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Deep-lying x- and o-orbitals of 10-alkylphenothiazines were studied by photoelectron
spectroscopy and quantum-chemical AMI calculations. It was demonstrated that in
10-ethylphenothiazine the lone electron pair of the S atom interacts with the x-system of the
aromatic fragments. The x-MOs, whose energies are a function of the dihedral angle between
the planes of the benzene rings of phenothiazines and arc independent of the degree of
pyramidality of the N atom, were found. The differences in the energy of these MOs were
used for estimating equilibrium dihedral angles of tricyclic molecules in the gaseous phase.
These values differ only slightly from those observed in the solid phase. The replacement of
the hydrogen atom at position 10 by the methyl group leads to a decrease in the dihedral
angle, leaving the orientation of the substituent unchanged. The orbitai energies of phenothi-
azines, which were calculated by the AM1 method, adequately reflect the order of changes in
the jonization potential. However, contributions of the two highest occupied n-MOs to the
total charges on the N and S atoms are inconsistent with the experimental data.

Key woards: photoelectron spectroscopy, molecular conformation, semiempirical quan-

tum-chemical calculations, phenothiazines.

The photoelectron spectra of phenothiazine and a
series of its N- and C-substituted derivatives have been
adequately studied.2—% For the low-energy region
{(si1 eV), the assignment of most of the ionization
potentials was made.2:3 It was demonstrated? that, un-
like processes of one-electron oxidation in the liquid
phase in which the substituent at the N atom reduces
the activity of phenothiazine, the reverse situation is
observed in the gaseous phase, namely, alkylation at
position 10 leads to a decrease in the first jonization
potential.

The causes of the differences in the gas-phase and
liquid-phase properties of phenothiazines were analyzed
within the framework of two hypotheses.? According to
the first hypothesis, the inconsistency between the be-
havior of phenothiazines in solutions and the classical
concept of the effect of saturated hydrocarbon radicals
on the electron-withdrawing ability is attributed to con-
formational factors. Thus, the replacement at position
10 results in the transformation of the quasi-equatorial
spatial and electronic structure of the predominant con-
former into the quasi-axial structure (Fig. 1). According
to the second hypothesis, the lower values of potentials
of electrochemical oxidation and lower energies of tran-
sitions in the charge transfer specjra are due to ionic
solvation, i.e., to stronger stabilization of the n radical-

* For Part 10, sec Ref 1.

cation or the product of partial transfer of the electron
pair in NH-containing compounds.

Based on the above-mentioned normal effect of the
alkyi group in the gaseous phase and on the fact that the
first band in the photoelectron spectra of all studied
phenothiazines is substantially wider than the next indi-
vidual band regardiess of the type and structure of the
substituent at the N atom, preference was given to the
second hypothesis. The above-mentioned facts are in-
dicative of a substantial contribution of the p,~AO of the
N atom to the HOMO and of the pyramidal configura-
tion of the bonds formed by the N atom, i.e., in all cases
the predominant conformers have similar spatial struc-
tures.} Therefore, it was noted that the N-substituted
phenothiazines differ from each other only in the con-
formation of the hydrocarbon chain of the substituent.

Fig. 1. Stercoisomers of phenothiazines; QE and QA are the
quasi-cquatorial and quasi-axial tsomers, respectively.
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In our opinion, the available data are insufficient to
reject the first hypothesis. It was necessary to ascertain
that a change in the phase state does not cause a
selective change in the conformation of substituted phe-
nothiazines. For this purpose, we found n-MOs whose
energies depend only on the dihedral angle ¢. The values
of the energy gap between these MOs were used for
estimating the equilibrium values of this angle in phe-
nothiazines in the gaseous phase.

In addition, there was a need to analyze electronic
manifestations of stereoisomerism of phenothiazines,
which is, apparently, associated with a complicated in-
ternal motion. This motion may involve pyramidal in-
version of the N atom, internal rotation of the substitu-
ent, and bending of the heterocycle accompanied by 2
change in the dihedral angle 4 between the planes of the
benzene rings (motion of the "butterfly wing” type). In
the general case, all the above-mentioned factors deter-
mine not only the molecular conformation but also the
electronic structure of phenothiazines, and hence, de-
tails of their photoelectron spectra.

The available experimental data are inadequate to
analyze the situation where the geometric parameters
that affect the photoelectron spectra may be changed
stmultaneocusty as a result of a change of the substituent
or the phase state of phenothiazines. Conformational
analysis based on the results of photoelectron spectro-
scopy has been carried out only for chalcogen-contain-
ing analogs of 9,10-dihydroanthracene.56 In the present
work, the photoelectron spectrum of 10-ethylpheno-
thiazine (10-EPTZ), a representative of the series of
10-alkylphenothiazines, was interpreted using empirical
approaches and the results of semiempirical AMI calcu-
lations. The spectra of a number of other heteronuciear
tricyclic compounds, in narticular, 2-chlorophenothiazine
(2-CPTZ), were analyzed.

Experimental

The photoelectron spectra of phenothiazines were recorded
on an ES-3201 electron spectrometer. The resonance band of
He(l) (21.21 e¢V) was used for excitation. The energy scale was
calibrated against the first ionization potentials of argon
(15.76 eV) and chlorobenzene (9.06 eV).

Quantum-chemical calculations of orbital energies of phe-
nothiazines and their analogs were carried out by the AMI
method.” The ionization potentials were calculated using the
formalism of configuration interaction according to a known
procedure,® which consists in imposing 100 low-energy ionic
configurations that occur for 12 MOs, namely, five unoccu-
pied, one partially occupied, and six fully occupied orbitals.

Results and Discussion

Empirical analysis of photoelectron spectra. The pho-
toelectron spectrum ol 10-ethylphenothiazine and the
spectra of phenothiazine and thianthrene used for com-
parison are shown in Fig. 2. 1n the energy region lower
than 1 eV, the spectra of 10-ethylphenothiazine and
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Fig. 2. Photoelectron spectra of phenothiazine (1), 10-ethyl-
phenothiazine (2), and thianthrene (J3).

thianthrene are characterized by identical sets of bands.
The ratios of their peak intensities are similar. Based on
the results obtained for thianthrene,? the two lowest-
energy bands of these compounds are assigned to the
two highest occupied ng 7-MOs. The band that corre-
sponds to the first ionization potential of 10-ethyl-
phenothiazine has a very large half-width. This is con-
sistent with the data on other phenothiazines studied
previously and is attributable to flattening of the amine
fragment on going from the neutral state to the radical-
cation form. The highest occupied MO to which the
px-AO of the N atom makes a substantial contribution
may be arbitrarily called the "N-centered” orbital.

On the contrary, the second band in the photoelec-
tron spectrum is narrow and analogous in this character-
istic to the corresponding band of thianthrene. Judging
from the published data,3-19 the spectra of phenoxathiin,
10-methylphenothiazine, and phenothiazine and the
spectra of 2-chiorophenothiazine and 10-vinyipheno-
thiazine measured by us exhibit the same characteristic
feature. This suggests that the n;-MO of 10-ethyi-
phenothiazine and the analogous MOs of the above-
mentioned other heterocycles make a small contribution
1o the electron density on the N or O atoms (arbitrary
called "S-centered” MOs). This conclusion agrees with
the conclusions? made based on the fact that N-alkyla-



1500 Russ. Chem. Bull., Vol. 47, No. 8, August, 1998

Turchaninov et al.

tion leads to a change in the half-width of the bands of
phenothiazine under consideration.

The third and fourth bands in the photoelectron
spectra of 10-ethylphenothiazine and thianthrene are
broad and intense (see Fig. 2). Based on the assignment
made,? they should be ascribed to two quasi-degenerate
sets of n-MQs, the ng ¢(Ph)- and =y 3-MO, respectively.
The =5 ¢(Ph)-MOs are orbitals with nodes on both het-
eroatoms and with the clectron density located totally
on the benzenc fragments. Three arguments can be
adduced in favor of quasi-degeneration of the n;- and
n4-MOs of 10-ethylphenothiazine: 1) the above-men-
tioned similarity of its photoelectron spectrum to the
spectrum of more symmetrical thianthrene; 2) the two-
fold decrease in the intensity of the fourth band in the
photoelectron spectrum (see Fig. 2) when the ethyl
group of phenothiazine is replaced by the H atom (in

this case, its energy position is approximately retained
but its half-width is sharply decreased); the fourth band
in the photoelectron spectrum is changed in exactly the
same fashion when one S atom of thianthrene is re-
placed by the O atom (see Refs. 9 and 10); and 3) the
presence of two closely-spaced bands (10.24 and
10.4 V)3 in this region of the photoelectron spectrum
of 10-methylphenothiazine and the presence of one
relatively narrow band in the spectrum of 10-vinyl-
phenothiazine (this spectrum will be discussed in detail
in the following paper).

The =;-MO of phenothiazine possesses the higher
energy and is characterized by the maximum at {1.1—
11.6 ¢V. This is directly evidenced by the facts that the
number of bands is constant and their contours are
approximately retained in the low-energy regions of the
spectra of phenothiazine and 10-ethylphenothiazine as

Table 1. Vertical ionization potentials (/P) of thianthrene and its heteronuclear analogs (X = §)

Y R IPfeV Me-  Litera- ¢ Me-
ng %7 T s T4 %3 thod ture /deg thod?
S H 7.94 8.43 9.30 945  10.20 10.36 PES 9 128.1 XRD
7.93 8.43 9.32 9.46  10.40 10.40 PES 16 131.4 ED
7.95 8.58 9.33 950 1040  10.55sh PES b 132 PES?
7.35 8.16 9.34 943  10.88 11.07 AM1ed 4 116 PES*
168.4 AM1?
o) H 7.72 8.71 9.40 960 10.63 11.70 PES 6 147.8 XRD
7.35 8.73 9.27 947 10.86 12.13 AM1ed b 141 PES?
136 PES®
170.9 AM1?
NH H 7.31 8.41 9.25 944 1043 PES 2 158.5 XRD
7.26 8.35 9.22 944 1043 PES 3 153.5 XRD
7.25 8.33 9.23 944 1045 11.51 PES b 158 PES?
7.2 8.29 9.14 9.34  10.36 PES 4 165.1 AM1®
6.96 8.31 9.16 9.37  10.68 11.55 AMI¢ b 159.2 PM3
7.10 8.69 9.70 10.04 1045 AMI 5
(Ch
NCH; H 7.15 8.23 9.06 925 10.24 10.43 PES 3 143.7 XRD
6.97 8.24 9.08 931  10.54 10.77 AMI< b 152 PES?
152.0 AM1S
NC,H; H 7.10 8.15 9.00 9.17 ~10.20 10.22 PES b 135.0 XRD
6.88 8.2t 908 929  10.61 10.76 AMI1¢ b 158.5 AMI1¢
N(CH3)sN(CH3); H 7.20 8.26 9.00 944  10.26 PES 3
L) Xg LY X6 X5 [ile]
NH 2-C1 71.3¢ 8.39 9.20 935  10.37 11.24 PES 4 164.5 AMI1?®
7.08 8.45 9.28 938 10.35 11.10 AMI b
N{CH,};N(CH3), 2-C1 716 8.25 8.99 927  10.2¥ 11.24 PES 3 139.1 XRD
~8.5(ny)
7.34 8.39 9.06 9.27 1029 PES 4 149.5 AM1Y
7.09 8.29 9.19 9.30  10.52 11.08 AM1c 4
878(HN) ’ I075(n4)
Effect 605 005 000 ~0.t1 -0.03 PES 6
of halogen

Note. PES. XRD, ED, and Cl are photoeicctron spectroscopy, X-ray diffraction, gas phase clectron diffraction, and configuration

interaction, respectively.

 Data of X-ray diffraction studies and gas-phase electron diffraction studies have been published previously ¥1-15 # This work.
¢ lonization potentials according to the Koopmans thcorem with the scale factor of 0.93. ¢ With the angle ¢ according to the data
of photoelectron spectroscopy. ¢ See Ref. 5./ The band corresponds to two quasi-degencrate n-MOs.
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well as by the presence of an intense band at 11.51 eV in
the spectrum of phenothiazine unlike the spectra of
10-ethylphenothiazine (see Fig. 2) and other t0-alkyl-
phenothiazines.3 A substantial effect of the substituent
on the energy of the x3-MO is indicative of a substantial
contribution of the p,-AO of the N atom to this orbital.
Therefore, the ny~-MOs of phenothiazines are "S-cen-
tered,” while their n3-MOs are "N-centered.”

We hope to obtain additional information on the
electron density distribution over n-MOs of phenothiaz-
ines by considering the effect of the halogen atom in the
aromatic fragment, which consists in the following: the
MOs with nodes on the C atom are stabilized under the
effect of the halogen atom and the halogen atom does not
perturb or destabilizes only slightly the n-MOs that are
characterized by the presence of the antibonding electron
density on the C—Cl bond. When the replacement occurs
at position 2 of phenothiazines, the effect of the halogen
atom on their photoelectron spectra is very poorly pro-
nounced. According to the experimentai data (Table 1),
among the highest occupied n-MOs of these compounds,
only the n;-MO is substantially perturbed. Its stabilization
in 2-chlorophenothiazine indicates that this MO has a
structure similar to that shown below.

SO ROES:
O AR LA O DA O
x5-MO {phenothiazine) rg-MO (2-CPTZ)

It is conceivable that the two remaining bands in the
photoelectron spectrum of 10-ethylphenothiazine with
the maxima at 11.1 and 11.8 eV belong to the two
highest occupied 0-MOs. On the one hand, the energies
of their highest o-levels in thianthrene are very close.
On the other hand, if these orbitals are o-MQs, their
mutual energy arrangement should obey one of the
relationships!? for the highest occupied o-levels of sul-
fur-containing compounds. When the molecule of
10-ethylphenothiazine in the gaseous phase is substan-
tially nonplanar and the fone electron pair of the S atom
in this molecule virtually does not interact with the
n-system of the benzene rings, the relationship between
the ionization potentials /P((c) and /P,(c) will be iden-
tical to that for saturated derivatives of divalent sulfur
(dimethyl sutfide, diethyl sulfide, diisopropy! sulfide,
dially! sulfide, 2,5-dihydro- and tetrahydrothiophenes,
tetrahydrothiopyran, 9-thiabicyclo{3.3.1]nonane, and
9-thiabicyclo[3.3.1jnonene): 14.18-22

{Pyo) = (=7.5+1.3) + (1.8+0.1)/P(c), r = 0.985, n = 9.

Otherwise, 10-cthylphenothiazine will manifest itself as
an unsaturated compound (Table 2):

1Pg) = (—6.35£0.8) + (1.65£0.07)1P(c). r = 0.988,
n =16,

Analysis demonstrates that the energies of the maxima
of the high-energy bands-of {0-ethylphenothiazine un-

Table 2. lonization potentials of the highest occupied g-MOs
of unsaturated suffur-containing compounds

Compound i1P(o) IPyo) Litera-
/evY ture
11.86 13.10 23
(/ \) 12.00 13.11 24
S 11.90 13.10 a
12.10 13.30 a
R 11.80 13.00 23
Q‘Me 11.82 13.02 5
MeQMe 11.50 12.52 b
Me
C‘S, { 11.94 13.10 23
S 11.90 13.06 6
Me Me
2/ \i 11.78 12.75 b
S
11.55 12.60 a
MeSCH=CH, 11.55 12.50 20
11.60 12.65 b
MeSCH=CHSMe (cis) 11.15 11.85 25
MeSCH=CHSMe (trans) 11.20 11.78 25
(MeS),C=CH, 11.10 11.80 25
{MeS),C=C(SM¢), 11.40 12.20 25
CH,=CHSCH=CH, 11.56 12.65 4
CH,=C=CHSCH=CH, 11.95 13.18 5
o
Me 11.20 11.70 20
_Me
CS 10.75 11.20 21
Q_\,Q 10.86 11.45 b
s
Ny W, 11.38 12.18 26
S
® S ® 117 (175 9
11.23 11.78 b
S 11.18 16
1110 11.80 b

ot

2 For references, see Refs. 18 and 27. ¢ This work; see also
Refs. 16 and 17.

der consideration as well as those of thianthrene fit the
correlation that characterizes a scries of unsaturated
sulfur compounds. Therefore, the lone electron pair of
the S atom in [0-ethylphenothiazine efficiently interacts
with the r-system of the aromatic fragments.
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Conformational analysis of phenothiazines based on
the results of photoelectron spectroscopy. The determi-
nation of a particular geometric characteristic of the
molecular conformation by photoelectron spectroscopy
is preceded by a search for n=-MOs sensitive to this
characteristic.?® In the series of phenothiazines, abso-
jute values and tendencies for a change in the dihedral
angle ¢ in the gaseous phase under the action of the
substituent are of prime interest to us.

For homonuclear and heteronuclear chalcoanthrenes,
we compared the folding angles in the central boat of
the heterocycle, whick were calculated based on the
data on dipole moments, with the characteristics of the
photoelectron spectra. It was found that in these com-
pounds the energy gap between the highest occupied
nrbital and the preceding occupied x-MO is conforma-
tion-dependent. Details of the calculations and analysis
have been reported previously.?1® The results were sys-
tzmatized in Ref. 29.

Unfortunately, this approach cannot be applied to
photoelectron spectra of phenothiazines because the
cnergy positions of their frontier MOs depend not only
on the angle ¢ but also on the degree of pyramidality of
the N atom. That is the reason that "S-centered” MOs,
i.e., the above-mentioned mny- and my-MOs, should be
used in the conformational analysis of phenothiazines. It
is also desirable to use these characteristics for other
reasons. First, the consideration of the gaps between
these n-MOQOs will allow one to carry out a comparative
analysis throughout a series of heteronuclear sulfur-
containing derivatives of 9,10-dihydroanthracene. The
narrowest bands (except for the fourth band of
thianthrene, which is associated with two n-MOs) corre-
spond to these MQs. Second, the energy gap between
the ny- and n,-MOs of thianthrene increases (according
ta the X-ray diffraction data, see Table 1), which can be
considered as a qualitative argument in favor of its
conformational sensitivity.

Generally, the data on MOs of complex molecules
whose energies depend on conditions of the overlap of
AOs of binding centers can be obtained experimentally
or theorctically. The orbital energies of tricyclic
heteroaromatic systems calculated by the AM! and
CNDO/2 methods agree qualitatively (for some x-MOs,
quantitatively) with the experimental data within the
framework of the Koopmans theorem (see Refs. 3 and 4
and Table 1), which is not true for the compositions of
these MQs, in particular, of the n;- and ng-MOs. Thus,
the CNDO/2 calculations demonstrated that both orbit-
als are localized on the S atom to a larger extent than on
the N atom (42% and 18% for the gz-MO and 28% and
17% for the mg-MO, respectively).® This result is in
contradiction with the experimental data.

The AM1 method also poorly reproduces the com-
positions of the highest occupied n-MOs that corre-
spond to the first and second ionization potentials of
phenothiazines: the contribution of the p,~AQO of the §
atom to the ng-MO is overestimated, while the contri-
bution of the AO of the N atom to the n;-MO is
underestimated. The use of the multiconfiguration theory
did not remedy the situation. The AMI (configuration
interaction) calculations indicate that the ng-MO and
n7-MO correspond to the first and second ionization
potentials, respectively (see Table 1), Therefore, the
drawbacks of orbital structures of phenothiazines calcu-
lated in the AMI approximation are identical to those of
orbital structures calculated by the CNDO/2 method.
The behavior of the two above-mentioned r-MQs can-
not be adequately described by these methods by varying
the dihedral angle ¢ or the degree of pyramidality of the
amine fragment of the molecule.

On the contrary, the empirical correlation diagrams,
which can be readily constructed based on orbitals of
diphenylamine and diphenyl sulfide (Fig. 3), agree well
with the experimental data. From these diagrams it
immediately follows that the ny- and n;-MOs are most
sensitive to conditions of the overlap in the series of
phenothiazines and phenochalcogens.

From the scheme of one-center orbital interactions
it follows that the energy gap between the n-MOs under
consideration (A4 7) is determined by Eq. (1):

Agy = a2 + 4p2(e)| V2, (1

where A, is the characteristic of the orthogonal con-
former (¢ = 50°), e is the angle between the p,-AOs of
the fragments, and f(¢) is the encrgy of their interaction.
From the practical viewpoint, the approximate form of
this equation (Eq. (1a)), where P(e) is approximated by
the function B(0)cos(e), is more convenient:

Ag7(e) = Ay + 4B¥H0)cosle/A,. (1a)

For phenothiazines and related tricyclic compounds, € is
the angle between the normal to the plane of the ben-
zene ring and the normal to the plane in which the
C—S bond is located. Therefore, this value can be
readily determined from the experimental values: cose =
sin(¢/2)cosA, (see Fig. 1).

Previously,5 an alternative equation was used in the
analysis of the dependence of the first ionization poten-
tials of analogs of 9,10-dihydroanthracene on the dihe-
dral angles: ¢ = 180 — 2arctan(0.5tane). The dihedral
angles of thianthrene (S, S) and phenoxathiin (S, O) are
given in Table 1. We determined the angles Ag by Eq. (2)
based on the results of X-ray diffraction analysis of
seven phenothiazine derivatives (10-R = H, Me, Et,
CHMe,, (CH,),CN, (CH,),CN, (CH,),COOH, or 2°-
MeOC¢Hy), its complex with 1,3,5-trinitrobenzene, and
the radical-cation of 10-ethylphenothiazine, which has
the planar structure,12.15.32.33

cosig = sin{90 + § — 0.5¢)/cos(0.5¢,1), 3
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Fig. 3. Orbital correlation diagrams of diphenylamine, dipheny! sulfide, phenothiazine, and thianthrene. The published data38.31

on the ionization potentiais of PhyS and PhyNH were used.

tand = lcg sin(0.5¢0;) — I sin(G.593)/lce,

where dcg, den, and dec are the bond
lengths, @;, ¢, and @, are the SCC,
CSC, and CNC bond angles, and 3 is
the angle between the C=C bond of
the ring and the SN axis. For the
neutral forms, & = 5°. For the radical-
cation, this angle is 5.5°.

Based on the calculated values, it
was found that &g depends noniinearly on ¢. Therefore,
one would expect a simple relationship between cose

and ¢. Actually, empirical analysis gave the following
dependence (Fig. 4):

cos’e = const + 0.90(¢/x)2.

Taking into account this equation, Eq. (la) takes the
following form, which is very convenient in practical
use: Agq7(e) = A, + 00.90(¢/m)?/4,, where o = 1.03
(see Ref. 36).

With the aim of using the last-mentioned cquation in
the conformational analysis bascd on the photoelectron
spectra, its parameters were calibrated using the gas-
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Fig. 4. Functional dependence of the angle £ between the
P<-AOs of the fragments on the dihedral angle § for phenothi-
azines with 10-R = H (/] and 2), Me (3), Et (§), CHMe,
(5 and 6), (CH;),CN (7), (CH;);COOH (8), and 2" -OMeCgH
(9), the complex of phenothiazine with 1,3,5-trinitrobenzene
(10), the radical-cation of 10-ethylphenothiazine (/1), thioxane
(for the geometric parameters, sec Ref. 34) (12), and
2,7-Me,-thianthrene (for the geometric parameters, se¢
Ref. 35) (i3).

phase characteristics of thianthrene (4,7 = 1.85 eV,
¢ = 131.4°, see Table 1):

Agy = 135 + 0.93(4/m)2 3)

The values of ¢ determined by this procedure (see
Table 1) allow two conclusions: a) the solid—gas phase
transition affects only slightly the dihedral angles; b) the
replacement of the H atom at position 10 of phenothiaz-
ines by the methyl group causes a decrease in the
dihedral angle ¢ rather than a change from the quasi-
equatorial to the quasi-axial conformer both in the solid
and gaseous phases. Therefore, the results of this work
allow one to reject the first of the above-mentioned
hypotheses.
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