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An X-ray analysis of 2,3-substituted-1,4-naphthoquinones has been performed. On the basis of obtained
data the structure factors causing the photoactivity of the investigated compounds has been determined.
The study of photochemistry of these compounds in ethanol in common with quantum-chemical cal-
culations (INDO/S, MNDO) has made it possible to suggest a mechanism of photoconversion for these
compounds in solution connected with hydrogen atoms elimination and further synchronous cycle
closure.

INTRODUCTION

Earlier it was reported' that UV-initiated photochemical transformations of 2,3-
derivatives of 1,4-naphthoquinones I in solution were connected with an elimination
of a hydrogen atom followed by a five-member cycle closure (Scheme I). Photo-
product P formed here was further readily hydrogenized with elimination of a CHR

group.
CH,R o
| R? CHgs H
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An X-ray study of the close by structure derivatives of 4a,5,8,8a-tetrahydro-1,4-
naphthoquinones and some photoproducts formed in the solid state and/or in so-
lutions carried out by J. Trotter and others®~* made it possible to establish the
dependence of the character of solid-phase photoconversions in these compounds
on their crystal structure.

The primary act of the photoreactions studied in the above works is a B-H or
v-H elimination of a hydrogen atom. An H --- O distance in these compounds is
in the range of 2.3 + 2.6 A which is considerably less than the sum of Van-der-
Waals radii of atoms H and O, 2.72 A. Angles 74, Ap and 8, are close to the ideal
direction of a hydrogen atom onto a lone electron pair of a carbonyl oxygen atom
in the case of a B-H atom elimination or onto a carbon atom p,-orbital when a y-
H atom is eliminated® (Scheme II).

To study the peculiarities of the molecular structure and its influence on the
character of photoconversions for 2,3-substituted-1,4-naphthoquinones I1-IV we
have carried out X-ray investigations of their crystals and a spectral study in so-
lutions.

CHaR o—cl 0

o "
y N A, Hao o, o
. + RCHO
“x I x “x
o] OH 0
P
SCHEME 1
>: A =90° -H atom elimination
[2]
Ao_-:>< r =0°
. ST o
o ",\'.
o
%.v 4,90 »-H atom elimination
Lo T =90°
AT §4 ° ]
H =
LN e 6,=180
¢z T 7
T

SCHEME II Structural parameters determining the elimination of B-H and y-H atoms in tetra-
hydronaphthoquinones.
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EXPERIMENTAL

Compounds II-1V crystallize as black needles, crystals of monoclinic syngony. The
main crystal data are listed in the Table:

Compound Space group a, A b, A c, A v,° d, g/em?
1I P21/b 13.750(6) 15.400(3) 12.165(4) 60.90(1) 1.418
I P21/b 12.581(7) 20.227(5) 9.655(9) 97.90(1) 1.294
v P21/b 6.255(7) 17.136(5) 16.017(9) 81.00(1) 1.305

A set of experimental reflections was obtained on a DAR-UM difractometer,
CuK,-radiation. The data are given in the Table:

Experimental region

Number ref Dimension of
Compound I>3c 6 min® 8 max® crystal, mm R-factor
1I 2393 1.6 32.8 7 X .04 x .03 0.074
I 2434 1.8 31.8 6 x .10 x .20 0.043
v 1656 1.8 32.2 6 x .20 x .30 0.062

The structures were solved by the direct method by the “Rentgen-75” program
complex and refined by the full-matrix least-square method in anisotropic approx-
imation. Hydrogen atoms were found from the difference Fourier synthesis and
only positional parameters were refined for them. The atoms coordinates for com-
pounds II-1V are given in Tables I-1II, respectively.

TABLE I

Coordinates of non hydrogen atoms (X10*) and hydrogen atoms (x10°) in
molecule II

Atom X Y 2

5, 2853(1) 4433(1) 3062(1)
o) 5735(3) 6450(3) 921 (4>
o? 6929(4) 2623(3) 1285(5)
ol 3194(4) 3413¢3) 2859 (5)
0l 1746(3) 5173(2) 2848 (4)
o 8931 (4> 6283(2) 1120(4)
o 9980(3) 1322(3) - 598(4)
o’ 3819(4) 4852(3) 6402(4)
NG 7953(4) 5095(3) 618(4)
N2 8527(3) 3050(3) 554(4)
N3 3086 (3) 4530(3) 4371(5)
c, 6041(4) 5555(3) 989(5)
c; 7184¢4) 4789(2) 800(5)
c? 7503(4) 3787(2) 866 (5)
cl 6690(3) 3492(2) 1263(5)
c> 5541(3) 4272(2) 1566 (5)
c? 4819(3) 3999(2) 2044(4)
c. 3759(3) 4727(3) 2345 (4)
co 3414(3) 5734(3) 2130(4)
c 4144(3) 5985(3) 1623(4)
c:f 5216(4) 5273(2) 1374 (4)
ch 7796(4) 5919(3) - 8z(4)
ci? 7896 (3) 6697(3) 591 (4)
c 9061 (3) 5502(3) 1861 (a)
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TABLE I (continued)

[
S

cis 8895 (3) 4891 (3) 1187(4)
c 9053(3) 3110(3) - 440(4)

cie 9287(3) 2227(3) -1171(4)

c 9451(3) 1252(3) 377¢4)

c*® 9200(4) 2115(3) 1119(5)

c;‘:, 2719(3) §539(3) 4772(5)

cae 2747(3) 5520(3) 6026(4)
cx 4154(3) 3877(3) 6050 (4)

cy 4180(3) 3828(3) 4774(4)

HY 514(3) 329(3) 224(5)
HS 255(4) 624(4) 213(5)
HY 386(4) 6875(3) 136(5)
B 697(4) 623(3) - 24(5)
H::'j 830(4) 570(3) - 82(5)
HiZ o 784(5) 724(3) 20¢4)
H2 704(4) 709(4) 96(5)
H::'; 841(S) §77(3) 238(5)
Wiy 3 986(5) 522(3) 232(5)
ute 262(4) 439¢a) §7¢8)
H:;': 904(4) 426(3) 190(5)
Hio 2 989(4) 308(3) - 29(5)
Hio® 878(5) 365(3) - 87(5)
HiS 2 853(5) 223(3) - 138B(5)
H‘?" g78(5) 218(3) - 172(5)
Hio s B72(4) 120(4) 18¢4)
wiv-? 1003¢4) 56(4) 81(4)
o2 878(4) 210¢4) 182(5)
HiD % 994(4) 212(4) 121(5)
H1; 2 187¢4) 602(4) 465(5)
Hzo.t 333(4) 571(4) 442(5)
H2O" 2 247(5) 525(4) 637(5)
Hio- 2 232(4) 633(4) 617(5)
HL S 496(4) 344C4) §34(5)
L 356(4) 364(4) 636(5)
. 841 (4) 319(4) 448(5)
o 484(4) 403(a) 481(5)

TABLE 11

Coordinates of non hydrogen atoms (x10%) and hydrogen atoms (x10°) in

molecule I

Atcom X Y Z

S‘ 2490(1) 470(1) 5287(1)
0z -1563(3) - 780(2) 9408(3)
Ds 860(3) -1882(2> 5045(4)
0‘ 2487(3) 1174(2) 5388(4)
0’ 2568(3) 172(2) 3963(3)
Nz -2561 (3) -2042(2) 8659(4)
Ns ~1666(3) -2606(2) 6241 (4)
N’ 3497(3) 290(2) 6213(4)
C2 ~12061(3) -1039(2) 8391 (5)
C! -1853(3 -1709(2) 7947(5)
C‘ -1284(3) -1983¢2) 8747(5)
CS - 378(3) -1618(2) 5970¢(5)
Ca B87(3) - 827(2) 6401 (4)
07 902(3) - 575(2) 5657(4)
c. 1331(3 60(2) 6095(5)
Cp 928(3) 345(2) 7280(5)
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TABLE I1 (continued)

C‘o 895(4) - 15(2) 8003 (4)
C“ - 328(3) - B655(2) 7575(4)
Ciz -1871(4) -2704(2) 4794(5)
CQ -1578(5) ~-3330(3) 4212(6)
C“ -2002(5) ~3940(3) §102(7)
C -1711(5) -3803(3» 6581(7)
C:: -2095(5) -3168(2) 7133(6)
C" -3566(4) -1790(3) 8391 (6)
C‘. ~4504(4) -2301(3) 8805(8)
Cm -4425(4) -2477(3) 10325(85)
czo -3356(5) -2696(3) 10613(6)
Cn -2423(4) -2177(3) 10136(6)
C22 3738(4) 666(2) 7526 (5)
Cz’ 4878(4) 598(3) 7928(5)
Cu 5036(4) - 126(3) 8109(5)
Cz 4712(4) - 512(2) 6780(5)
C6 3596(3) - A30(2) 6353(5)
H. 122¢4> - T77(2) 478(5)
Hp 124(48) 85(3) 768(6)
H“ . - 3084 18(3) 887(6)
Hu'z - 294(5) - 279( 481(7)
Hu' . - 162(4) - 222(3) 421(6)
Haz.z - 55(6) - 321(3) 430(8)
H‘.' . - 179(5) - 336(3) 318(7)
H“'z - 288(8) ~ 409(3) 506(8)
H“' N ~ 245(5) - 440(3) 471(7)
H“'z - 188(5) - 415(3 725(7)
Hss. . - 84(5) ~ 364(3) 8680(7)
H‘s' 2 - 300(8) - 3254) 715(9)
Hus. . - 188(5) - 309(4) 807(8)
th.z - 342(5) - 123(3) 889(7)
H"' ‘ - 351(4) - 169(3) 727(7)
H”'2 - 518(8) - 207(4) 868(8)
Hn' . - 445(6) - 279(4) 822(8)
H‘.'z - 516(5> - 286(3) 1059(7)>
Hsp. . - 8442(5) - 2082 1092(7)
Hsn. 2 - 314(8) - 311(3) 1007(8?
Hzo. < - 313(6) - 280(3) 1167(8)
Hm' 2 - 158(6) - 2334) 1021(9)
st.t - 252(6) - 179(4) 1075(8)
Hu.z 327(4) 44(3) 825(8)
Hu' . 3556(5) 118(3) 745(7)
sz'2 544(5) 79(3) 710(7)
Hu' . 507(5) 84(3) 872(8)
st.z 589(5) - 1603 827(7)
Hz" . 481 (5) - 303 886(7)
Hzc'z 524(4) - 323 601¢6)
H' N 479(4) - 1032 691(6)
Hm-z 335(5) - 82(3 §50(7)
HT 295(5) - 64(3) 705(7)
TABLE 111

235

Atom X Y Z
0; 2221(3) 5460(1) 4733(1)
o0 6498 (3) 5270(1) 1864(1)
N: 1353(3) 4353(1) 3690(1)
N 3576(3) 4252(1) 2067(1)
ct 3267(4) 5393 (2) 4085(2)
c? 2952(4) 4798(1) 3461(2)
c? 4017(4) 4724¢1) 2705(2)
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TABLE II1 (continued)

c* 5691 (4) 5247(2) 2551(2)
cz 6233 (4) 5773(2) 3218(2)
¢ 7953(5) 6197(2) 3096 (2)
c; 8373(5) 6730(2; 3700(2)
c 7120(8) 6848(2) 4405 (2)
c:; 5448(5) 6430(2) 4520(2)
¢l 5008 (4) 5883 (2} 3937(2)
c 1485 (4) 3537(2) 3605 (2)
ci: - 377(4)> 3202(2) 3751(2)
o - 295(5) 2403¢2) 3711¢2)
cls 1586 (6) 1911(2) 3513(2)
ct® 3444(5) 2238(2) 3351(2)
cis 3400(4) 3042(2) 3399(2)
el 1383¢4) 4183(2) 1809 (2)
cie 1092(5) 4413(2) 896(2)
C;Z 27561(6) 3914(2) 341(2)
co 50285) 3985(2) 645(2)
c 5265(5) 3772(2) 1562(2)
Y 7404) 451(2) 415(2)
HE 876 (4) 611(2) 259(¢2)
He 951 (4) 706(25 361(2)
H: 732(4) 726¢2) 485(2)
H12 461 04) 654(2) 50{3(2)
iz - 1764 356¢(2) 387¢2)
H -~ 165(4) 217(2) 383(2)
H:; 185 (4) 137¢(2> 351(2)
1 495 (4) 189(2) 318(2)
H:: . 478(4) 329(2) 332(2)
Wi 124(4) 358(2) 186(2)
HiT 37(4) 454(2) 217(2)
Hio > - 374 437(2) 74(2)
Wi 135¢4) 3(2) 422(2)
He 259(4) 332(2) 40(2)
H;Z't 259 (4) 413(2) 974(2)
Hio . 609 (4) 359(2) 32(2)
H2o-2 472(4) 43(2) 555(2)
HEY 509 (4) 314(2) 162¢2)
g2t 335(4) 113(2) 688(2)

Calculation of the energy of intermolecular interactions was made in the frame-
work of atom-atomic approximations using “6-exp” potentials with parameters
given in Reference 5.

Absorption spectra in ethanol were obtained on a “Specord UV-Visible” spec-
trophotometer. To carry out photochemical investigations a radiation source on
the basis of a DRShch-250 lamp was used.

RESULTS AND DISCUSSION

1. Crystal Structure of Compound Il

Molecule II is shown in Figure 1. The naphthoquinone fragment of molecule II is
almost planar. The nonplanarity is caused mainly by the deviation of the oxygen
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FIGURE 1 A general view of molecule II.

atoms of the carbonyl groups O? (—0.24 A) and O! (0.10 A) from the naphtho-
quinone plane to the opposite directions.

The orientation of the morpholine 2,3-substituents in the molecule is caused by
a turning of the coordination planes of nitrogen atoms N* and N2 with respect to
the naphthoquinone plane by 40.2° and 43.4°, respectively. The nitrogen atoms N*
and N! in the morpholine cycles have planar-trigonal coordination that favours the
(nym*) interaction and, hence, leads to shortening of the C;—N? bond down to
1.364(5) A and the C>—N" bond down to 1.374(8) A as compared with the standard
values of the C—N bond length (1.47 A).

Further increasing of the planarity in the structure is hindered by steric repulsions
of the C* --- C' carbon atoms, that belong to different morpholine substituents,
with the contact between the atoms of 3.30 A. These repulsions lead evidently to
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the nitrogen atoms N2 and N! going out of the naphthoquinone fragment average
plane by —0.09 and 0.41 A, respectively.

Both the morpholine substituents have a “chair”’ conformation with twist angles
along the C¥ --- C'® and C! --- CY lines of 51.4° and 54.5° and along the
Cl ... C"and C'? --- C'3 lines of 51.9° and 55.6°, respectively.

Bond length and angles in the morpholinosulfonyl fragments have ordinary val-
ues. The morpholine fragment has a “chair”’ conformation with twist angles along
the C1° --- C?? and C* -+ C?! of 55.3° and 52.3°, respectively. The nitrogen atom
N3 in the cycle has a pyramidal coordination and is 0.34 A out of the plane.

Crystal packing of II is shown in Figure 2. Molecules II in the crystal form
irregular stacks oriented along the “‘c” direction where molecules are overlapped
with the planar naphthoquinone fragments. The energies of the intermolecular
interactions energy (IMIE) in the stack are different and equal to —17.5 and —13.7
kcal/mol. The IMIE between the molecules of the neighbouring stacks related with
the glide plane along “b” is —6.0 kcal/mol.

With such a conformation in molecule II, shortened intramolecular contacts
0?2 --- H81 (2.35 A) and O! --- H'"! (2.10 A) are formed. Angles C*O2H'®! and
C'O'H'! at the carbonyl oxygen atoms are 93.0° and 93.1°. Hydrogen atoms H'®!
and H''-! are 1.43 and 1.01 A out of the carbonyl group planes. Analyzing, by
Trotter,? the possibility of elimination of hydrogen atoms H'®! and H'''! we have
calculated the corresponding structural parameters (Table 1V). The data obtained
are close to analogous values indicative of y-H abstraction, that, in our case, testify
for a possibility of a H!®! and H!!! atom elimination by a p-orbital of the oxygen
carbonyl atoms O! and O?.

FIGURE 2 Projection of a crystal packing of molecules II on the XYO plane.
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TABLE 1V

Trotter structural parameters characterizing the hydrogen elimination

CcComp- Q O (]
P R, R T ¢ P e ¢
ound Q o [s]
2.35 37. % 03. 1 106. 7
il 2.190 28.75 03. 0 107.0
2. 44 38. 2 103. O 100, 2
111 2. 27 48. 5 a6. O 110, 2
2. 57 20. 0 4. O 107. 3
iV 2.38 42.2 8%. 3 104. 0
A 2. 406-2.72 o-8 80. 7-806. 4 85~903
i2%47]
»H
r2ee % 6G-2. 92 4P 5-54. 4 ?2. -79. ? 101-122

2. Crystal Structure of Compound lll

The general view of molecule III is given in Figure 3. Similar to that in II, oxygen
atoms O! and O? of the carbonyl groups deviate from the naphthoquinone plane
by —0.02 and 0.18 A, respectively.

The orientation of the piperidine 2,3-substituents towards the naphthoquinone
fragment differs significantly from that of the morpholine substituents in II. The
dihedral angles between the coordination planes of the nitrogen atoms N2 and N*
and the naphthoquinone plane are 40.8° and 82.6°, respectively. As distinct from
11, the nitrogen atoms N* and N2 have a pyramidal coordination, the deviation of
the nitrogen atoms from the coordination plane being 0.34 and 0.13 A, respectively.

FIGURE 3 A general view of molecule III.
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The N? lone electrone pair (LEP) is directed towards the carbonyl oxygen O? atom,
while for the N! atom, to the opposite direction of the carbonyl O! atom. This
character of mutual orientation of the piperidine substituents and the naphtho-
quinone fragment leads to a significant weakening of the (nym*) interaction for
the N' atom, as compared to N2, that accounts for different bond lengths of N2—C3,
1.372(5) A, and N'—C2, 1.420(5) A.

Such a marked difference in the conformation of molecules 11l and II may be
accounted for by the crystal packing influence. Modelling of the crystal environment
of I1I in the crystal packing of II has shown that an oxygen atom replacement in
the tosyl group of the morpholine fragment by a CH,, group leads to an appearance
of short C --- H contacts of 2.3 + 2.5 A between the molecules in the stack. That
should evidently result in changes both in the crystal and molecular structure of
III as compared to 1I.

Just like in II, steric repulsions take place between the piperidine 2,3-substi-
tuents, which is confirmed by a short C'¢ --- N contact 2.84 A as well as by the
nitrogen atoms N* (0.1 A) and N2 (—0.04 A) deviating from the naphthoquinone
plane to the opposite direction.

The conformation of the piperidine cycles is the same: ‘‘chair” with twist angles
along the lines C!! --- C¥ and C'2 --- C'* by 49.3° and 55.2° (N!-cycle) and along
the lines C1¢ --- C? and C¥ -+~ C¥ by 49.1° and 53.1° (N2-cycle), respectively.

Similar to those in molecule II there are shortened contacts in III between the
atoms O! and O? and H'*!, H2°! and H'*! connected to the carbon atoms of the
morpholine cycles: O --- HS! 2,57, O! --- H!"1 2,44 and O? --- H1 2.27 A.
The structure paramegers calculated by Trotter (Table II), as in II, testify for an
advantageous direction of the hydrogen atoms H!''-', H*! and H'*>! on the p,-
orbital of the carbonyl oxygen atoms O! and O2?, which points at a possibility of
elimination of hydrogen atoms.

Bond lengths and bond angles in the piperidinosulfonyl substituent have ordi-
nary values. Piperidine has a “chair”” conformation with twist angles along the
C?1 ... C? and C?2 --- C* lines by 50.0° and 55.1°, respectively. The N3 nitrogen
atom is 0.35 A out of the coordination plane in the piperidine cycle.

In a crystal (Figure 4), molecules III as well as II form irregular stacks oriented
along the “c” direction. Overlapping of molecules in the stack occurs between the
naphthoquinone fragments. The pair IMIE in the stacks is —15.1 and —9.1 kcal/
mol. The pair IMIE between the molecules of the neighbouring stacks related along
the ““¢” direction with the screw axis 2, reaches —11.6 kcal/mol, i.c. comparable
to the IMIE values in the stack, hence, the main structural element of the molecules
III packing is a layer. The IMIE between the layers, equal to —2.2 kcal/mol, is
determined by the interaction between the piperidine fragments.

3. Crystal Structure of Compound VI

The general view of molecule IV is shown in Figure 5. The naphthoquinone frag-
ment in the molecule is mostly planar. The largest deviation from planarity is caused
by a twist along the C3 --- C° line by 11.0°, which leads to the carbonyl oxygen
atom O? deviating the plane of the naphthoquinone fragment (—0.33 A). Another
carbonyl oxygen O! atom is 0.03 A out of the same plane.
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FIGURE 4 Projection of a crystal packing of molecules III on the XYO plane.

FIGURE 5 A general view of molecule IV.
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The orientation of the aniline substituent with respect to the naphthoquinone
fragment is characterized by dihedral angles between the naphthoquinone plane
and the coordination N! atom plane, 45.4°, as well as between the phenyl ring
plane and the coordination N' atom plane, 9.8°. The nitrogen N! atom has a
pyramidal coordination and is 0.18 A out of the coordination plane, while the lone
N! pair is pointed to the opposite direction of the carbonyl oxygen O! atom. An
analysis of distances N' -+- O! 2,61 A and Hy, --- O' 2.21 A and angles
C'O’H,» 81.0° and O'H,;N* 113.0° allows us to conclude that there is an intra-
molecular hydrogen bond (IHB) = O -+ H—N{.

The dihedral angle between the piperidine fragment N2 atom coordination plane
and the naphthoquinone fragment plane is 40.8°. The nitrogen N2 atom in this
substituent has a planar-trigonal coordination and, probably, due to a stronger
(nym*)-interaction the C*—N? bond length (1.358(3) A) is shorter than the C>—N!
one (1.398(3) A). The piperidine substituent has a “chair” conformation with a
twist along the C'7 +-+ C?! and C® --- C? lines by 52.1° and 50.3°, respectively.
As in II-III, the arising short contacts between the atoms of 2,3-substituents
(CY7 -+ C" 3.08 and CV --- N 3.03 A) prevent the tendency to greater planarity
of the molecule.

Similar to compounds II-III, there is formed a shortened contact H2tt ..« O2
(0.38 A) and C*O2H2'! (85.3°) in IV. Atom H2!! deviates out of the (02, C* and
C?) plane by 1.6 A. The Trotter structural parameters (Table II) also testify for
the possibility of the H*!'! hydrogen atom elimination.

Crystal packing 1V is shown in Figure 6. Translationally related molecules IV

FIGURE 6 Projection of a crystal packing of molecules IV on the YZO plane.
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form a stack packing in the direction of an “a’ short period with a maximal value
of IMIE in the crystal of —9.5 kcal/mol. The IMIE between the centro-symmetric
molecule pairs is almost the same, —9.4 kcal/mol. The following level of molecular
arrangement is determined by a pair interaction between the molecules related by
a glide plane ( — 5.8 kcal/mol). Hence, the molecule IV packing is close to isotropic.

4. The Study of Photochemical Transformations of Compounds 1I-1V in Solution

We have studied photochemical transformations in solution for all the studied 11—
IV compounds. The solution of the studied compound in ethanol was irradiated
with full UV-light. The photochemical transformations were analyzed against elec-
tron absorption spectra in UV- and visible region.

The form of spectra for compounds II and III is qualitatively identical (Figures
7a and 8a). The presence of three isobestic points in these spectra should be

1
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FIGURE 7 Experimental (a) and theoretical (b) absorption spectra of compound It in ethanol.
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FIGURE 8 Experimental (a) and theoretical (b) absorption spectra of compound III in ethanol.

mentioned. This testifies for the fact that the solution in this spectral region is two-
component,® i.e. a monomolecular reaction A *¥> B takes place under UV-ir-
radiation. Using quantum-chemical calculations performed for 1I and III by the
INDO/S method their theoretical spectra have been built (Figures 7 and 8b) and
identification of the bands for each of the compounds studied made.

The position of absorption bands in the theoretical spectrum of Il (Figure 7b)
satisfactorily agrees with the experimental one (Figure 7a). From the electron
density redistribution at S, — S, transtion (Figure 10a) it follows that the long-
wave band in the absorption spectrum corresponds to a (/ — 7*) electron transition.”
Appearance of this band is evidently due to the electron density transfer from p,
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atomic orbitals of the N* and N2 nitrogen atoms to a w*-antibonding orbital of the
naphthoquinone fragment. Thus the intensity of this transition reflects the degree
of the molecule planarity in solution.

The following three electron transitions have a (n-w*) character, i.e. an electron
transition takes place between the py and p, atomic orbitals of the O!, O?, N! and
N2 atoms and the orthogonal to them w*-antibonding naphthoquinone orbital.” In
the second and fourth transitions (~345 and ~250 nm) the electron density is
transferred mainly from the py and p, atomic orbitals of both the carbonyl oxygen
atoms O, O? and the nitrogen atoms N* and N2 to the w*-antibonding orbital of
the naphthoquinone. And for the third absorption band (~294 nm) the (n-w*)
transition takes place only from the LEP of the carbonyl oxygen atoms O! and O?
to the m{_,-antibonding orbital.

< * ,~ , : T

The theoretical spectrum of compound III calculated using the crystallographic
coordinates (Figure 8b) differs from the experimental one (Figure 8a) in the absence
of a pronounced long-wave band, besides, there occurs an inversion of (n — w*)
and ({ — 7*) transitions (Figure 10b). It may be connected with the difference in
the conformations of molecules II and III, caused, as is shown above, by the
influence of the intermolecular interactions (IMI) in the crystal. In I, the rotation
of the morpholine substituents around the C—N bonds are equal to 44 + 45°,
while in III, the rotation of the piperidine substituents are different: ~45° and
~90°. In solution, the molecule, when IMI are absent, can have a different con-
formation. The similarity of the theoretical spectrum of the molecule II and the
experimental spectrum of III in solution testifies for the fact that this molecule in
solution has a more planar conformation. To confirm the suggestion we have
performed a calculation of the model structure theoretical spectrum with rotational
angles around C—N bonds analogous to those in II. A sufficiently good agreement
of the theoretical band position with the experimental one has been obtained
(Figure 8b). The nature of the observed electron transitions in the model molecule
III has appeared to be identical to that in II.

The experimental absorption spectrum of compound IV in solution differs from
those of II and III by the absence of the isobestic points, i.e. the system is more
than two-component (Figure 9a). There appears a long-wave absorption band in
the range of ~625 nm that is characteristic of an absorption band of ions or radicals.
The theoretical spectrum of compound I'V (Figure 9b) has no long-wave absorption
band found in the experiment. However, an analysis of the crystal packing testifies
for the absence of any significant intermolecular interactions capable of changing
considerably the molecule conformation in crystal as compared to solution. At the
same time, compound IV is more planar due to IHB as compared to II and III,
that leading to higher aromaticity, hence, to higher stability of the molecular struc-
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FIGURE 9 Experimental (a) and theoretical (b) absorption spectra of compound IV in ethanol.

ture to conformational changes. That can be explained by the fact that in solution
we have an equilibrium of two forms A and B (Scheme III), where A is the initial
molecule and B is the zwitterionic form arising due to an intramolecular proton
transfer. The calculation of the theoretical zwitterionic B form spectrum together
with the initial A form (Figure 9b) allows one to reach a satisfactory agreement
between the theoretical and experimental data. All electronic transitions for form
B, as well as the long-wave transition for A (~385 nm) belong to the (/ — =*)
type (Figure 10c). The remaining transition of form A belongs to the (n — =*)
(~311 and ~286 nm) types.

Analysis of the absorption spectra under UV-irradiation shows the identical
behavior of compounds I and 11l in solution. Under irradiation, an intensity drop
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SIS

SCHEME I

in the spectra of these compounds takes place for the long-wave (! — ©*) transitions
and for the (n — =*) transitions localized mainly on the atoms of the carbonyl
group. An intensity increase is observed for the (n — w*) transitions. These var-
iations point to the conversion of the carbonyl group double bond into a single
one, as well as to the absence of conjugation between the nitrogen atoms LEP
with a w-system of the naphthoquinone fragment in the photoproduct as compared
to the initial molecule.

The above-mentioned analysis of the structural parameters in Table IV according
to Trotter>~* together with the data on electronic spectroscopy testifies for a pos-
sibility of a hydrogen atom elimination by a carbonyl oxygen atom for the (I —
w*) transition. This is due to the structure of the compounds studied where the
hydrogen atom is directed just to the p,-orbital localized on the carbonyl group
atoms.

Then, by analogy with the literature data’ a mechanism of synchronous cycle
closure (Scheme IV) with 2H' elimination has been suggested. In the photoproduct
suggested the double bond of the carbonyl group, as is assumed, becomes a single
one, and the nitrogen atom, according to evaluation by molecular mechanics
technique®, becomes essentially pyramidal. Atoms N are ~0.3 A out of the co-
ordination plane, which leads to a decreased conjugation of the LEP of N with the
naphthalene fragment w-system and, hence, to a transformation of a (! — =)
transition into (n — 7*). This character of photoreaction testifies also for a similarity
of the photoproduct theoretical spectrum and the experimental spectrum of II1-III
after UV-irradiation (Figure 7b).

For compound IV under UV-irradiation there is observed an intensity drop for
the (I — w*) transition (~635 nm) of the assumed ionic form B, while the band
intensities in the spectral region (313 and 300 nm) increase. On further irradiation
the spectrum of [V becomes identical to the spectra of the nonirradiated compounds
(II-111). This testifies evidently for the fact, that under UV-irradiation in solution
the proton phototransfer reaction mainly takes place (Scheme III), but in this case
there are no isobestic points in the spectrum. It may be explained, probably, by a
participation of the ethanol molecule of the proton donor in the photoprocess.

(\_E/:E): “*N@_&\ -
! (U —r
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SCHEME IV
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5. Theoretical Simulation of Photoreaction

For a more detailed analysis of the process we have made a comparison of the
electronic part of the interatomic interaction energy in the compounds studied for
the ground and excited states at the (I — =*) transition. The calculation has been
performed based on the data on energy decomposition. The main idea of the
technique is using the Hartree-Fock-Roothaan equation for electronic energy £:
E =2 X PlH, + FJ2 =2 > Ef°
i J i J
where P; is the density matrix, Hj; is the core matrix (an influence of non-valent
electrons and an electron-nuclear interaction), F is the Fock matrix (electron-
electron interaction) and E{€ is the pair electronic energy between the atomic

orbitals.
Here

N2

Pij = 2* ; Cikcjk; ¥, = 2 Cidy

where W, is the molecular orbital, @, is the atomic orbital and C;, is the probability
amplitude of the W, localization on W¥,. The matrix elements F, H and P for the
calculation are taken from the semiempirical method MNDO.?

Further on we have carried out summation of E#° to which correspond the
atomic orbitals localized on the pairwise different atoms. Thus we have obtained
the partial energy components of the atom-atomic interactions. Because of the
program limitations the calculations have been carried out on a model molecule
(Figures 11a-c).

The calculations for the model molecule for compounds II and III in solution
show (Figure 11a) that at the S;— S, (! — «*) transition the YC>=C> bond becomes
much more antibonding. This increase of antibonding is reflected in a decrease
by ~1.8 ev of the interaction electron energy. The repulsion between atoms
C?..-N2,C3*--- N and N! --- N2 increases by 0.23, 0.21 and 0.04 ev, respectively,
which can be explained mainly by the repulsions of the m-orbitals of these atoms.
Based on these calculations it may be concluded that when the molecule is excited
the nitrogen atoms are pushed towards the carbonyl groups. In its turn that leads
to shortening of the contact between the oxygen carbonyl atoms and the carbon
atoms in the piperidine or morpholine cycles. All this will enhance the proposed
cyclization (Scheme IV).

For the neutral form A of the compound IV in solution the results of the cal-
culation for the (! — «*) transition were the same as for II and III with the only
difference that there was an additional antibonding of the N—H bond by 0.06 ev
and an attractive interaction =0 --- H—N( increased by 0.01 ev (Figure 11b).
Therefore, the acidity of the hydrogen atom increased. Hence, for the relaxation
of the molecule structure similar to II and III, in the excited state the shortened
contacts =0 - -- H—C{ and =0 - - - H—N( would rather lead to an intramolecular
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FIGURE 11 Changes in the electronic energy of atom-atomic interaction at the S, — §, transition
for the model molecules 1I and 111 (a); for the neutral form A of the model molecule IV {b) and for
the zwitterionic form B of the model molecule IV (c).
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proton transfer to give an ionic B form than to a homolytic rupture of the C—H
bond followed by cyclization.

An analysis of the changes taking place at the §; — S, transition in the ionic B
form of the compound IV (Figure 11c) shows that a marked increase of the repulsion
C? ..+ N! (0.52 ev) against the background of an insignificant increase of the
repulsion C? --- N? (0.058 ev) and N' --- N2 (0.1 ev) enhances a reverse proton
transfer. Thus in IV the process of photocyclization is hindered by a reversible
proton phototransfer.

The preliminary data on the photochemistry of compounds I and III in the solid
phase testify for the fact that the same photoconversion takes place in crystal.
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