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Six indolinospironaphthoxazines were studied by X-ray diffraction analysis. It was 
demonstrated that the electronic nature of the substituents in the naohthoxazine and indoline 
fragments has no substantial effect on the Csoiro--O and Cspiro--N bond lengths. 
Photocolorability of the compounds under study depends only slightly on the above- 
mentioned bond lengths and correlates mainly with the energy of steric strain of the oxazine 
ring. The stability of the open forms of spiroindolinonaphthoxazines that formed upon 
photoirradiation is determined to a large extent by the electronic and steric nature of the 
substituents. The exception is the compound that contains the NO 2 group in the indoline 
fragment. In the last-mentioned case, the cleavage of the ring occurs through a substantially 
different pathway. 

Key words: spirooxazines, X-ray diffraction analysis, photochemistry in solutions, struc- 
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The increased interest in the synthesis and studies of Scheme 1 
new photochromic spirooxazines in recent years is due ~ k /  
to their  improved performance compared to spiro- - -N  

/ I v  . 
pyrans. I -3  This fact aroused interest in studies of the 
effect of  the structural characteristics of these com- 
pounds on their photochromic properties. X-ray diffrac- Iq 
tion studies 4-7 demonstrated that spirooxazines and A 
spiropyrans have similar structures. Photochemical con- 
versions of spi rooxazines (Scheme 1) involve heterolytic _ ~ ~  
cleavage of the C - - O  bond in the oxazine ring (A~X)  
followed by cis--trans isomerization to form a colored 
form (B). s Therefore, a two-stage process occurs upon R 
photoirradiation. At the first stage, the electron density X 
is sllifted from the indolille group to the naphthoxazirle ~ N ~  
fragment (B), and at the second stage, rehybridization of 
the Csoir o atom leads to the reverse shift of the electron 
density. 

In the i , ldo l inosp i ropyrans  9 as well as in the ~..=-- 
spirooxazines 4-7 studied previously, the structure of  the 
spiro center of the molecule is favorable for interaction I 
between the lone electron pair of the N(2) atom and the Iq B 
~r* orbital of the Cspi~o--O bond, which affects the 
efficiency of heterolysis of the Cspiro--O b o n d  When 
spirooxazines adopt the above-mentioned conformation, 
the ~l(Ione electron pair) orbital of the N(2) atom and 
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the o'*(Cspiro--O ) orbital overlap, which leads to tile 
shortening of the C( I ) - -N(2 )  bond and to the elonga- 
tion of the C ( I ) - - O  bond compared to the values ob- 
served in the five- and six-membered rings ( C - - N ,  
1.47--1.48 A; and C- -O,  1.41--1.43 A). t~ The effi- 
ciency of this interaction depends substantially on the 
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electronic state of the N(2) and O atoms. For spiro- 
pyrans, ~ it was demonstrated that electron-withdrawing 
substituents in the benzopyran fragment strengthen this 
interaction, while electron-donating substituents weaken 
this interaction owing to strengthening or weakening of 
conjugation between the lone electron pair of  the O 
atom and the n system of  the phenyl fragment, respec- 
tively. 

In this connection, it was of  interest to study the 
effect of substituents in spirooxazines on their structures 
and photochemical properties. In this work, we studied 
new substituted sp i ro[ indol ine-2 ,3"- [3Hl-naphtho-  
[2, I-bl[l,4loxazinesl (1--6). 

R e R 5 
R 2 "~ l ' \ / 

I - - 7  

Com- R 1 R 2 R 3 R 4 R 5 R s 
pound 

1 Me OMe H CN H H 
2 Me H - OH H H H 
3 Me H H SOzPh H H 
4 Me NO z H H H H 
5 Me H H H * * 
6 CH2CH=CH 2 H H H OMe H 
7 Me H H H H H 

* RS'R6 = "" " 0 -  ~ /~" 2"uMe 

Me 

Results and Discussion 

The configurations of  spirooxazines 1--7 under con- 
sideration are similar to those of  spirooxazines 4-7 and 

Table 1. Principal geometric parameters of the oxazine 
(ct, 13/deg) and indoline (eo/deg) rings 

Compound ~ ~t 13 

2 , , ,  , ,7, 86 30 
--iN 2 39.9 2 1 . 4 1 2 . 4  
: ' 3 (28.0; 26.7) 15.0 7.5 

3 4 34.1 19.4 7.2 
-"-/i "6---/, 5 35.0 13.8 5.7 

[ 6 33.8 15.0 7.2 

spiropyrans 9 studied previously. The spiro unit has a 
tetrahedral structure. The indoline and naphthoxazine 
fragments, like those in indolinospiropyrans, are almost 
perpendicular to each other. The  indoline ring in 
spirooxazines is nonplanar and adopts an envelope con- 
formation. The folding angles along the N(2)...C(CH3) 2 
line are in the range 33.8o--39.9 ~ (Table 1). 

The naphthoxazine fragment in spirooxazines is flex- 
ible as was observed previously in the case of  the 
benzopyran fragment in spiropyrans. This conformation 
can be characterized by the folding angles along the 
O(I)...C(2) and O(I) . . .N(I)  lines (see Table 1). 

The introduction of  the n-electron-withdrawing sub- 
stituent (R 4 = CN) at the para position with respect to 
the N(I)  atom and of the 7t-electron-donating substitu- 
ent (R 2 = OMe) at the para position with respect to the 
N(2) atom in compound I (Fig. 1) has virtually no 
effect on its structure compared  to unsubstituted 
spirooxazine 7. The N(I ) - -C(3)  and O(1)--C(4) bond 
lengths (1.410(3)and 1.371(3) ~, respectively) in com-  
pound 1 agree (to within the experimental error) with 
the analogous bond lengths in compound 7 (1.416(3) 
and 1.362(3) ,i,, respectively). This is indicative of  the 
fact that in compound 1 the conjugation of the n-system 
of the naphthalene ring with the azomethine n-bond and 
the lone electron pair of  the oxygen atom, and conse- 
quently, the n-o*-orbital interactions, remain unchanged. 
Because of  this, the C( I ) - -O( i )  and C(1)--N(2)  bond 
lengths (1.456(3) and 1.430(3)A, respectively) in 1 

: ,  

( -, C~ ~ k  ~ C(24) / c(22)y.," \ ,  

" ~:.. / ~ . , -  ',_)'N(2) (:0 -'.<.%. " ) ( ; C(12)  

- ~ .... (".]" C(19) I , ~ -  ~'(]3"5) ( " ~  " 

Fig. I. Overall view of compound l. ' N(3) 
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Fig. 2. Overall view of compound 2. 

coincide with the corresponding bond lengths in com- 
pound 7 (1.454(3) and 1.436(3) ~ ,  respectively). 

The introduction of  the OH group into the naphtha- 
lene ring at the ortho position with respect to the O(1) 
atom of the oxazine ring in compound 2 (R 3 = OH) 
(Fig. 2) leads to an insignificant elongation of the 
C( I ) - -O( I )  bond (1.471(4) ,~.) compared to the corre- 
sponding bonds in 1 and 7, while the O(1)--C(4) and 
C(I ) - -N(2)  boqd lengths (1.373(5) and 1.434(4) A, re- 
spectively) remain unchanged. Apparently, the elonga!ion 
of the C ( l ) - - O i l )  bond in compound 2 is due to the 
participation of the O(I)  atom in the O(1)...H(O)O(2) 
intramolecular hydrogen bond rather than to a change in 
the n-~* interaction resulting in an increase in tile polarity 
of the C ( I ) - - O ( I )  bond. The O(I)C(4)C(5)O(2) and 
C(4)C(5)O(2)H(O) torsion angles are 1.2 ~ and 10 ~ re- 
spectively. The length of the O(I) . . .H(O) intramolecular 
hydrogen bond is 2 . 3 5 ( 1 ) A .  The  O ( I ) H ( O ) O ( 2 ) ,  
H(O)O(I)C(4),  and H(O)O(I )C( I )  angles are 103 ~ 81 ~ 
and 150 ~ respectively. The H(O) atom is involved in a 
bifurcated intramolecular hydrogen bond forming the sec- 
ond intramolecular hydrogen bond with the oxygen atom 
of the water molecule (H(O).. .O w, 1.91(5) A; O(2)...Ow, 
2.81(I) /~; and the angle at the H atom is 165~ 

Table 2. Absorption of the open form (Z~,,~x), 
photocolorability (A0), constants of dark decol- 
oration (k a). and strain energies of the oxazine 
ring (El in compounds I--7 

Corn- ~./nm Ao ka/s-I E 
pound /kcal tool -t 

1 659 0.90 0.20 25.4 
2 590 1.09 0.21 27.4 
3 642 t.17 0.13 25.3 
4 555 6.0 0.27 258 
5 593 1.75 3.04 32.5 
6 580 0.79 0.22 25.6 
7 5{)4 1.08 0+54 27.0 

Therefore, the substituents in compounds 1 and 2 
have no effect on the efficiency of  specific orbital interac- 
tions. The photochemical properties of  the spirooxazines 
under study are also similar as evidenced by the fact that 
the values A 0 for the photoinduced open forms of  1 (0.9) 
and 2 (1.09), which characterize the photoactivity of  the 
compounds, are virtually identical to the analogous value 
for 7 (1.08) (Table 2). At the same time, the position of  
the maximum of the absorption band (~-max) of the photo- 
induced open form of  1 (~-max = 659 nm) is changed 
substantially compared to those of  compound 2 (~'max = 

590 nm) and unsubstituted compound 7 (kin= x = 594 nm) 
(Table 2). The constants of  dark decoloration k,,,  which 
characterize the stability of  the open photoform (0.20 and 
0.21 s -1 for I and 2, respectively), are almost half as large 
as that for 7 (0.54 s- l) .  Apparently, in the case of  
compound 1, this is due to the electron-withdrawing 
properties of the CN groups, and in the case of  2, this is 
due to formation of an intramolecular hydrogen bond 
with the hydroxyl group. 

Compound 3 that contains the SOxPh substituent 
(R 3 = SO2Ph) at the para position with respect to the 
N(I )  atom (Fig. 3) is of  interest from the viewpoint of  
the photochemical properties (Table 2). In addit ion to 
the fact that the photocolorabil i ty of  this compound,  
A 0 = t . t7,  is somewhat higher than those of  compounds  
1, 2, and 7, it appeared that its open form is the most 
stable one in the series of  the compounds under study, 
k a = 0.13 s - t  (Table 2). it is difficult to carry out 
crystal-chemical analysis of this compound because of  
the fact that the indoline fragment is statistically disor- 
dered relative to the C( I )C(2 )O( I )  plane. However, the 
bond lengths in the oxazine ring (C( I ) - -O( I ), 1.464(3); 
O(I ) - -C(12) ,  1.365(3); N ( I ) - - C ( 3 ) ,  1 .403(3)A) are 
identical to tile corresponding values in compounds 1 
and 2. 

The introduction of the electrol>withdr-awing NO 2 
substitt,cnt into tile indoline fragment at tile para posi- 
tion with respect to tile N(2) atom (R 2 = NO2) (Fig_ 4) 
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Fig. 3. Overall view of compound 3. 
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Fig. 4. Overall view of compotmd 4. 

leads to a substantial increase in the value of  A0 (6.00) 
for compound 4 (Table 2) compared to those for com- 
pounds 1 and 2 (0.90 and 1.09, respectively). The 
C( I ) - -O(1 )  and C ( I ) - - N ( 2 )  bond lengths (I.451(5) and 
1.437(5) A, respectively) are similar to the correspond- 
ing bond lengths in the spiro centers of compounds 1, 2, 
and 7. The introduction of  the NO 2 substituent leads to 
an increase in the conjugation between the lone electron 
pair of  the N(2) atom and the n-system of  the phenyl 
ring. This  is ev idenced  by the decrease  in the 
N(2)--C(14)  bond length to 1.378(5) A compared to 
the analogous values in compounds 1, 2, and 7 (1.409(3), 
1.413(5), and 1.414(3) fX, respectively). Apparently, the 
electron-withdrawing effect of the NO 2 substitucnt causes 
flattening of the pyramidal structure of the N(2) atom. 
In compotmd 4, the deviation of the N(2) atom from 
the plane through the atoms bonded to N(2) decreases 
to 0.16 /k compared to the corresponding values h~ 
spirooxazines I - -3  and 7 (0.26--0.32 ~,). and the sum 

of the bond angles at the N(2) a tom increases to 356.1 ~ 
compared to 345--350 ~ in spirooxazines 1--3 and 7. The 
above-mentioned flattening leads to a change in the 
orientation of the lone electron pair  of the N(2) atom 
with respect to the Cspiro--O bond (in compound 4, the 
O(I)C(I)N(2)CMe torsion angle is 71.7 ~ while in com- 
pounds 1--3 and 7, the corresponding values are in the 
range of 50--58~ The change in the orientat ion of  the 
lone electron pair and the o*-orbi tal  can affect substan- 
tially the n-n* interaction in the  electronically excited 
state of  spirooxazine 4. However,  as was demonstra ted 
previously for indolinospiropymns,  i l  the mechanism of 
cleavage of the oxazinc ring i,~ compound  4 that con- 
tains the NO 2 substituent is substantially different, which 
makes it impossible to compare the  values of  A0 and the 
strt,cture of compound 4 with the  corresponding charac- 
teristics of 1--3. 

From the viewpoint of stabil ization of  the open form, 
the behavior of the NO 2 subsli tuent  in compound  4 
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Fig. 5. Overall view o f  compound  5. 

(kz = 0.27 s - t )  is analogous to that of  the substituents 
in compounds 1 (k~ = 0.20 s - I )  and 2 (k a = 0.21 s - l )  
(see Table 2). 

Annelation of  the second potentially photochromic 
chromene ring (Fig. 5) has also virtually no effect on 
the structure of  compound 5. The C ( I ) - - O ( I )  and 
C(1)- -N(2)  bond lengths (I.448(8) and 1.424(8) A, re- 
spectively) agree (to within the experimental error) with 
the analogous values in 1 and 7. However, the short 
intramolecular contact  between the vinyl group of the 
annelated pyran ring and the N( I )  atom (C(13). . .N(I) ,  
2.858(2) ,~) in compound 5 leads to an increase in the 
energy of  s ter ic  s train of  the oxazine ring (E = 
32.5 kcal tool - I ) ,  which is maximum in the series of 
compounds under study (see Table 2). Previously, t2 
using photochromic compounds of  the chromene class 
as examples, we have found a correlation between the 
energy (E) of  steric strain of  the pyran ring and the 
colorability (A0). Evidently, this relationship is also true 
for spirooxazines on condit ion that the structures of the 
indoliue fragments are identical,  which accounts for the 
increase in the value A 0 for compound 5 (1.75) com- 
pared to those in compounds 1, 2, and 7. On the other 
hand, the value k~ for the open form of 5 (3.04) is 
substantially higher than those for the open forms 
of compounds 1, 2, and 7. This is indicative of the 
fhct that in the case of  compound 5, the dark reaction 
of closure of the ring proceeds faster and thus the 
stability of the open form of 5 is lower, in the case of the 
trans-cisoid conformation of  the open form of 5, ana- 
logous steric interactions between the N i l )  atom and 

the vinyl group of  the pyran ring, which lead to an 
increase in the efficiency of  the photoreaction,  destabi-  
lize the photoproduct thus accelerating the reverse dark 
reaction. 

In the case of compound 6, the introduction o f  the 
MeO group into the naphthalene ring (R 5 = OMe)  has 
virtually no effect on conjugation between the lone 
electron pair of the O( I )  atom and the n-system of  the 
naphthalene fragment. The O(1)- -C(4)  bond length 
(I.369(2) ,~) is identical to the corresponding values in 
compounds 1 and 5 (I.371(3) and 1.374(8) /~, respec- 
tively). The C ( I ) - - O ( I )  bond length (I.446(2) ~,) also 
coincides with the corresponding values in compounds  
1, 5, and 7 (1.456(3), 1.448(8), and 1.454(3) h ,  respec- 
t ively),  while the C ( 1 ) - - N ( 2 )  bond length in 6 
(1.456(2) ,~) is longer than those in compounds 1, 5, 
and 7 (1.430(3), 1.424(8), and 1.436(3) A, respectively) 
The elongation of this bond is due to steric repulsions 
between the C(24) atom of the terminal vinyl group and 
the C(I)  and C(2) atoms. The intramolecular distances 
between these atoms remain shortened even if the C ( I ) - -  
N(2) bond is elongated (C(24).. .C(1) and C(24).. .C(2) 
are 3.064 and 2.940 A, respectively). Steric repulsions 
between these atoms hinder the n-c* interaction in the 
ground and excited states. It is not inconceivable that it 
is these structural features of  compound 6 that cause an 
increase in the photocolombili ty (Ao = 0.79) compared 
to those of I - -3  and 7, while the stabilities of the open 
forms of  1--3 and 6 are identical (ka(6) = 0.22 s - t )  
(Table 2). 

Therefore, the results of our studies demonstrated 
that the electronic nature of the substituents in the 
naphthoxazine and indoline fragments of spirooxazines 
under study has no substantial effect on the Cspiro--O 
and Cspiro--N bond lengths and hence, on the efficiency 
of the n-** interaction in the spiro center of  the mol- 
ecule. These bond lengths are more substantially af- 
fected by secondary interactions, namely, by the partici- 
pation of the O atom ila a weak intramolecular bydrogen 
botld aud by steric repulsions in tile spiro center, which 
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Fig. 6. Overall view of compound 6. 

is additional evidence for the lability of the Cspito--O 
and Cspiro--N bonds in spirooxazines and spiropyrans. 

Insignificant changes in the lengths of these bonds 
have no pronounced effect on photocolorability of 
spiroo• under study. Their photocolorability is 
most substantially affected by the steric strain in the 
oxazine ring. The correlation between the photo- 
cotorability A 0 and the energy of steric strain of the ring 
(E) was confirmed. 

The electronic and steric nature of the substituents 
affects substantially the stability of the open forms of 
spirooxazines. The exception is spirooxazine that con- 
tains the NO 2 substituent in the indoline fragment. In 
the last-mentioned case, the mechanism of cleavage of 
the ring is substantially different. 

Experimental 

The synthesis of compounds 1, I~ 2,14 3,15 4,16 5, 14 and 
6 16 was reported in the literature. Crystals of 3 were prepared 
by crystallization from a 4 : 1 EtOH--Et20 mixture. Crystals 
of the other compounds were prepared by crystallization from 
heptane. 

Photochemical studies were carried out by flash photoly- 
sis. V/ The absorption of the open form A 0 (Lmax) immediately 
after photoirradiation (photocolorability) was taken as the 
characteristic of the photochromic properties along with the 
thermal stability (the constant of dark decoloration kJs  -l)  and 
the position of the maximum of the long-wavelength absorp- 
tion (k.,ax) of the open form (B). 

The strain energies of the pyran rings were calculated by 
molecular mechanics (MM2). Is 

The details of X-ray diffraction studies are given in Table 3. 

Table 3. Principal crystallographic data for compovnds 1--6 

Parameter 1 2 3 4 5 6 

Molecular formula C24H2zN302 C22H20N202- H,~O C28H24N203S C22Hj9N303 C27H26N202  C25H24N202 
M 383.45 362.43 468.58 373.41 410.52 384.48 
a/A 17.420(2) 29.989(2) 15.800(3) 8.462(3) 8.105(4) 8.736( 1 ) 
b/A 8.772(3) 8.120(7) 15.571 (2) t 5.370(6) 12.981 (3) 10.692(3) 
c/A 6.668(3) 15.909(1) 9_483(3) 14.363(7) 21.548(9) 12.275(1) 
ct/deg 94.86(3) 90.0 90.0 90_0 900 66.41 (3) 
13/deg 83.95(3) 108.33(3) 90.0 94.08(3) 97.85(3) 86.68(3) 
~,/deg 98.48(3) 90.0 93.07(3) 90.0 90.0 75.83(3) 
Z 2 8 4 4 4 2 
dcalc/g cm -I 1.211 1.309 1.336 1.331 1.214 1.262 
Space group PI C2/c p21/b P21/c P21/n PI 
Crystal 0.15•215 0.10x0.15x0.25 0.25x0. t0x0.20 0.10x0.15x0.20 0.15• x0.15 0.20• 

dimensions 
/1111n nlFn m m  

Radiation .MoKct CuK~I CuK~ CuKr~ MoK~ CuKct 
Number of 1423 1232 3095 1557 1026 2524 

reflections (/ > 2o) 
R factor 0 037 0.040 0.048 0.051 0.036 0.043 
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Table 4. Coordinates of nonhydrogen (x 104) and hydrogen (x 103) atoms in molecule 1 

Atom x y z Atom x y z 

O(I) 7196(2) 2435(3) 5899(2) C ( 1 3 )  5025(2) -1405(31 7590(2) 
0(2) 9345(3) 7152(31 11161(2) C(141 7202(2) 5126(31 3643(3) 
N(I) 7499(2) 934(3)  2033(2) C ( 1 5 )  8616(21 4569(3) 7060(3) 
N(2) 7861(2) 4643(3) 4472(2) C(161 900l(2) 5152(2) 8717(31 
N(3) 4494(2) -1902(31 8626(3) C ( 1 7 )  8940(2) 6652(3) 9496(3) 
C(I) 7890(2) 3038(3) 4637(3) C ( 1 8 )  8504(2) 7529(3) 8616(31 
C(2) 7921( t )  2172(3) 2584(3) C(191 8103(2) 6960(3) 6943(3) 
C(3) 6908(2)  312(31 3466(3) C(201 8174(21 5469(3) 6174(2) 
C(41 6761(21 1066(3) 5315(31 C ( 2 1 )  9199(21 8577(3) 12181(2) 
C(5) 6143(2)  526(2)  6695(3) C ( 2 2 )  8616(2) 3038(3) 5826(2) 
C(6) 5682(2) -822(2) 6193(21 C ( 2 3 )  9369(l)  3133(3) 4360(2) 
C(7) 5815(21 -1693(21 4318(2) C ( 2 4 )  8554(2) 1631(3) 7070(2) 
C(8) 6433(2) -1092(31 2932(3) H(21 832(I) 264(I) 155(11 
C(91 6563(2) -1918(31 1037(31 H(51 6 0 4 ( 1 )  1 1 4 ( I )  789(11 
COO) 6114(31 -3297(3) 591(21 H(91 698(11 -146(11 1(11 
C(II) 5514(31 -3894(2) 1989(21 H ( 1 0 )  629(11 -384(I) -84(I) 
C(12) 5358(3) -3102(21 3789(2) H(II) 521(/) -483(I) t65(l) 

Table 5. Coordinates of nonhydrogen (x 10 4) and hydrogen (• 103) atoms in molecule 2 

Atom x y Z Atom x y z 

O(I) 963(2) 1315(4) 3405(2) C ( 1 2 )  1757(3) 5178(41 1352(2) 
0(2) 455(11 2044(4) 1714(21 C ( 1 3 )  773(3)  1379(41 5058(2) 
O(3w) 0 -224(4) 2500 C(141 1407(31 -1257(41 3874(3) 
N(I) 1855(21 2686(4) 4206(2) C(151 1847(31 -1970(31 4584(2) 
N(2) 1012(2) 49(4) " 4736(2) C(161 1490(31 -1293(31 2968(2) 
C(I) 1283(2) 433(3)  4163(21 C ( 1 7 )  763(3) -1418(31 4415(21 
C(2) 1697(31 155](31 4588(2) C ( 1 8 )  991(21 -2237(3) 3883(2) 
C(3) 1604(21 2965(~.) 3301(2) C ( 1 9 )  804(3) -3724(3) 3510(2) 
C(4) 1167(21 2316(41 2932(2) C(201  407(4) -4365(3) 3648(2) 
C(51 899(2) 2670(3) 2051(31 C(2l) 198(3) -3517(31 4147(21 
C(61 1082(31 3618(31 1553(21 C ( 2 2 )  372(3) -2026(4) 4545(2) 
C(7) 1543(31 4263(3) 1893(2) H(O) 35(2) 126(2)  203(2) 
C(8) 1804(3) 3991(31 2792(2) H(2) 176(2) 144(2)  536(2) 
C(9) 2254(3) 4730(3) 3143(21 HW(t) 26(2) -9I(21 267(1) 
C(10) 2440(2) 5645(3) 2619(21 H(61 93(I) 384(2) 96(I) 
C(II) 2196(3) 584t(31 1719(21 H(91 241(11 455(2)  373(I) 

Atom x y z 

H(12) 492(1)  -347(11 480(2) 
H(14) 708(I) 439(I) 261(l) 
H(141) 674(11 502(1 )  484(2) 
H(1421 726(11 617(21 352(I) 
H(161 930(I) 451(21 926(I) 
H(18) 844(I) 867(1 )  914(I) 
H(19) 775(11 758(11 640(2) 
H(2I) 942(11 933(11 1138(21 
H(21 I) 869(11 860(2)  1248(11 
H(212) 955(11 878(2)  1377(11 
H(231 986(l) 330(2 )  512(I) 
H(231) 941(1)  399(2 )  355(1) 
H(232) 941(11 210(21 349(11 
H(24) 905(11 165(1)  772(1) 
H(2411 806(11 155(2)  796(I) 
H(2421 854(11 66(2) 607(1) 

Atom x y z 

H(10) 282(11 612(21 289(11 
H(II) 229(I) 669 (2 )  143(I) 
H(121 153(11 524(2) 64(11 
H(131 34(11 169(2)  467(I) 
H(1311 65(1) 82(2) 554(11 
H(1321 102(11 214(21 523(2) 
H(15) 190( I )  -319(21 457(2) 
H(151) 179(21 -178(21 535(2) 
H(152) 225(2)  -98(2) 447(I) 
H(16) 160(21 -232(2) 275(I) 
H(1611 128(21 -79(2) 231(I) 
H(1621 180(21 -65(2) 307(I) 
H(19) 93(1) -412(21 313(l) 
H(201 31(t) -540(2) 336(I) 
H(211 -5(l) -404(I) 428(2) 
H(22) 23(11 -141(1) 488(2) 

Table 6. Coordinates of nonhydrogen (x 10 4) and hydrogen (x 103) atoms in molecule 3 

Atom x y z Atom x y z 

S 4662(2) 8322(3) 2130(31 N ( 1 3 )  1678(31 7276(3) 7353(3) 
O(I) 2116(21 8073(3) 5268(2) C(13A) 2332(3) 6662(3) 7384(3) 
0(2) 5303(2) 7778(3) 1637(21 C(13B) 2691(31 6995(3) 7341(3) 
0(3) 4866(2) 8926(3) 3233(3) C(13C) 1154(31 6478(3) 7889(3) 
N 1407(2) 6561(31 3991(31 C ( 1 4 )  1597(3) 7953(3) 8372(3) 
C(I) 1413(2) 7606(3) 5990(2) C(151 1928(3) 8064(3) 9715(3) 
C(21 1046(21 6893(3) 5045(2) C(161 1697(31 8771(3) 10484(3) 
C(31 2206(2) 6921(31 3601(2) C(17) 1164(21 9347(3) 9943(3) 
C(41 2540(3) 7661(31 4237(2)  C(181  841(2) 9248(3) 8588(3) 
C(5) 3310(2) 8048(3) 3784(2) C ( 1 9 )  1066(31 8540(3) 7813(31 
C(6) 3757(2) 7687(3) 27t5(2) C ( 2 0 )  784(3) 8261(3) 6361(2) 
C(7) 3461(21 6890(3) 2064(2) N ( 2 0 )  796(2) 8262(3) 6438(3) 
C(8) 3913(21 6455(3) 1009(21 C(20A) 802(2) 9025(3) 5287(3) 
C(9) 3583(3) 5707(3) 4 3 4 ( 2 )  C(20B) -136(21 7857(3) 6428(3) 
C(101 2786(3) 5358(3) $43(21 C(20C) 402(2) 879713) 5395(3) 
C(II) 2335(3) 5752(3) 1871(21 C(211 4271(21 8~89(3) 682(3) 
C(121 2664(2) 6522(3) 2517(31 C ( 2 2 )  3962(2) 9600(3) 919(3) 
C(131 1716(31 7259(3) 7353(3) C(231 3648(2) 10133(3) -202(3) 

Atom x y z 

C(24) 3645(1) 9782(3) -1532(21 
C(25) 3962(3) 8993(3) -1764(3) 
C(261 4285(3) 8535(3) -648(3) 
H(2)  046(11  665(2 )  530(2) 
H(51 353(I) 861(21 417(11 
H(8)  448(11  668(2) 69(I) 
H(9)  394(I) 541(21 -26(1) 
H(10) 249(1 )  478(I) 39(2) 
t1(11) 1 8 3 ( I )  551(I) 218(11 
1t(151 228(I) 752(2)  1002(I) 
H(t6) 1 9 1 ( I )  892(2)  t14t(21 
tt(171 1 0 6 ( I )  982(I) 1053(21 
H(221 394(I) 993(I) 184(21 
H(231 344(11 1074(2) --2(I) 
t-t(24) 342(I) 1002(I) -219(I) 
1t(251 396(11 880(2) -273(2) 
H(26) 452(I) 799 ( I )  -83(2) 
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Table 7. Coordinates of nonhydrogen (x 104) and hydrogen (x 103) atoms in molecule 4 

Atom x y z Atom x y z 

0(I) 4580(2) 3620(1) 823(2) 0(2) -2426(3) 6227(I) 1432(2) 
N(I) 5475(2) 1946(1) 1459(I) O(3) -425(3) 6610(1) 2352(2) 
N(2) 2101(2) 3028(t) 1159(I) N(3) -1105(2) 6084(1) 1817(2) 
C(1) 3695(I) 3218(1) 1539(2) C ( 1 4 )  1153(I) 3744(1) 1252(2) 
C(2) 4509(I) 2406(2) 1895(2) C ( 1 5 )  1899(I) 4344(2) 1867(1) 
C(3) 5917(I) 2275(2) 593(2)  C ( 1 6 )  1187(2) 5118(2) 2058(I) 
C(4) 5468(2) 3092(t) 297(2 )  C(17 )  -322(2) 5275(2) 1610(I) 
C(5) 5995(2) 3451(I) -528(2) C(18)  -1065(2) 4674(I) 1026(1) 
C(6) 6942(2) 2966(1) -1066(I) C ( 1 9 )  -347(2) 3908(2) 832(1) 
C(7) 7383(2) 2105(1) -805(I) C ( 2 0 )  3445(2) 3951(2) 2280(1) 
C(8) 8342(2) 1581(1) -1362(I) C(2l) 3122(2) 3553(1) 3233(I) 
C(9) 8692(2)  747(2) -1104(1) C ( 2 2 )  4821(1) 4586(2) 2398(1) 
C(10) 8117(t) 389(2)  -308(2) H(2) 4 2 1 ( 1 )  220(1)  256(2) 
C(II) 7240(2) 87 9 (2 )  251(2) H(5) 567(1) 401(I) -73(2) 
C(12) 6848(2) 1745(2) 22(2) H(6) 7 3 3 ( 1 )  332(2) -168(2) 
C(13) 1716(2) 2349(2) 475(2) H(8) 8 7 3 ( 1 )  189( I )  -186(2) 

Table 8. Coordinates of nonhydrogen (x 104) and hydrogen (x 103) atoms 

Atom x y Z Atom x y 

in molecule 5 

Atom x y z 

H(9) 947(1) 28(2) -143(2) 
H(10) 843(1) -16(1) -15(2) 
H(II) 686(I) 64(I) 77(2) 
H(13) 60(1) 213(1) 57(2) 
H(131) 187 (1 )  2 6 4 ( 1 )  -19(2) 
H(132) 233(1) 186(I) 70(2) 
H(16) 1 7 4 ( 1 )  552(I) 245(2) 
H(18) -205(I) 482(2) 81(1) 
H(19) -81(1) . 348(2) 42(2) 
H(21) 272(I) 4 0 1 ( 2 )  364(2) 
H(211) 234(1) 3 1 7 ( 2 )  321(2) 
H(221) 578(1) 4 2 8 ( 2 )  265(2) 
H(22) 499(1) 493(2) 181(2) 
H(212) 409(i) 3 3 3 ( 2 )  352(2) 
H(222) 461(1) 5 0 4 ( 2 )  285(2) 

Z Atom x y Z 

O(1) 383(2) 1748(2) 79(1) C(16)  -5407(3) 5786(2) -2805(1) 
0(2) -5402(2) 4104(2) -2435(1) C(17)  -6251(2) 5428(2) -1774(I) 
N(I) -867(2) 3605(2) -483(2) C ( 1 8 )  3112(2) 2572(2) 89(I) 
N(2) 1554(2) 2751(3) 909(2 )  C ( 1 9 )  3203(3) 1921(2) -498(1) 
C(I) 1299(2) 2690(3) 244(1)  C ( 2 0 )  3892(3) 3655(2) -5(I)  
C(2) 360(2) 3608(3) -31(I) C ( 2 1 )  I{5(3) 2732(2) 1249(1) 
C(3) -1430(2) 2632(3) -729(1) C ( 2 2 )  3021(3) 2232(2) 1136(I) 
C(4) -848(2) 1742(2) -426(I) C(23) 3523(3) 1923(2) 1758(1) 
C(5) -1562(2) 795(2)  -583(1) C ( 2 4 )  5150(3) 1488(2) 1863(I) 
C(6) -2847(2) 732(2) -1049(1) C ( 2 5 )  6108(3) 1377(2) 1422(1) 
C(7) -3435(2) 1593(2) -1388(I) C ( 2 6 )  5578(2) 1702(2) 810(1) 
C(8) -2699(2) 2601(2) -1250(1) C ( 2 7 )  4001(3) 2097(2) 686(I) 
C(9) -3330(3) 3451(2) -1619(1) H(2) 76(2) 421(2) I1(I) 
C(10) -4736(3) 3304(2) -2059(I) H(5) -I14(2) 12(2) -44(1) 
C(II) -5490(3) 2364(2) -2177(1) H(6) -344(2) 6(1) -128(1) 
C(12) --4814(3) 1528(2) -1871(I) HOt) -651(2) 233(1) -250(I) 
C(13) -2523(3) 4429(2) -1630(I) H ( 1 2 )  -525(2) 96(I) -190(1) 
C(14} -3321(3) 5236(2) -1941(2) H(13) -136(2) 455(2)  -149(I) 
C(15) -5088(3) 5163(2) -2233(2) H(14) -276(2) 574(2)  -185(I) 

Table 9. Coordinates of nonhydrogen (x 10 4) and hydrogen (• 103) atoms in molecule 6 

y z 

4590(3) 8500(2) 
3654(3) 7103(2) 
6237(2) 6481(2) 
6412(2) 5808(2) 
7768(3) 5054(2) 
8903(3) 4979(2) 
8741(3) 5645(2) 
7387(3) 6398(2) 
7851(3) 6965(2) 
7508(3) 7978(1) 
7282(3) 7965(2) 
510(2) 932(I) 
421(3) 555(I) 
233(2) 612(I) 
184(2) 1043(I) 

-67(2) 964(1) 
41(2) 774(I) 

-42(2) 1279(I) 

Atom x y z Atom x 

O(1) 321(2) 5224(2) 6763(2) C(t5) 4179(2) 
0(2) -2822(3) -0235(7) 11305(3) C ( 1 6 )  3523(2) 
N(t) -64(2) 3837(2) 9135(2) C ( 1 7 )  3490(2) 
N(2) 1019(2) 6965(2) 7187(2) C(18) 4836(2) 
C(I) 1268(2) 5453(2) 7556(2) C ( 1 9 )  4912(2) 
C(2) 741(2) 4782(2) 8772(2) C ( 2 0 )  3652(2) 
C(3) -582(I) 3409(2) 8324(1) C ( 2 1 )  2279(2) 
C(4) -392(2) 4107(2) 7168(2) C ( 2 2 )  2229(2) 
C(5) -950(2) 3720(2) 6349(2)  C(23) -660(2) 
C(6) -1674(2) 2614(2) 6709(2)  C(24) -1692(I) 
C(7) -I907(2) 1875(2) 7881(2) C(25) -3154(2) 
C(8) -1377(2) 2277(2) 8709(2) 1-t(2) 114(I) 
C(9) -1666(2) 1575(3) 9885(2) t-1(5) -77(I) 
C(10) -2450(2) 505(3)  10205(2) H(6) -205(I) 
C(II) -2950(3) 68(3) 9398(3) 1-1(9) -132(I) 
C(12) -2697(3) 745(3)  8265(3) It(11) -351(I) 
C(13) -2426(3) 165(3) 12171(3) tt(12) -302(I) 
C(14) 3155(2) 4931(3) 7412(2) H(13) -291(I) 

H(16) -529(2) 671(2) -259(1) 
H(161) -648(3) 578(2)  -301(1) 
H(162) -494(2) 556(2)  -311(I) 
H(17) -606(2) 617(2)  -157(1) 
H(171) -611(3) 485(I) -130(I) 
H(172) -743(3) 525(1)  -193(t) 
H(19) 249(2) 114(1 )  -36(I) 
H(191) 445(2) 186(I) -53(1) 
H(192) 237(2) 2 1 9 ( 2 )  -83(1) 
H(20) 322(2) 3 8 5 ( 2 )  -38(1) 
H(201) 522(2) 3 4 3 ( 1 )  -16(1) 
H(202) 393(2) 411(I) 42(1) 
H(21) 33(2) 278(I) 173(I) 
H(211) -42(2) 205(I) 111(I) 
H(212) -47(2) 3 3 5 ( 2 )  114(I) 
H(23) 291(2) 2 0 1 ( 2 )  20t(1) 
H(24) 539(2) 1 2 5 ( 2 )  227(1) 
H(25) 716(2) 93(1) 148(I) 
H(26) 634(2) 138(2) 46(I) 

Atom x y Z 

H(131) -292(I) 117(2)  1195(1) 
H(132) -132(I) 8(2) 1220(t) 
H(15) 385(I) 5 4 4 ( 2 )  875(I) 
H(151) 399(I) 3 7 1 ( 3 )  908(1) 
H(152) 538(I) 441(2) 835(1) 
H(16) 470(1) 3 4 1 ( 2 )  695(1) 
H(16t) 321(1) 2 8 4 ( 3 )  773(I) 
1-t(162) 283(I) 3 9 5 ( 3 )  627(I) 
H(18) 568(I) 5 6 4 ( 2 )  582(1) 
H(t9) 591(I) 7 8 6 ( 2 )  459(I) 
H(20) 373(1) 983(2) 437(I) 
I-1(21) 136(I) 961(2) 555(1) 
H(23) -136(I) 7 7 8 ( 2 )  625(I) 
I-1(231) -54(1) 8 8 3 ( 2 )  674(1) 
I-t(24) -125(I) 747(2) 870(1) 
H(25) -366(I) 7 2 6 ( 2 )  726(I) 
1t(251) -382(I) 7 1 6 ( 2 )  870(I) 
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The structures were solved by direct methods using the 
SHELX-86 program package 19 and refined anisotropically by 
the fldl-matrix least-squares method (SHELX-93). l~ The posi- 
tions of the hydrogen atoms were located from the difference 
Fourier syntheses, and only their positional parameters were 
refined. The atomic coordinates of compounds 1--6 are given 
in Tables 4--9, respectively. 
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