

23) T. Chiba, This Bulletin, 28, 505 (1955).

24) E. G. Cowley and J. R. Rartington, J. Chem. Soc., 1933,
1255.

25) H. Tsubomura, K. Kimura, K. Kaya, J. Tanaka and S.
Nagakura, This Bulletin, 37 417 (1964).



April, 1966]

decreases in the following order; N, N-dimethyl-
nitrosoamine >methyl nitrite >nitrosyl  chloride.
This means that the electron-donating power of
the substituents decreases in the order of N(CHj), >
OCH,>ClL

NN ) |

CHON-NO —— ,J‘ L

Cl-NO I '/97 . “L
N N n_ﬂ\[
CL g0 60 40  2DeV

sz o iN-\." ' l '

{§>c0 (I:T |.\ .

CHsco — . 1“\ .

CH >co =5 S.On-ﬂ ]I..De\f

Fig. 6. The relation between the transition energy
and the electron-donating ability of Cl, OCH;,
and N(CHg)g

The Effect of the Electron-donating Group
upon the Absorption Spectrum of the Nitroso
Compounds.—The results obtained by the pres-
ent authors are summarized in Fig. 6. This figure
shows that the absorption spectra of XNO change
regularly with the electron-donating power of X.
That is, with the increasing electron-donating power
of X, the n—r* band shifts toward the shorter wave-
lengths, and the charge-transfer band toward
the longer wavelengths. As is shown in Fig. 6,
the same tendency was observed with the carbonyl
compounds, O=CRX. The n—x* transition band
which appears at 280 mpu for acetaldehyde shifts
to 232 my and to 205 my for acetylchloride and
acetic acid respectively?®, The band of acetamide
shifts to a shorter wavelength than 200 mpg. On
the other hand, the intramolecular charge-transfer
band appears at 171.7 myu and at 160 mg for form-
amide and acetic acid respectively!s:27,

26) 5. Nagakura, ibid., 25, 164 (1952).
27y S. Nagakura, K. Kaya and H. Tsubomura, J. Moel. Spect.,
13, 1 (1964).
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Appendix

The molecular orbital energies ¢; are solutions of
the following secular determinant

qu—e
Fro

By the aid of the Pariser-Parr method,!®) the Fyy,
Foo and Fyo are given in the following

Fyn = an + a®(NN/NN) + 263(NN/OO)
Foo = ao + 2a*(NN/OO) + $400/00)
Fyo = fno — ab(NNJ/OO)

In this expression, one-center Coulomb repulsion
integrals (NN/NN) and (OO/OQ) are estimated by
the aid of Pariser’s approximation, namely averaging
the I;—A of the 2pr electron at various valance states,
where [, is the appropriate valence state ionization
potential?®) and 4 the appropriate valence state electron
affinity.28>  The two-center Coulomb repulsion
integral was calculated by the use of the Slater orbitals?®>
at the bond length ryo=1.22 A. Following the Pariser-
Parr theory, the core integral Sy was left as an adjustable
parameter, and ax and ap were given by the following
equations.

Fyno —0
Foo—s

ax = —I,(N) — (NN/OO)
ap = —I(0) — (NN/OO)

The above-mentioned various quantities are presented
in Table VI.

TaBLE VI. INTEGRALS INVOLVING 7T-ATOMIC
oreITALS (eV.)

an=-—23.15 ao=—28.41

I (N)=14.51 I,(0)=17.79

(NN/NN)=13.38
(NN/OO)=10.62
Brxo=—3.10

(00/00)=14.33

28) G. Pilcher and H. A. Skinner, J. Inorg. Nucl. Chem., 24,
937 (1962).
29) C. C. J. Roothaan, J. Chem. Phys., 19, 1445 (1951).




