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Abstract 

(1) 5,7-Dimethoxy-l',3',3'-trimethylspiro[2H- 1,4- 
benzoxazine-2,2'-indoline], C2oH=N203, Mr = 338.4, 
monoclinic, P2~/c, a = 12.151 (2), b = 12.090 (4), c = 
24.836 (4) A, fl = 90.31 (1) °, V = 3648 (2) A 3, Z =  8, 
Dx = 1.23 Mg m- 3, a(Cu Ka) = 1.54178 A, /x = 
0.637 m m - l ,  F(000) = 1440, T = 296 K, R = 0.063 
for 3106 unique observed reflections. (2) 5,5",7-Tri- 
methoxy- 1 ',3',3'-trimethylspiro[2H- 1,4-benzoxazine- 
2,2'-indoline], C21H24N204, Mr = 368.4, monoclinic, 
P21/c, a = 8.025 (2), b = 12.415 (3), c = 19.319 (4) A, 
/3=99.31(2)  ° , V =1899.4(8) A 3, Z = 4 ,  Ox= 
1.288 Mg m -3, A(Cu Ka) = 1.54178 ,~, /x = 
0.084 mm -1, F(000) = 784, T =  173 K, R = 0.0486 
for 1611 unique observed reflections. (3) 5'-Fluoro- 
5,7-dimethoxy- 1 ', 3 ', 3'-trimethylspi ro [2H- 1,4-benz- 
oxazine-2,2'-indoline], C2oH21N203F, Mr = 356.4, 
monoclinic, P2~/c, a = 11.484 (3), b = 13.832 (2), c = 
11.511 (1)A, /3=98.90(1)  ° , V = 1810.4 (6) ,~ 3, Z =  
4, Dx = 1.308 Mg m -3, A(Cu g a  0 = 1.54178 ,~, # = 
0.754 m m -  1, F(000) = 752, T = 173 K, R = 0.0468 
for 2229 unique observed reflections. These three 
monomeric compounds consist of a substituted ben- 
zoxazine ring orthogonally coupled to an indoline 
ring through a spiro C atom. 

Introduction 

Organic photochromic materials have broad com- 
mercial applications due to their ability to reversibly 
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alter their spectroscopic characteristics. Additionally, 
these very important materials vary in color, inten- 
sity, rate of reaction, stability and solubility (Clegg, 
et al., 1991, and references therein). In the past, 
development of these materials has occurred via 
synthesis of a large number of analogs followed by 
chemical purification, characterization and finally 
measurement of spectral properties. Recent advances 
have allowed for a more directed approach towards 
rational molecular design through the use of compu- 
tational chemistry and X-ray diffractometry, coupled 
to organic synthesis methods. This paper examines a 
series of photochromic molecules and their proper- 
ties through several spectroscopic techniques, as well 
as a semiempirical quantum mechanical method. 

Crystallography 

[Data for (2) and (3) are given in parentheses when 
they differ from those of (1)]. Colorless, parallele- 
piped shaped crystals, 0.14 x 0.23 x 0.31, (0.18 × 
0.21 × 0.25) and (0.25 × 0.40 × 0.50mm), were 
mounted along the largest dimension and data were 
collected with a Rigaku AFC-6R diffractometer 
equipped with a copper rotating anode and a highly 
oriented graphite monochromator. A constant scan 
speed of 8 °min  -~ in to was used and the weak 
reflections, [I < 5tr(/)] for (1) and (2) and [ I<  6tr(/)] 
for (3), were rescanned to a maximum of four times 
and the counts accumulated to assure good counting 
statistics. The intensities of three monitor reflections 
measured after every 200 reflections did not change 
significantly during 73, 28 and 34h of X-ray 
exposure. Unit-cell dimensions and standard devia- 
tions were obtained by least-squares fit to 25, 15 and 
25 reflections 50 < 20 < 80, (40 < 20 < 60) and (60 < 
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20 < 80°): the data were corrected for Lorentz and 
polarization effects and not for absorption due to a 
low /.i, value. See Tables l, 2 and 3 for cell param- 
eters and other relevant data. 

The systematic absences (0k0, k = 2n + 1 and hOl, 
1 = 2n + 1) indicated the space group P21/c. The struc- 
ture was solved by direct methods using S H E L X S 8 6  
(Sheldrick, 1990a). For (1), the structure was refined 
by a block-diagonal least-squares matrix method as 
follows: O la and O lb every cycle; O2a--C20a and 
O2b---C20b in alternate cycles with C25--C77. All 
non-H atoms were refined anisotropically and the 
function minimized was Y.w(IFol-  IFcl) 2. H atoms 
were placed in ideal positions with a fixed isotropic 
U value of 0.08 A 2. For (2), all non-H atoms were 
refined anisotropically by the full-matrix least 
squares method. The function minimized was 
Y.w(IFol-  IFc[) 2. H atoms were placed in idealA2Posi- 
tions with a fixed isotropic U value of 0.08 . For 
(3), all non-H atoms were refined anisotropically, 
while H atoms were refined isotropically by the 
full-matrix least squares method. The function mini- 
mized was Y.w(IFol-  IF~I) 2. 

A weighting scheme of the form w = 1/[tr2(F)+ 
gF2], with g = 0.004, 0.002 and 0.0015, was used. 
There was no evidence of secondary extinction; 
therefore, it was not applied. The refinement conver- 
ged to the R indices given in Table 4, which also 
includes A/tr and Apmax in the last cycles of 
refinement. The final difference map was devoid of 
significant features. 

All calculations were performed on a Silicon 
Graphics personal iris 4D/35 and an IBM compa- 
tible PC using the programs T E X S A N  (Molecular 
Structure Corporation, 1985) for data reduction, 
S H E L X S 8 6  (Sheldrick, 1990a) for structure solution 
and S H E L X T L / P C  (Sheldrick, 1990b) for refinement 
and plotting. Final atomic coordinates are listed in 
Tables 5, 6 and 7, and selected bond lengths and 
angles are listed in Tables 8, 9 and 10.* 

Table 1. Summary  o f  crystal  data, data collection and 
structural ref inement f o r  (1) 

Crystal data  
Unit-cell parameters 

a (A) 12.151 (2) 
b (A) 12.090 (4) 
c (A) 24.836 (4) 
fl (~) 90.31 (1) 

Volume (A 3) 3648 (2) 
Crystal system Monoclinic 
Space group P2~/c (No. 14, C~,) 
Empirical formula C20H22N203 
Formula weight 338.4 
z; F(000) 8; 1440 
Density (calc.) (Mg m -3) 1.23 
Absorption coefficient (p.) (mm ~) 0.637 

Data collection 
Radiation Cu Ka (A = 1.54178 A) 
Monochromator Highly oriented graphite crystal 
Temperature (K) 296 
20 range (°) 4.0-120.0 
Scan type 20-0 
Scan speed (° min-~) Constant; 8.00 in to 

(for details see text) 
Scan width 1.628 + 0.140tan0 
Scan time/background time 2:1 
Index ranges 0 < h < 1 3 , 0 < k < 1 3 ,  - 2 7 < 1 < 2 7  
Total reflections collected 6159 
Independent reflections 5446 (Rm, = 2.39%) 
Unique data used (m) 3106 [F> 4.0tr(F)] 

Solution and refinement 
No. of parameters refined (n) 451 
Data-to-parameter ratio (re~n) 6.9:1 
Final R indices (obs. data) (%) R = 6.30, wR = 7.94 
Goodness-of-fit (s) 2.43 
Largest shift/error (A/a) 0.018 
Largest difference peak 0.58 

(Apmax) (e A-3) 
Largest difference hole (e A- 3) -0.30 

R = (•llFol - IF~il/Y.iFol), wR = [~w(IFol - IFcl)2/~wlFol2] 1'2, 
s = [Ew(IFol - iFcl)2/(m - n)] '/2. 

ether-hexane mixture, and then collected by vacuum 
filtration. X-ray quality crystals were obtained by 
slow evaporation of a 50% mixture of ethyl acetate 
and hexane. 

Synthesis 
Preparations of (1), (2) and (3) have been previously 
synthesized by Kwak & Hurditch (1989) and are 
crystallized and characterized as follows: The crude 
photochromic compounds were purified on a silica 
gel column using a mixture of ethyl acetate and 
hexane as the eluant. The photochromic fractions 
were collected and the solvent removed under 
vacuum. The products were crystallized using an 

* Lists of  structure factors, anisotropic displacement param- 
eters, H-a tom coord ina tes ,  torsion angles and least-squares planes 
data  have been deposited with the IUCr  (Reference: ST1087). 
Copies may be obtained through The Managing Editor, Interna- 
tional Union of  Crystal lography,  5 Abbey Square, Chester C H I  
2HU, England. 

Spectroscopic data f o r  (1) (see Fig. 1) 

NMR,  1H (CDC13): t~ 1.29 (s, 3H, 3-Me), 1.34 (s, 
3H, 3-Me), 2.76 (s, 3H, N-Me), 3.70 (s, 3H, H10'), 
3.91 (s, 3H, H9') 5.96 [d, 1H, H5', J(H5',  H 7 ' ) =  
2.4 Hz], 6.07 [d, 1H, H7', J(H7',  H 5 ' ) =  2.4 Hz], 6.55 
[d, 1H, H7, J(H7, H 6 ) =  7.7 nz], 6.86 [d, d, 1H, H5, 
J(H5, H 4 ) =  7.4 Hz, J(H5, H 6 ) =  7.4 Hz], 7.05 [d, d, 
1H, H4, J(H4, H 5 ) =  7.4 Hz, J(H4, H 6 ) =  1.1 Hz], 
7.18 [d, d, d, 1H, H6, J(H6, H 7 ) =  7.7 Hz, J(H6, 
H5) = 7.4 Hz, J(H6, H4) = 1.1 Hz], 7.48 (s, 1H, H2'). 

NMR,  13C{IH} (CDC13): t~ 20.4 (Me), 25.3 (Me), 
29.4 (N--Me),  51.6 (C3), 55.1 (10'), 55.8 (C9'), 91.7 
(C5'), 92.0 (C7'), 98.7 (C 2/Y), 107.0 (C7), 114.5 
(Cla') ,  119.7 C(5), 121.3 (C4), 127.9 (C6), 135.8 
(C4a), 147.6 (C7a), 148.0 (C2'), 148.9 (C4a'), 156.1 
(C8'), 161.3 (C6'). 
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Table 2. Summary of crystal data, data collection and 
structural refinement for (2) 

Table 3. Summary of crystal data, data collection and 
structural refinement for (3) 

Crystal  da ta  Crystal da ta  
Unit-cell parameters Unit-cell parameters 

a (A) 8.025 (2) a (A) 11.484 (3) 
b (A) 12.415 (3) b (A) 13.832 (2) 
c (A) 19.319 (4) c (A) 11.511 (1) 
/3 (°) 99.31 (2) /3 (°) 98.90 (1) 

Volume (A 3) 1899.4 (8) Volume (A 3) 1810.4 (6) 
Crystal system Monoclinic Crystal system Monoclinic 
Space group P 2 J c  (No. 14, C~) Space group P21/c (No .  14, C~,) 
Empirical formula C21H24N204 Empirical formula C2oH21N203F 
Formula weight 368.4 Formula weight 356.4 
z;/7(000) 4; 784 z; F(000) 4; 752 
Density (calc.) (Mg m-3) i.288 Density (calc.) (Mg m-3) 1.308 
Absorption coefficient (/z) (mm- ~) 0.084 Absorption coefficient (/z) (mm- k) 0.754 

Data  collection Da ta  collection 
Radiation Cu Ka (A = 1.54178 A,) Radiation Cu K a  (A = i.54178 A) 
Monochromator Highly oriented graphite crystal Monochromator Highly oriented graphite crystal 
Temperature (K) 173 Temperature (K) 173 
20 range (°) 4.0--i 18.0 20 range (°) 4.0-120.0 
Scan type 20-0 Scan type 20-0 
Scan speed (° min-i) Constant; 8.00 in ~o Scan speed (° min-1) Constant; 8.00 in oJ 

(for details see text) (for details see text) 
Scan width 1.418 + 0.140tan0 Scan width i.732 + 0.140tan0 
Scan time/background time 2:1 Scan time/background time 2:1 
Index ranges 0<__h<7,0<_k< 13, - 2 1 < 1 < 2 1  Index ranges - 1 2 0 < h < 1 2 , 0 ~ k < 1 5 , 0 < _ l < 1 2  
Total reflections collected 2401 Total reflections collected 3403 
Independent reflections 1995 (Ri., = 0.50%) Independent reflections 2691 (R,,, = 4.26%) 
Unique data used (m) 1611 [F > 4.0~r(F)] Unique data used (m) 2229 IF > 6.0or(F)] 

Solution and refinement Solution and refinement 
No. of parameters refined (n) 244 No. of parameters refined (n) 319 
Data-to-parameter ratio (re~n) 6.6:1 Data-to-parameter ratio (m/n)  7.0:1 
Final R indices (obs. data) (%) R = 4.86, w R  = 7.49 Final R indices (obs. data) (%) R = 4.68, w R  = 7.32 
Goodness-of-fit (s) 1.56 Goodness-of-fit (s) 1.74 
Largest shift/error (Ahr )  0.010 Largest shift/error (A/o')  0.001 
Largest difference peak 0.30 Largest difference peak 0.33 

(Apm.x) (e A 3) (Aprn~) (e A-3) 
Largest difference hole (e A- 3) -0.22 Largest difference hole (e A-3) -0.26 

R = (S[}FoJ - IF~}l/~iFol),  w g  = [Tw(iFol - }FcO2/~W}Fo[2] '/2, R = (Y.IjFol - lFoll/•)Foi),  w R  = [Ew(lFoJ - IFej)2/Ew)Fol2] '/2, 
s = [Zw( Igo l  - IE.I)2/(m - n)] ''2. s = [ ~ w ( I f o l  - IF~l)2/(m - n)] t'2. 

Mass spectra, m/z 471 (P); HRMS calc. for 
C20H2203N2 + Cs ÷ = 471.0685. Found: 471.0685; 
error: 0 m.m.u., 0 p.p.m. 

Spectroscopic data for (2) (see Fig. 2) 

NMR, ~H (CDCI3): 8 1.27 (s, 3H, 3-Me), 1.31 (s, 
3H, 3-Me), 2.75 (s, 3H, N--Me),  3.72 (s, 3H, H10'), 

9' 

CH3 
4 ~ 3 / 2 '  1' \ 

5 . , , ~ 4 a ~  /-'--" N 0 

6 ~ i  2 ~ i  ' 4 a ' ~ ~  7' 10' 

5' 6' ~O / OH3 
(1) 

Fig. 1. 5,7-Dimethoxy- l',3',3'-trimethylspiro[2H- 1,4-benzoxazine- 
2,2'-indoline]. 

3.80 (s, 3H, H8), 3.92 (s, 3H, H9'), 5.98 [d, 1H, H5', 
J(H5', H7 ' )=2.5Hz] ,  6.07 [d, 1H, n7' ,  J(H7', 
H5') = 2.5 Hz], 6.15 [d, 1H, H4, J(H4, H6) = 2.2 Hz]; 
6.37 [d, d, 1H, H6, J(H6, H4) ,= 2.2 Hz, J(H6, H7)= 
8.0 Hz], 6.93 [d, 1H, H7, J(H7, H6)= 8.0 Hz], 7.46 
(s, 1H, H2'). 

NMR 1 3 C { ' H }  (CDCI3): t~ 20.8 (Me), 25.6 (Me), 
29.6 (N--Me), 51.3 (C3), 55.4 (C8 and C10'), 56.0 

9' 
OH3 ~ a / z  1' \ 

8 / O  ~ ~ N  la ' O 
2 3' 8' 

" 5' 6 ' ~  CH3 
O / 

(2) 

Fig. 2. 5 .7-Dimethoxy-5 ' -methoxy-  l ' ,3 ' ,3 ' - t r imethylspiro[2H- 1,4- 
benzoxazine-2,2'-indoline].  
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Table 4. Compound (1) bond lengths (~) 

C1----c2 
C2--C3 
C3--C4 
C5---C4 
C5----C6 
C6----C1 
NI---C5 
NI---CI i 
NI---CI0 
C6----C7 
C7---C10 
C7----C9 
C7--C8 
CIO--O1 
O1---CI4 
Ci4--C13 
C13--N2 
N2---C12 
C12--C10 
C14----Ci5 
C15---C16 
CI 6----O2 
O2----C19 
C16----C17 
C17---C18 
C18---O3 
O3---C20 
CI8----C13 

MM* AM 1 I" EXP~ EXP§ 
1.39 1.40 1.40 1.39 
1.40 1.39 1.36 1.36 
1.39 1.40 1.38 1.37 
1.42 1.40 1.38 1.38 
1.42 1.43 1.38 1.37 
1.43 1.38 1.36 1.37 
1.46 1.42 1.41 1.42 
1.48 1.44 1.46 1.45 
1.50 1.49 1.46 1.46 
1.54 1.51 1.51 1.50 
1.62 1.60 1.53 1.53 
1.56 1.52 i.56 1.47 
1.56 1.52 1.50 1.52 
1.49 1.45 1.45 1.46 
1.45 1.38 1.36 1.37 
1.41 1.42 1.39 1.37 
1.49 1.41 1.41 1.41 
1.28 1.29 1.27 1.26 
1.56 1.52 1.52 1.51 
1.39 1.40 1.39 1.37 
1.39 1.40 1.38 1.37 
1.43 1.38 1.36 1.38 
1.44 1.42 1.41 1.42 
!.39 1.41 1.40 1.39 
1.40 1.39 1.37 1.37 
1.44 1.38 1.36 1.36 
1.44 1.43 1.42 1.43 
1.40 1.42 1.41 1.41 

* Molecular mechanics with Biosym C V F F  Force Field. 
~" AM 1 semiempirical molecular orbital theory. 

Molecule A of  (1) (crystal structure). 
§ Molecule B of  (1) (crystal structure). 

(C9'), 92.0 (C5'), 92.0 C(7'), 95.1 (C4), 99.2 (C2/3'), 
103.4 (C6), 114.6 (Cla'), 121.7 (C7), 128.5 (C4a), 
148.3 (C2'), 149.0 (C4a'), 149.2 (C7a), 156.2 C(8'), 
160.5 (C5), 161.4 (C6'). 

Mass spectra, m/z 501 (P), HRMS calc. for 
C21H2404N2 + Cs + = 501.0790. Found: 501.0780; 
error: 1.0 m.m.u., 2.0 p.p.m. 

Spectroscopic data for (3) (see Fig. 3) 

NMR, IH (CDC13): 8 1.30 (s, 3H, 3-Me), 1.32 (s, 
3H, 3-Me), 2.73 (s, 3H, N-Me); 3.73 (s, 3H, H10'), 
3.92 (s, 3H, H9'), 5.97 [d, 1H, H5', J(H5', H7 ' )=  
2.5 Hz], 6.08 [d, 1H, H7', J(H7', H5 ' )=  2.5 Hz], 6.44 
[d, d, 1H, H7, J(n7,  H6)=8 .4Hz ,  J(H7, F) = 

Fig. 

9' 
OH3 

F . _ . 4  ~ 3 /  2' 1' \ \,~--,~, ~ N , o 

7a N 0 ( ")7'  
7 I 4' 4 a ' ~ ~ / / ~  10' 

5' 6 ' ~ O . ~  CH3 

(3) 
5,7-Dimethoxy-5'-fluoro- 1 ',Y,Y-trimethylspiro[2H- 1,4- 

benzoxazine-2,2'-indoline]. 

Table 5. Atomic coordinates (x 104) and equivalent 
isotropic displacement coefficients (/~2 x 103) for (1) 

U~q = (1/3)Y~, Y.j U u a,*aj*a,.a/. 

X y z Ueq 
O(IA) 4845 (2) 2124 (2) 4759 (I) 47 (1) 
O(2A) 8234 (3) 3291 (3) 5543 (1) 73 (1) 
O(3A) 5232 (3) 2295 (3) 6651 (1) 66 (1) 
N(1A) 3272 (3) 1265 (3) 4415 (2) 53 (1) 
N(2A) 3950 (3) 1825 (3) 5789 (2) 51 (1) 
C(IA) 3056 (4) 3665 (6) 3584 (3) 82 (3) 
C(2A) 3055 (5) 3213 (9) 3065 (3) II0 (4) 
C(3A) 3126 (5) 2105 (10) 2984 (3) 114 (4) 
C(4A) 3203 (4) 1377 (6) 3411 (2) 86 (3) 
C(5A) 3212 (3) 1834 (5) 3920 (2) 54 (2) 
C(6A) 3139 (4) 2955 (4) 4006 (2) 55 (2) 
C(7A) 3157 (4) 3168 (4) 4606 (2) 49 (2) 
C(8A) 3790 (5) 4175 (4) 4774 (3) 80 (2) 
C(9A) 1947 (5) 3281 (5) 4805 (3) 89 (3) 
C(10A) 3654 (3) 2078 (3) 4805 (2) 45 (2) 
C(11A) 3748 (5) 162 (4) 4435 (2) 77 (2) 
C(12A) 3341 (4) 1739 (4) 5373 (2) 53 (2) 
C(13A) 5019 (3) 2246 (3) 5717 (2) 42 (2) 
C(14A) 5458 (3) 2373 (3) 5204 (2) 40 (1) 
C(15A) 6537 (3) 2702 (4) 5121 (2) 48 (2) 
C(16A) 7178 (4) 2923 (4) 5569 (2) 51 (2) 
C(17A) 6767 (4) 2808 (4) 6093 (2) 50 (2) 
C(18A) 5703 (4) 2454 (4) 6163 (2) 47 (2) 
C(19A) 8705 (4) 3412 (6) 5028 (2) 87 (3) 
C(20A) 5898 (5) 2437 (7) 7117 (2) 109 (3) 
O(IB) 10695 (2) 542 (3) 2444 (1) 54 (1) 
O(2B) 9542 (3) - 181 (4) 4237 (1) 97 (2) 
O(3B) 6918 (3) 505 (3) 2856 (2) 75 (1) 
N(IB) 11242 (3) 1041 (3) 1582 (2) 55 (1) 
N(2B) 8503 (3) 814 (3) 2113 (2) 58 (2) 
CAIB) 12704 (5) - 1536 (4) 1552 (2) 70 (2) 
C(2B) 13776 (4) - 1222 (6) 1436 (2) 81 (3) 
C(3B) 14038 (5) - 132 (6) 1384 (2) 84 (3) 
C(4B) 13262 (4) 684 (5) 1429 (2) 64 (2) 
C(5B) 12189 (4) 365 (4) 1532 (2) 47 (2) 
C(6B) 11917 (4) -727 (4) 1599 (2) 51 (2) 
C(7B) 10705 (4) -799 (4) 1708 (2) 51 (2) 
C(8B) 10397 (5) - 1662 (5) 2128 (3) 105 (3) 
C(9B) 10087 (5) - !103 (7) 1219 (3) 120 (4) 
C(10B) 10433 (3) 387 (4) 1876 (2) 47 (2) 
C(I IB) 11342 (5) 2219 (4) 1678 (2) 78 (2) 
C(12B) 9268 (4) 754 (4) 1772 (2) 62 (2) 
C(13B) 8784 (4) 515 (4) 2646 (2) 45 (2) 
C(14B) 9858 (4) 391 (4) 2807 (2) 46 (2) 
C(15B) 10166 (4) 183 (4) 3330 (2) 58 (2) 
C(16B) 9350 (5) 73 (5) 3703 (2) 65 (2) 
C(17B) 8247 (4) 161 (4) 3562 (2) 62 (2) 
C(18B) 7966 (4) 382 (4) 3040 (2) 53 (2) 
C(19B) 10649 (6) -401 (8) 4390 (3) 143 (4) 
C(20B) 6039 (4) 340 (6) 3227 (3) 102 (3) 

4.1 Hz], 6.78 [d, d, 1H, H4, J(H4, H6)= 2.6 Hz, 
J(H4, F ) =  8.1 Hz], 6.86 [d, d, d, 1H, H6, J(H6, H7) 
= 8.4 Hz, J(H6, H4) = 2.6 Hz, J(H6, F) = 9.1 Hz]; 
7.45 (s, 1H, H2'); 

NMR, ~3C {IH} (CDC13): t$ 20.4 (Me), 25.2 (Me), 
29.9 (N--Me), 51.8 [d, C3, J(C3, F ) =  1.7 Hz], 55.5 
(El0'), 56.1 (C9'), 91.9 (C5'), 92.1 (C7'), 99.2 (C2/3'), 
107.3 [d, C7, J(C7, F) = 8.0 Hz], 109.5 [d, C4, J(C4, 
F) = 24.2 Hz], 113.6 [d, C6, J(C6, F) = 23.4 Hz], 
114.5 (Cla'), 137.7 [d, C4a, J(C4a, F)=7.1  Hz], 
143.8 (C7a), 147.8 (C2'), 148.9 (C4a'), 156.2 (C8'), 
157.7 [d, C5, J(C5, F ) =  235.1 Hz], 161.4 (C6'). 

Mass spectra, m/z 489(P); HRMS calc. for 
C2oHzlFO3Na + Cs + = 489.0591. Found: 489.0611; 
error: 2.0 m.m.u., 4.1 p.p.m. 
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Table 6. Atomic coordinates (× 104) and equivalent 
isotropic displacement coefficients (A 2 × lOS) for (2) 

Ueq = (1/3)E,Y.j U o a,*a?a, .aj .  

x y Z Ucq 
0(1) 7008 (3) 151 (2) 4156 (2) 59 (1) 
0(2) 1274 (3) 3360 (2) 3496 (1) 35 (1) 
0(3) -2018 (3) 6524 (2) 3136 (1) 43 (1) 
0(4) -2430 (3) 3897 (2) 1329 (1) 50 (1) 
N(I) 3971 (3) 4157 (2) 3920 (1) 37 (I) 
N(2) 262 (4) 5334 (2) 4003 (2) 43 (1) 
C(I) 8294 (5) - 140 (3) 3767 (2) 64 (2) 
C(2) 6395 (4) 1191 (3) 4071 (2) 41 (1) 
C(3) 4995 (4) 1402 (3) 4403 (2) 43 (1) 
C(41 4288 (4) 2422 (3) 4331 (2) 34 (11 
C(5) 4957 (4) 3201 (3) 3940 (2) 33 (1) 
C(6) 6320 (4) 2989 (3) 3627 (2) 40 (1) 
C(7) 7055 (4) 1983 (3) 3697 (2) 42 (1) 
C(8) 2817 (4) 2916 (3) 4627 (2) 40 (!) 
C(9) 1394 (5) 2124 (4) 4653 (2) 69 (2) 
C(10) 3479 (6) 3337 (4) 5363 (2) 64 (2) 
C(I1) 2357 (4) 3849 (3) 4104 (2) 35 (11 
C(12) 4025 (5) 4912 (3) 3350 (2) 46 (1) 
C(13) 1468 (5) 4800 (3) 4359 (2) 45 (I) 
C(14) -346 (4) 4970 (3) 3318 (2) 33 (i) 
C(15) 146 (4) 3991 (3) 3073 (2) 32 (i) 
C(16) -514 (4) 3576 (3) 2422 (2) 34 (11 
C(17) - 1710 (4) 4188 (3) 1993 (2) 36 (I) 
C(18) -2226 (4) 5190 (3) 2209 (2) 38 (i) 
C(19) - 1567 (4) ' 5573 (3) 2868 (2) 37 (1) 
C(20) - 3366 (4) 7114 (3) 2727 (2) 50 (1) 
C(21) -2007 (5) 2866 (3) 1088 (2) 53 (1) 

Table 7. Atomic coordinates (× 104) and equivalent 
isotropic displacement coefficients (A 2 × 103) for (3) 

Ueq = (1/3)E, Zj Uij a,*aj*a, .aj. 

x y Z Ueq 
F(I) 8628 (2) 4750 (2) 4220 (2) 76 (1) 
0(1) 4837 (1) 1939 (I) 5517 (1) 37 (1) 
0(2) 1916 (!) 843 (I) 7683 (1) 44 (1) 
0(3) 929 (2) 1315 (I) 3568 (2) 51 (1) 
N(I) 6767 (2) 1797 (1) 6496 (2) 39 (I) 
N(2) 4156 (2) 1419 (I) 7690 (2) 37 (1) 
C(1) 8210 (2) 3977 (2) 4781 (2) 49 (1) 
C(21 7254 (2) 4149 (2) 5362 (2) 41 (1) 
C(3) 6822 (2) 3368 (2) 5903 (2) 31 (1) 
C(4) 7340 (2) 2459 (2) 5871 (2) 36 (1) 
C(5) 8307 (2) 2314 (2) 5294 (2) 47 (I) 
C(61 8731 (2) 3094 (2) 4739 (2) 52 (I) 
C(7) 5829 (2) 3304 (1) 6617 (2) 31 (1) 
(?(8) 4720 (2) 3870 (2) 6100 (2) 42 (!) 
C(91 6265 (2) 3660 (2) 7873 (2) 44 (1) 
C(10) 5617 (2) 2187 (2) 6598 (2) 32 (11 
C(I I) 6893 (3) 766 (2) 6310 (3) 54 (1) 
C(12) 5173 (2) 1776 (2) 7657 (2) 38 (1) 
C(13) 3360 (2) 1409 (1) 6633 (2) 31 (11 
C(14) 3701 (2) 1678 (1) 5566 (2) 32 (1) 
C(15) 2926 (2) 1667 (1) 4512 (2) 35 (1) 
C(16) 1783 (2) 1358 (2) 4533 (2) 37 (!) 
C(17) 1421 (2) 1057 (2) 5580 (2) 39 (1) 
C(18) 2200 (2) 1090 (l) 6620 (2) 35 (I) 
C(19) 741 (3) 534 (3) 7717 (3) 63 (I) 
C(20) 1229 (3) 1631 (2) 2480 (3) 55 (I) 

Theoretical methods 

Theoretical studies were carried out via molecular 
mechanics (Biosym CVFF Force Field; Biosym 
Technologies, 1992) and semiempirical quantum 
mechanical (AM 1; Dewar, Zoebich, Healy & 
Stewart, 1985) methods. Geometric parameters for 

Table 8. Bond lengths (A) and angles (°)for (1) 

O(IA)---C(10A) 1.454 (5) O(IAF--C(14A) 1.364 (5) 
O(2A)~C(16A) 1.360 (6) O(2A)--C(19A) 1.413 (6) 
O(3A)----C(18A) 1.358 (5) CK3A)--C(20A) 1.419 (6) 
N(IA)--C(5A) 1.412 (6) N(IAk---C(10A) i.456 (6) 
N(IA)---C(11A) 1.456 (6) N(2Ay---C(12A) 1.274 (6) 
N(2A)--C(13A) 1.407 (5) C(IA)--C(2A) 1.400 (11) 
C(1A)---C(6A) 1.361 (9) C(2A)~C(3A) 1.359 (16) 
C(3A)---C(4A) 1.382 (1 I) C(4Ak---C(5A) 1.380 (8) 
C(5A)----C(6A) 1.377 (8) C(6A)----C(7A) 1.512 (7) 
C(7Ak--C(8A) 1.500 (7) C(7A)---C(9A) 1.560 (7) 
C(7A)~C(10A) 1.532 (6) C(10A)~C(12A) 1.518 (6) 
C(13A)~C(14A) 1.391 (6) C(13A)~C(18A) 1.405 (6) 
C(14A)~C(15A) 1.387 (6) C(15A)~C(16A) 1.380 (6) 
C(16A)~C(17A) 1.402 (7) C(17A)~C(18A) 1.374 (6) 
0(IB)~C(10B) 1.456 (5) 0(IB)~C(14B) 1.375 (5) 
O(2B)----C(I 6B) 1.380 (6) O(2B)---C(19B) 1.420 (9) 
0(3BF--C(18B) 1.359 (6) O(3B)--C(20B) 1.429 (7) 
N(IB)--C(5B) 1.418 (6) N(IB)--C(10B) 1.460 (6) 
N(1B)--C(IIB) !.451 (7) N(2B)---C(12B) 1.263 (6) 
N(2B)--C(13B) 1.412 (6) C(IBF--C(2B) 1.388 (8) 
C(1B)--C(6B) 1.374 (7) C(2BF--C(3B) 1.363 (10) 
C(3B)---C(4B) 1.370 (8) C(4B)--C(5B) 1.385 (7) 
C(5B)---C(6B) 1.373 (7) C(6B)---C(7B) 1.501 (7) 
C(7B)----C(SB) 1.524 (8) C(TB)--C(9B) 1.471 (8) 
C(7B)---C(10B) 1.532 (7) C(10S)----C(12B) 1.505 (6) 
C(13B)---C(14B) 1.371 (6) C(13B)---C(18B) 1.408 (7) 
C(14B)----C(15B) 1.374 (6) C(l 5B)----C(16B) 1.367 (7) 
C(16B)--C(17B) 1.387 (8) C(17Bk--C(18B) 1.366 (7) 

C(IOA)--O(IA)---C(14A) 118.8 (3) 
C(18A)--O(3A)~C(2OA) 118.0 (4) 
C(5A)~N(IA)---C(I IA) 119.7 (4) 
C(12A)~N(2A)-~C(13A) 117.3 (4) 
C(IA)~C(2A)~C(3A) 121.5 (8) 
C(3A)--C(4A)---C(5A) 116.5 (7) 
N(IA)~C(5A)~C(6A) 110.3 (4) 
C(IA)~C(6A)~C(5A) 120.4 (5) 
C(5A)--C(6A)--C(7A) 108.8 (4) 
C(6A)~C(7A)~C(9A) I08.5 (4) 
C(6A)--C(7A)---C(IOA) 100.1 (4) 
C(9A)~-C(7A)~C(IOA) 110.1 (4) 
O(IA)~C(IOA)~C(7A) 109.4 (3) 
O(IA)--C(IOA)--C(12A) 109.8 (3) 
C(7A)~C(IOA)~C(12A) i!5.6 (4) 
N(2A)--C(13A)---C(14A) 121.1 (4) 
C(14A)--C(13A)--gE(18A) 118.3 (4) 
0(1Ak-C(14A)--C(15A) 117.1 (4) 
C(14A)--C(15A)--g?,(16A) 117.8 (4) 
O(2A)--C(16A)---C(17A) 114.6 (4) 
C(16A)--C(17A)--C(18A) 119.2 (4) 
O(3A)--C(18A)---C(17A) 124.0 (4) 
C(IOB)--O(IB)---C(14B) 177.4 (3) 
C(18B)----O(3B)----C(2OB) 118.0 (4) 
C(5B)~N(1B)~C(I IB) 121.0 (4) 
C(12B)~N(2B)~C(13B) 116.0 (4) 
C(IB)~C(2B)--C(3B) 120.3 (6) 
C(3B)~C(4B)~C(5B) 117.6 (5) 
N(1B)---C(5B)--C(6B) 110.5 (4) 
C(I B)--C(6B)~C(5B) 120.6 (4) 
C(5B)--C(6B)~C(7B) 108.3 (4) 
C(6B)~C(7B)~C(9B) 111.3 (4) 
C(6B)--C(7B)~C(IOB) I02.0 (4) 
C(9B)~C(7B)~C(IOB) 110.4 (4) 
O(IB)--C(IOB)----C(7B). 109.8 (4) 
C(IB)---C(IOB)--C(12B) 109.2 (4) 
C(7B)---C(iOB)---C(12B) 115.7 (4) 
N(2B)---C(13B)---C(14B) 121.8 (4) 
C(14B)--C(13B)---C(18B) 117.2 (4) 
O(IB)--C(14B)--C(15B) 116.5 (4) 
C(14B)--C(15BF--C(16B) 117.6 (5) 
O(2Bk---C(16B)---C(17B) 114.7 (5) 
C(16B)--C(17B)--C(18B) 119.4 (5) 
0(3B)--C(18B)--C(17B) 124.7 (4) 

C(16A)~O(2A)~C(19A) 117.6 (4) 
C(5A)~N(1A)~C(IOA) 105.4 (4) 
C(10A)~N(IA)~C(IlA) 118.2 (4) 
C(2A)~C(IA)~C(6A) 117.6 (7) 
C(2A)~C(3A)~C(4A) 121.4 (7) 
N(1A)~C(5A)~C(4A) 127.1 (5) 
C(4A)~C(5A)~C(6A) 122.6 (5) 
C(IA)~C(6A)~C(7A) 130.8 (5) 
C(6A)~C(7A)--C(8A) 114.7 (4) 
C(8A)~C(7A)~C(9A) 108.9 (4) 
C(8 I)--C(7A)--C(10A) 114.2 (4) 
O(IA)--C(IOA)~N(IA) 106.7 (3) 
N(IA)---C(IOA)---C(7A) 104.1 (3) 
N(1A)---C(IOA)---C(12A) 110.8 (4) 
N(2A)~C(12A)~C(IOA) 125.8 (4) 
N(2A)--C(13A)~C(18A) 120.4 (4) 
O(IA)~C(14A)~C(13A) 120.5 (4) 
C(13A)~C(14A)~C(15A) 122.3 (4) 
O(2A)~C(16A)~C(15A) 123.6 (4) 
C(15A)--C(16A)---C(17A) 121.7 (4) 
O(3A)~C(18A)~C(13A) 115.4 (4) 
C(13A)~C(18A)~C(17A) 120.6 (4) 
C(16B)~O(2B)~C(19B) i17.0 (4) 
C(5B)~N(IB)--C(IOB) 106.2 (4) 
C(IOB)--N(IB)---C(I1B) 120.5 (4) 
C(2B)--C(lB)--C(6B) 118.4 (5) 
C(2B)---C(3B)--C(4B) 121.9 (5) 
N(1Bk---C(5B)----C(4B) 128.4 (4) 
C(4B)--C(5B)--C(6B) 121.2 (4) 
C(I B)---C(6Bk---C(7B) 13 I. 1 (5) 
C(6B)---C(7B)---C(8B) 114. I (4) 
C(8B)---C(7B)---C(9B) 105.5 (5) 
C(8B)---C(7B)----C( I 0B) ! 13.6 (4) 
0(1B)--C(IOB)--N(IB) 105.7 (3) 
NOa)--C(lOa)--c(7a) i03.0 (3) 
N(lB)--C(10B)---C(12B) 112.9 (4) 
N(2B)--C(12B)--C(IOB) 126.6 (4) 
N(2B)--C(13B)---C(18B) 120.9 (4) 
O(la)--c(14a)--c(13B) 119.9 (4) 
o(13By--C(14B)--C(15B) 123.4 (4) 
O(2B)--C(16B)--C(15B) 123.6 (4) 
C(15a)--C(16a)--C(17S) 121.6 (5) 
O(3B)--C(18B)--C(13B) 114.6 (4) 
C(13B)---C(18B)--C(17B) 120.6 (4) 
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Table 9. Bond lengths (A) and angles (o)for (2) 

O(I)---C(l) 1.418 (5) O(1)--C(2) 1.382 (4) 
O(2)--C(1 I) 1.474 (4) O(2)--C(15) 1.364 (4) 
O(3)--C(19) 1.361 (4) O(3)--C(20) 1.434 (4) 
O(4)--C(17) 1.368 (4) O(4)---C(21) 1.422 (5) 
N(I)--C(5) 1.423 (4) N(I)--C(I 1) 1.448 (4) 
N( I )---C(12) 1.453 (5) N(2)---C(13) 1.278 (4) 
N(2)----C(14) 1.409 (4) C(2)---C(3) 1.405 (5) 
C(2)--C(7) 1.375 (5) C(3)--C(4) 1.385 (5) 
C(4)--C(5) 1.388 (5) C(4)--42(8) 1.521 (5) 
C(5)--C(6) 1.359 (5) C(6)--C(7) 1.379 (5) 
C(8)---C(9) i.515 (6) C(8)--C(10) 1.528 (5) 
C(8)--42(i 1) 1.542 (5) C(1 !}--C(13) 1.508 (5) 
C(14)---C(15) 1.384 (5) C(14)--C(19) 1.414 (4) 
C(15)--C(16) 1.384 (4) C(16)--C(17) 1.388 (4) 
C(17)--C(18) 1.396 (5) C(18)--C(19) 1.381 (5) 

C(I)--O(1}--C(2) 116.8 (3) C(! 1)---O(2)--C(15) 119.2 (2) 
C(19)--O(3)---C(20) 117.2 (3) C(17)--O(4)--C(21) 117.3 (3) 
C(5)--N(I)---C(11) 106.8 (3) C(5)---N(1}--C(12) 118.3 (3) 
C(I I)--N(I)---C(12) 119.6 (3) C(13)--N(2)---C(14) 117.1 (3) 
O(1)--C(2)---C(3) 114.5 (3) O(1)--C(2)--C(7) 124.8 (3) 
C(3)--C(2)--C(7) 120.7 (3) C(2)--C(3)--C(4) 118.0 (3) 
C(3)--C(4)--C(5) 120.2 (3) C(3)--C(4)--C(8) 131.4 (3) 
C(5)---C(4)---C(8) 108.3 (3) N(I)--C(5)--C(4) 109.5 (3) 
N(1)--C(5)--C(6) 129.4 (3) C(4)---C(5)--C(6) 121.1 (3) 
C(5)--C(6)---C(7) 119.6 (3) C(2)---C(7)---C(6) 120.3 (3) 
C(4)--C(8)---C(9) 112.7 (3) C(4)---C(8)---C(10) 108.3 (3) 
C(9)--C(8)--C(10) 109.9 (3) C(4)---C(8)--C(1 I) 100.1 (3) 
C(9)--C(8)-----C(1 I) 114.1 (3) C(10)--C(8)---C(1 I) i11.3 (3) 
O(2)--C(I I)--N(I) !10.4 (3) O(2)--C(1 !)--C(8) 105.1 (3) 
N(1}--C(I !)--C(8) 103.3 (2) O(2)--C(11)--C(13) 109.6 (2) 
N(I)--C(I I)--C(13) I 11.3 (3) C(8)--C(1 I)--C(13) i 16.8 (3) 
N(2)---C(13)---C(I l) 126.1 (3) N(2)--C(14)---C(15) 121.9 (3) 
N(2)--C(14)--C(19) 120.5 (3) C(15)---C(14)---C(19) 117.6 (3) 
O(2)--C(15)--C(14) 119.9 (3) O(2)--C(15)--C(16) 116.7 (3) 
C(14)--C(15)--C(16) 123.3 (3) C(15)--C(16)---C(17) !17.7 (3) 
O(4)--C(17)--C(16) 124.2 (3) O(4)--C(17)---C(18) 114.5 (3) 
C(16)--C(17)--C(18) 121.3 (3) C(17)---C(18)---C(19) 119.6 (3) 
O(3)--C(19)--C(14) 115.2 (3) O(3)--C(19)--C(18) 124.3 (3) 
C(14)--C(19)--C(18) 120.5 (3) 

Table 10. Bond lengths (A) and angles (o)for (3) 

F(I)---C(1) 
O(1)--C(14) 
O(2)--C(19) 
O(3)---C(20) 
N( I )---C(10) 
N(2)--C(12) 
C(1)---C(2) 
C(2)--42(3) 
C(3)--C(7) 
C(5)--C(6) 
C(7)----C(9) 
C(10)---C(12) 
C(l 3)--C(18) 
C(I 5)--C(16) 
C(I 7)--C(l 8) 

1.374 (3) O( I )---C(10) 1.457 (2) 
i.363 (3) O(2)--C(18) 1.358 (3) 
1.422 (4) O(3)--C(16) 1.364 (3) 
.419 (4) N(I)---C(4) 1.391 (3) 
.448 (3) N(I)--C(I 1) 1.452 (3) 
.274 (3) N(2)--C(13) i.404 (3) 
.391 (4) C(1)----C(6) 1.365 (4) 
.377 (3) C(3)--C(4) 1.393 (3) 
.508 (3) C(4)--C(5) 1.394 (3) 
.380 (4) C(7)--C(8) 1.535 (3) 

1.536 (3) C(7)--C(10) 1.564 (3) 
1.503 (3) C(13)--C(14) 1.397 (3) 
1.402 (3) C(14)--C(15) i.389 (3) 
1.385 (3) C(16)--C(17) 1.396 (3) 
1.379 (3) 

C(10)--O(l)--C(14) 119.5 (2) 
C(I 6}--O(3)--C(20) 117.6 (2) 
C(4)--N(I)--C(! l) 120.3 (2) 
C(12)--N(2)---C(13) 117.0 (2) 
F(I)--C(1)--C(6) 119.5 (2) 
C(!)--C(2)---C(3) 116.7 (2) 
C(2)---C(3)---C(7) 130.4 (2) 
N(1)--C(4)---C(3) 110.0 (2) 
C(3)--C(4)--C(5) 121.2 (2) 
C(I)---C(6)--C(5) 119.7 (2) 
C(3)--C(7)---C(9) 109.3 (2) 
C(3)--C(7)---C(10) 100.4 (2) 
C(9)--C(7)--C(10) 110.9 (2) 
O(I)--C(10)---C(7) 108.6 (2) 
O(I)--C(10)--C(I 2) Ill .2 (2) 
C(7)--C(I0)--C(12) 115.7 (2) 

C(! 8)--O(2)--C(19) !17.5 (2) 
C(4)---N(I)--C(I 0) 107.9 (2) 
C(10)--N(l)--C(l 1) 119.3 (2) 
F(! }--C(I)--C(2) 116.9 (2) 
C(2)--C(I)--C(6) 123.6 (3) 
C(2)--C(3)----C(4) 120.7 (2) 
C(4}--C(3)--C(7) 108.9 (2) 
N(1)---C(4)---C(5) 128.8 (2) 
C(4)---C(5)---C(6) I 18.2 (2) 
C(3)----C(7)---C(8) 114.3 (2) 
C(8)---C(7)---C(9) 109.4 (2) 
C(8)--C(7)----C(10) i12.4 (2) 
O(1)--C(10)--N(I) 106.9 (2) 
N(1)---C(l 0)--C(7) 103.1 (2) 
N(l)--C(10)---C(12) l l0.7 (2) 
N(2)--C(12)--C(10) 126.8 (2) 

Table 10 (cont.) 
N(2)----C(13)---C(14) 121.8 (2) N(2)---C(I 3)---C(18) 
C(14)---C(13)----C(18) !18.0 (2) O(I)--C(! 4)--C(13) 
O(1)---C(14)---C(15) !17.1 (2) C(I 3)---C(14)---C(15) 
C( 14)---C(I 5)----C(I 6) 118.0 (2) O(3)---C(16)--C(15) 
O(3)---C(26)----C(17) 114.6 (2) C(l 5)---C(16)---C(I 7) 
C(16)---C(17)----C(18) 120.0 (2) O(2)---C(18)----C(13) 
O(2)--C(18)----C(I 7) 124.1 (2) C(l 3)---C(18)--C(17) 

120.2 (2) 
120.5 (2) 
122.4 (2) 
124.3 (2) 
121.1 (2) 
I I 5.4 (2) 
120.5 (2) 

Table 11. Compound (1) bond angles (o) 

M M* AM I t EXP~ EXP§ 
C1--C2--C3 121.1 120.4 121.5 120.3 
C2--C3---C4 121.1 121.5 121.4 121.9 
C3--C4---C5 119.3 118.4 i16.5 117.6 
C4---C5----C6 119.6 120.0 122.6 121.2 
C5---C6---C1 119.9 120.8 120.4 120.6 
C6--C1--C2 119.0 119.0 117.6 118.4 
C4---C5--N 1 128.8 127.9 127.1 128.4 
C5--NI--C11 121.4 118.0 119.7 121.0 
C5--NI--CI0 107.6 107.5 105.4 106.2 
C 1----C6----C7 129.2 128.9 130.8 131.1 
C6----C7--C9 107.7 110.7 108.5 111.3 
C6---C7----C8 111.7 111.2 114.7 114.1 
C6--C7--C10 101.2 102.2 100.1 102.0 
C7---C 10---O i 110.5 105.6 109.4 109.8 
C7--C 10---C 12 114.5 112.8 115.6 ii5.7 
N I--CI0--OI 101.1 109.9 106.7 105.7 
N I---CI0--CI 2 110.4 109.0 110.8 112.9 
C10---C12--N2 121.6 126.5 125.8 126.6 
C!2--N2---C13 123.3 177.7 117.3 116.0 
N2--C 13---C ! 4 118.8 120.4 121.1 121.8 
C13--CI4--O1 119.4 122.4 120.5 119.9 
C 14---O I----C 10 120.8 !18.6 118.8 117.4 
C!4---C15--C16 120.2 118.1 117.8 117.6 
C 15--C 16---O2 120.1 124.0 123.6 123.6 
CI 5--C16----CI 7 119.9 121.4 121.7 121.6 
C16--O2--C! 9 115.8 116.3 117.6 117.0 
CI 6---C 17---C 18 120.6 119.6 119.2 119.4 
CI 7---Ci 8---O3 118.2 116.5 124.0 124.7 
CI 7--C!8----C13 119.5 121.0 120.6 120.6 
C18---O3--C20 115.9 114.8 118.0 118.0 
C 18----C 13--C14 119.6 117.5 118.3 117.2 
Ci3--C14--C15 120.2 122.4 122.3 123.4 
O1---C14---C15 120.5 115.1 i!7.1 116.5 
O1--C14--C13 119.4 122.4 120.5 119.9 
N2---C13--C14 118.8 120.4 121.1 121.8 
N2---C13--C18 121.6 122.1 120.8 120.9 

* Molecular mechanics with Biosym CVFF Force Field. 
t AM I semiempirical molecular orbital theory. 
:~ Molecule A of  (1) (crystal structure). 
§ Molecule B of  (1) (crystal structure). 

theoretical and experimental results were within 
coincidence by 0.02--0.04 ,~ for bond lengths and 
2-3 ° bond angles, with minor exceptions. The calcu- 
lated bond lengths and angles are summarized and 
compared with the crystallographic results in Tables 
4 and l l for (1), Tables 12 and 13 for (2), and in 
Tables 14 and 15 for (3), respectively. 

As can been seen in Tables 4, 12 and 14, the 
agreement between the theoretical and cr~'stallo- 
graphic bond lengths is within 0.002-0.004 A, with 
few exceptions. As can be seen in Tables l l, 13 and 
15, theoretical bond angles agree to within 2-3 ° of  
the experimental values, with few exceptions. In 
Tables 4 and 12-15, the AM1 data are generally 
similar to the crystallographic data and in better 
agreement than the molecular mechanics CVFF 
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Table 12. Compound (2) bond lengths (~) 

O I - - C !  
O ! - -C2  
C2----C7 
C2--C3 
C3---C4 
C7--C6 
C6--C5 
C5---C4 
C4--C8 
C8----C10 
C8---C 1 ! 
C! I - -N1 
N I - - C I 2  
N I - - C  5 
CI I------O2 
O2---C 15 
C15--C14 
C14--N2 
N 2 - - C i 3  
C13---C11 
C15--C16 
CI6---CI7 
C17--C!8  
C18- -C!9  
C19---C14 
C19--4)3 
O3--C20 
C ! 7----04 
O4--C21 

M M *  
1.44 
1.43 
i.40 
1.39 
1.43 
1.39 
1.42 
1.42 
1.54 
i .56 
1.62 
1.50 
1.48 
i .46 
! .49 
1.45 
1.41 
1.49 
1.28 
.56 
.39 
.39 
.39 
.40 
.40 
.44 
.44 
.43 
.44 

A M l f  
1.42 
1.39 
1.40 
1.41 
1.38 
1.40 
i.40 
1.43 
1.51 
1.52 
1.60 
i .49 
1.44 
1.42 
1.45 
1.38 
1.42 
1.41 
1.29 
1.52 
1.40 
1.40 
1.41 
1.39 
1.42 
1.38 
1.43 
1.38 
1.42 

E X P ~  
1.42 
1.38 
1.38 
1.40 
1.38 
i.38 
1.36 
.39 
.52 
.53 
.54 
.45 
.45 
.42 

1.47 
1.36 
1.38 
1.41 
1.28 
1.50 
1.38 
1.39 
1.40 
i.38 
1.41 
1.36 
1.43 
1.37 
1.42 

* Molecular mechanics with Biosym C V F F  Force 
(Biosym Techno log ies ,  1992). 

$ A M  1 semiempirical molecular orbital theory. 
Crystal structure. 

Field 

force-field study results (Biosym Technologies, 1992). 
However, the molecular mechanics results are likely 
to improve, as more accurate force fields are 
developed. 

The differences in bond lengths or angles which 
are > 0.002 A or 2-3 ° are likely due to phase and 
temperature differences. The experimental studies are 
in the crystal phase at either 173 or 296 K, while the 
theoretical studies are for isolated molecules at 0 K. 
In this respect, theoretical studies can be used to 
identify regions of molecules significantly impacted 
by phase changes or temperature differences. 

With regard to relative changes in bond lengths 
and angles, as shown in Tables 4 and 11-15, both 
theoretical methods predict relative changes, in 

°2°~ L c,~,~ 

Cla C2a 

Fig. 4. Crystal structure o f  molecu le  A o f  (I) .  The non-H atoms 
are drawn with 30% probability ellipsoids, H atoms are drawn 
arbitrarily small.  Molecu le  B is on ly  slightly different in b o n d  
lengths and angles. 

Table 13. Compound (2) bond angles (o) 
M M *  A M I $  E X P ~  

C i--4) 1----C2 115.9 114.7 116.8 
O 1--C2----C7 119.6 122.7 124.8 
O I----C2---C3 119.6 115.6 114.5 
C2---C3----C4 119.2 118.0 118.0 
C3---C4----C5 119.9 120.9 120.2 
C4---C5---C6 i 19.7 120.5 121.1 
C5----C6---C7 119.3 118.7 119.6 
C6---C7---C2 121.2 120.4 120.3 
C3---C4---C8 129.2 128.7 131.4 
C4--C8---C9 111.7 111.2 112.7 
C4---C8---C 10 107.6 110.6 108.3 
C4----C8----C 11 101.2 102.1 100.1 
C4---C5--N 1 111.6 112.0 109.5 
C5- -NI - - -CI  1 107.6 107.4 106.8 
C5- -N1- -C12  121.4 117.6 118.3 
C I 2 - - N I - - C I  ! 130.8 117.0 119.6 
N I---CI I----C8 107.1 107.0 103.3 
N I---C! 1------O2 101.1 110.0 110.4 
N 1 - - C I  i - -C13 110.5 108.9 I 11.3 
C9----C8----C i I 114.3 111.9 114.1 
C I0---C8---C11 i16.7 111.4 111.3 
C8---Ci 1----CI 3 114.5 112.6 116.8 
C8- -C  1 I------O2 i 10.5 105.5 105.1 
CI 1----O2---C 15 120.8 i 18.6 119.2 
C11----C 13--N2 121.6 126.5 126.1 
C13- -N2- -C14  123.3 117.8 117.1 
N2---C 14---C 15 118.8 120.4 121.9 
C 14--C 15----O2 119.4 122.4 119.9 
N2---C 14--C 19 121.6 122.1 121.9 
C 14----C 19---C 18 119.5 121.0 120.5 
C 14---C 19----O3 122.2 122.1 115.2 
CI 9 - 4 ) 3 - - C 2 0  115.9 114.8 !17.2 
O3--C19---CI 8 i18.2 116.7 124.3 
C 19----C 18-----C 17 120.6 119.5 119.6 
C ! 8----C 17----O4 120.0 114.6 114.5 
C 17---O4--C2 ! 115.8 116.3 117.3 
O4---CI 7---Ci 6 120.1 124.0 124.2 
C 17---C 16----C 15 120.2 118.1 117.7 
CI 6---C 15----C 14 120.2 122.4 123.3 
C16---C15---O2 120.4 115.1 116.7 
O2---C15--C14 119.4 122.4 i 19.9 

* Molecular mechanics with Biosym C V F F  Force Field 
(B iosym Techno log ies ,  1992). 

~" A M 1  semiempirical molecular orbital theory. 
++ Crys ta l  structure. 

accord with the experiment. The few exceptions may 
be due to omission of crystal packing forces in the 
theoretical methods and temperature differences, as 
discussed above. Of particular interest is the C--O 
bond which is cleaved in each of the compounds 
when exposed to light. In comparing the bond 
lengths [C10--O1 for (1) and (3) and C11---O2 for 

C17 C16 01 

C18 1S 02 C9 C3 - 

C ~  c7 

C13 

Fig. 5. Crystal structure o f  (2). The atoms are drawn with 30% 
probability ellipsoids. 
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Table 14. Compound (3) bond lengths (A) 
M M *  A M  15" EX P: I :  AXP§ 

C 1---C2 1.39 1.41 1.39 1.40 
C2--C3 i.43 1.38 1.38 i.38 
C3---C4 !.42 1.43 1.39 1.38 
C5--C4 1.42 1.40 1.39 1.38 
C5--C6 1.39 1.40 1.38 1.36 
C6--C1 1.40 1.40 i.36 1.36 
F1--CI  1.36 1.36 !.37 1.39 
N i---424 1.46 1.42 1.39 1.40 
N I----C 11 i.48 1.44 1.45 1.44 
N I - - C  10 1.50 1.49 1.45 1.45 
C7---C 10 1.62 i .60 1.56 1.55 
C7----C9 1.56 1.52 1.54 1.53 
C7--C8 1.56 1.52 1.53 1.52 
C7--C3 !.54 1.51 1.51 1.51 
C10--OI 1.49 1.45 1.46 1.45 
O1---CI4 1.45 1.38 i.36 1.36 
C 14--C 13 1.41 1.42 1.40 1.39 
C 13--N2 i .49 1.41 1.40 1.40 
N2---C 12 1.28 1.29 1.27 1.27 
C12---C10 1.56 1.52 1.50 1.51 
C 14---C 15 1.39 1.40 1.39 1.39 
C 15--C 16 1.39 1.40 1.39 1.37 
CI 6---03 1.43 1.38 i.36 1.36 
O3---C20 1.44 1.42 ! .42 1.42 
C 16----C i 7 1.39 1.41 1.40 1.39 
C I 7----(2 ! 8 1.40 1.39 1.38 1.38 
Ci8--O2 1.44 1.38 1.36 1.36 
O2- -~  19 1.44 1.43 1.42 1.42 
C 18--C 13 1.40 1.42 1.40 1.40 

* M o l e c u l a r  mechanics  with Biosym C V F F  Force  
(Biosym Technologies ,  1992). 

t A M  I semiempir ical  molecu la r  orbi tal  theory.  
++ Crysta l  s t ructure  at  173 K. 
§ Crys ta l  s t ructure  at  296 K. 

Field 

(2)], as noted in Figs. 4, 5 and 6 for (1), (2) and (3), 
both theoretical methods predict no change in bond 

Table 15. Compound (3) bond angles (°) 
M M *  A M l t  EXP+ + 

C 1------C2---C3 119.1 118.4 116.7 
C2----C3---C4 119.9 121.1 120.7 
C3--C4---C5 ! 19.6 120.1 121.2 
C4----C5---C6 119.2 ! 19.0 118.2 
C5--C6---C ! 121.7 120.6 119.7 
C6----C 1--422 121.0 120.9 123.6 
F 1----C1--C2 119,5 119.3 116.9 
FI---C 1----C6 ! 19.5 119.8 i 19.5 
C5---C4--N 1 128.8 127.7 128.8 
C2---C3--C7 129.2 128.6 130.4 
C4--N I---C 11 121.5 118.0 120.3 
C4--N I---CI0 107.6 107.5 107.9 
N I - -C  10---C7 107.1 107.0 103.1 
N1--C10---OI 101.1 109.9 106.9 
N 1----C I 0----C 12 ! 10.5 108.9 110.7 
CI0--C7----C8 114.3 i 12.0 112.4 
C 10----'C7--C9 116.7 111.3 110.9 
C I 0---C7--C3 101.2 102.1 100.4 
C3---C7--C8 111.7 111.1 114.3 
C3---C7----C9 107.7 110.7 109.3 
CI I - -N  I - - C I 0  130.7 117.3 119.3 
C10---~12--N2 121.6 126.4 126.8 
C 10--O I- '-C 14 120.8 118.6 119.5 
O1----C!4---C13 119.4 122.4 120.5 
O1--C14--C15 120.4 ! 15.1 ! 17.1 
C14--C 13--N2 ! 18.8 120.4 121.8 
C ! 3 - - N 2 - - C i 2  123.3 ! 17.8 117.0 
C 12---C ! D--OI 112.3 112.7 111.2 
C!4--C15--C16 120.2 118.1 118.0 
CI 5---C 16----C 17 119.9 121.4 121.1 
C16---CI 7--4218 120.6 119.6 120.9 
CI 7--C 18--C 13 119.5 121.0 120.5 
C 18----C 13--C 14 119.6 117.5 118.0 
CI 3---C 14---C15 120.2 122.5 122.4 
CI 5--C16----O3 120.1 124.0 124.3 
CI 6--O3---C20 115.8 116.4 117.6 
O3---C 16--C 17 120.0 ! 14.6 114.6 
C 17---C 18--O2 ! 18.2 116.5 124.1 
CI 8--O2--C19 115.9 114.9 117.5 
O2--CI  8---4213 122.2 122.3 115.4 

EXP§ 
115.0 
121.2 
121.7 
118.3 
! 19.2 
124.5 
115.5 
119.9 
128.2 
129.9 
120.9 
107.4 
103.6 
107.0 
110.5 
112.6 
110.9 
100.5 
!14.1 
109.0 
120.3 
127.2 
120.1 
120.5 
116.6 
121.9 
116.8 
110.9 
117.2 
121.9 
119.6 
120.5 

17.7 
23.0 
24.5 
17.9 
13.6 
24.1 
17.7 

115.4 
lengths, while experimental data show a maximum 
change of only 0.01 A. Little or no change in the 
theoretical and experimental bond lengths indicates 
that it is unlikely there is significant differences in 
bond strengths in either isolated molecules or the 
crystal phase. 

c,7~ - ~  "N~, °'~ ~ k_ ~¢" ~ c-, 
~ ~'.~3"-'~ , t l ~ - ~  F' 

Fig. 6. Crys ta l  s t ructure  o f  (3). The  n o n - H  a t o m s  are d rawn  with 
30% probabi l i ty  ellipsoids, while H a t o m s  are d rawn  arbi t rar i ly  
small. 

* Molecu la r  mechanics  with C V F F  
Technologies ,  1992). 

t A M  I semiempir ical  molecular  orbi tal  
~: Crysta l  s t ructure  at  173 K. 
§ Crysta l  s t ructure  at 296 K. 

Force  Field (Biosym 

theory.  
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