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A Refinement of the Structure of meso-3,3"-Di-(p-ehlorophenyl)bi-3-phthalidyl 

BY V. KALYANI AND M. VIJAYAN* 

Department of Physics, Indian Institute of Science, Bangalore-12, India 

(Received 30 October 1967) 

The structure of meso-3,3'-di-(p-chlorophenyl)bi-3-phthalidyl has been refined from three-dimensional 
X-ray data by full-matrix least-squares methods to an R index of 0"099 for 912 observed reflexions. 
The compound crystallizes in the triclinic space group Pi ,  with a monomolecular cell of dimensions 
a=7.89, b=8.06, c=9-65/~, ct=86°18 ', /~=99°18 ' and e= 105°44 ~. The two halves of the molecule 
are related by a centre of symmetry and in each half the phenyl ring is tilted with respect to the phthalidyl 
ring system by 124 ° 53'. The lactone group is planar and exhibits the expected asymmetry of the C-O 
bonds. The thermal parameters of the atoms have been qualitatively explained in terms of the rigid- 
body oscillations about the single bond connecting the two halves of the molecule and that connecting 
the phenyl ring to the phthalidyl ring. The structure can be described as consisting of close-packed 
layers of molecules in the (100) plane repeated periodically along the crystallographic X direction. 
The molecular coordinatiOn number in this arrangement is 12 and the packing coefficient 0.68. 

Introduction 

It is well known that o-benzoylbenzoic acids and their 
acid chlorides are converted into 3,3'-diarylbiphthali- 
dyls by the action of a variety of reducingagents like 
hydroiodic acid, hydrochloric acid, aluminum and 
sulphuric acid (Ullmann, 1896; Meyer, 1904; Bauer & 
Endres, 1913; Eckert ~ & Pollak, 1917, Creighton &. 
Jackman, 1960; Risinger & Thompson, 1963). These 
biphthalidyls can theoretically exist in two isomeric 
forms, viz. the racemic and the meso forms. A precise 
definition of their stereochemistry by X-ray diffraction 
methods would be of considerable value in understand- 
ing the steric factors involved in their formation, par- 
ticularly because the two stereoisomers are formed in 
unequal proportions. The structure determination of 
the bromo derivative of meso-3,3'-di-(p-phenyl)bi-3- 
phthalidyl undertaken in this connexion has already 
been reported (Kalyani, Manohar & Mani, 1967). 
However, it was felt worth while to analyse the struc- 
ture of the corresponding chloro derivative also in 
order to study the changes brought about in the geom- 
etry and packing of molecules as a result of the sub- 
stitution of chlorine for bromine at the 3 and 3' posi- 
tions. Another important consideration which prompted 
us to undertake this analysis is the following. One dis- 
concerting feature of the refinement of the structure 
of the bromine compound which persisted till the end 
was the abnormal parametral shifts shown for some 
of the light atoms, particularly those of the phenyl ring. 
In retrospect, we feel that the reason for this anomaly 
lay, at least partly, in the fact that reflexions on both 
the halves of the upper level Weissenberg photographs 
were used in refinement procedures without allowing 
for the elongation or contraction of the spots. In the 
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present analysis, however, only the intensities of the 
elongated spots were measured and they were corrected 
for spot shape by the method due to Philips (1954) 
and hence, this study is expected to furnish a more 
accurate set of bond lengths and bond angles. 

Experimental 

Transparent and platy crystals of meso-3,3'-di-(p- 
chlorophenyl)bi-3-phthalidyl were kindly supplied to 
us by Prof. M.V. Bhatt and Mr K. M. Kamath of the 
Department of Organic Chemistry Of this Institute. 
Examination of the oscillation and Weissenberg photo- 
graphs taken about the a and c axes showed that the 
crystals are triclinic with a monomolecular-unit cell of 
dimensions* 

a = 7.89 + 0.02/~ ~ = 86 ° 18' + 1 o 
b=8.06+0.02 fl= 99°18'_+ 1 ° 
c=9.65 + 0.02 7=105°44 '+1 ° 

By analogy with the isomorphous bromo derivative 
the crystals were assigned to the centrosymmetric space 
group P 1. 

Other crystal data: 
M =  487.32 u= 582.7 A 3 
Din--- 1"371 g.cm -3 Dx= 1.381 g.cm -3 

Absorption coefficient for X-rays (2 = 1.5418 A)" 
/z = 26.96 cm -1 . 

Intensity data were collected on multiple-film equi- 
inclination Weissenberg photographs using Cu Ke ra- 
diation for reciprocal levels hkl, h = 0 through - 5  and 
hkl, l = 0  through - 7 ,  from specimens cut along the 

* The values of interaxial angles quoted in Kalyani, Mano- 
har & Mani (1967) were found to be slightly inaccurate. The 
redetermined values are given here. 
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a and c axes and ground to cylinders of radii 0.014 
and 0.015 cm respectively. The intensities were esti- 
mated visually using calibrated time-exposure strips 
prepared from the same specimens. As mentioned 
earlier, only the intensities of the elongated spots on 
one side of the upper level pictures were measured. 
However, this did not unduly restrict the volume of 
reciprocal space that could be explored as data were 
collected about two crystallographic axes. Out of the 
total number of 2664 non-equivalent reflexions in the 
Cu Ks sphere, 2010 were accessible in this way, of 
which 912 were in the measurable range. The inten- 
sities were corrected for the Lorentz-polarization factor, 
spot shape in the upper level photographs and absorp- 
tion (International Tables for X-ray Crystallography, 
1959). Initially the data were put on the absolute scale 
by comparison with those of the bromine compound. 

Refinement 

The final positional parameters and the equivalent 
isotropic temperature factors of the isomorphous meso- 
3,Y-di-(p-bromophenyl)bi-3-phthalidyl were taken as 
the initial parameters in refinement procedures. Struc- 
ture factor calculations with these parameters gave a 
residual index, defined as 

z IIFoI-IF~II/-~ IFol, 

of 0.229 for hkO and Okl reflexions. The structure was 
refined from these zonal data to an R index of 0.160 
by two cycles of isotropic structure-factor least-squares 
calculations done on the Elliott 803-B computer at 
Hindustan Aeronautics Ltd., Bangalore, using a gen- 
eral block-diagonal SFLS program devised by Dr G. A. 
Mair of the Royal Institution, London. 

Further refinement of the structure was carried out 

than 40 and less than 4 were given half weights. The 
scattering factors used were those of Cromer & Waber 
(1965). 

Results 

The final positional and anisotropic thermal param- 
eters of the atoms in the asymmetric part of the unit 
cell are listed in Tables 1 and 2 respectively. The am- 
plitudes (u2)~/2 of thermal vibration along the principal 
axes of the B-ellipsoids, along with their orientations 
with respect to the direct cell edges, are given in Table 3. 
The last column of Table 3 gives the average B's defined 
as B= (B1-Jr-B2 + B3)/3. A list of the final observed and 
calculated structure factors is presented in Table 4. 
The unobservable reflexions are not included in the 
Table. 

"Fable 1. Final J'ractional coordinates 
(e.s.d.'s x 105 in parenthesis) 

x y z 

CI 0"52721 (51) 0"23577 (50) 0"56529 (37) 
O(1) -0"35607 (108) 0"26578 (108) -0"02935 (87) 
0(2)  -0"15868 (87) 0"10933 (84) 0"05134 (69) 
C(1) 0"37639 (158) 0"18847 (141) 0"41289 (127) 
C(2) 0"44441 (146) 0-19532 (143) 0"28498 (129) 
C(3) 0"32453 (137) 0"16735 (142) 0"16256 (114) 
C(4) 0"14369 (137) 0-12669 (119) 0-16198 (98) 
C(5) 0"07603 (142) 0"11640 (134) 0"29292 (104) 
C(6) 0"19475 (181) 0"15055 (144) 0"41485 (123) 
C(7) 0-01531 (139) 0"09238 (124) 0"02607 (108) 
C(8) 0"06162 (141) 0"22932 (131) -0-09065 (103) 
C(9) 0.20677 (152) 0"27449 (130) -0"17034 (118) 
C(10) 0"20239 (170) 0"40694 (147) -0"27217 (114) 
C(I I )  0"06482 (184) 0"49083 (150) -0-30283 (118) 
C(12) -0-08430 (167) 0"44501 (146) -0"22(,64 (122) 
C(13) -0 ' 07783  (135) 0.31184 (129) -0"12463 (104) 
C(14) -0"21460 (155) 0.23367 (146) -0"03303 (115) 

Table 2. Anisotropic thermal parameters (x  105) 
on the CDC-3600 computer installation at the Tata 

bll b22 b33 b12 b13 b23 Institute of Fundamental Research, Bombay, using a 
full-matrix least-squares program, ORFLS, written by cl 3198 3581 1784 1384 - 750 - 770 

0(1)  1444 3150 2370 1206 413 46 
Busing, Martin & Levy (1962), modified by W.C. 0(2) 1092 1645 1385 327 600 69 
Hamilton, J.A.Ibers and C.K.Johnson and adapted C(l) 1724 1758 1681 367 -340 -215 
for the CDC-3600 computer by S.Srikanta of the c(2) 1615 1964 1634 282 42 -123 
Nuclear Physics Division of the Bhabha Atomic Re- C(3) 865 2201 1482 -261 164 -21 

C(4) 1305 1278 989 189 90 - 163 
search Centre, Bombay. The first three-dimensional c(5) 1841 2004 903 766 267 95 
i sotropic structure-factor calculations gave an R value C(6) 2657 ! 874 1529 665 10 - 147 
of 0.170 for the 912 measured reflexions. This value C(7) 1192 1616 1492 502 558 -42 
was reduced to 0-147 in two isotropic least-squares C(8) 1533 1647 1075 340 317 -120 

C(9) 1918 1260 1615 177 904 219 
cycles. At this stage individual anisotropic temperature C(lO) 2970 1601 1207 146 549 92 
factors of the form C(11) 2859 1919 1262 530 402 105 

C(12) 2235 1834 1300 - 2 3  - 189 - 2 0 8  
e x p  [ - ( b ~ h Z + b z z k Z + b 3 3 1 Z + 2 b l z h k + 2 b 1 3 h l + 2 b z 3 k l ) ]  c(13) 1223 1593 1196 216 506 13 

- C(14) 1271 2142 1551 759 174 - 9 6  

were introduced and the structure was refined to an 
R index of 0.099 in four anisotropic cycles. In the final 
cycle the average and the maximum parametral shifts 
were 0.185a and 0.692a respectively. In these calcula- 
tions, reflexions with Fo's greater than 4 and less than 
40 were given unit weights and those with Fo's greater 

Fig. 1 gives the superimposed sections of the final 
three-dimensional electron density map. Atomic posi- 
tions are also indicated. Fig.2 is a compo, ite diagram 
of the three-dimensional (Fe- Fo) synthesis giving peaks 
corresponding to the hydrogen atoms. However, it 

A C 25B - 6* 
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migh t  be m e n t i o n e d  tha t  two addi t iona l  peaks  of  
heights  m o r e  t h a n  0.3 e . ~  -3 appea red  in this d i ag ram 
which  could  no t  be accoun ted  for. The  posi t ions  of  

Table  3. The r.m.s, amplitudes of  the principal vibration 
ellipsoids and their orientations relative to direct cell 

edges 
Axis i (ui2) 1/2 Ota Oib Oie B 

C1 1 0"2264 56"75 85-99 44"73 
2 0"2453 51"16 152"91 109"31  7"480 
3 0"3825 123"59  116"75 51"59 

O(1) 1 0"1686 8"84 114"25 97"11 
2 0"3108 98"84 150"40 73"49 
3 0"3317 89"73 74"08 18"06 

6"184 

0(2) 1 0-1509 19.94 94"47 115"56 
2 0.2255 77"27 173.52 87.54 
3 0.2597 74.91 85.32 25.70 

3"713 

C(1) 1 0.1990 41.86 79"17 65"69 
2 0.2358 67"20 168.68 86-22 
3 0 -3051  122.91 86-73 24.64 

4"956 

C(2) 1 0-2103 33"52 77"25 80"17 
2 0.2530 63.69 166-57 87.37 
3 0-2799 109"24 85"84 10"19 

4"908 

C(3) 1 0-1442 30"43 75"64 92"97 
2 0"2603 91"76 78"14 162.91 
3 0-2889 120"37 18"79 73"19 

4"529 

C(4) 1 0-1816 57"75 55"20 70"85 
2 0"2084  147"74 46"84 66-95 
3 0"2195 90"37 117"02 30"72 

3-279 

c(5) 1 0"2008  100"91 95"42 10"10 
2 0"2132  156"42 51"98 87"78 
3 0-2542 69-36 38"55 80-16 

3"958 

C(6) 1 0"2355 99"11 11"24 78"22 
2 0"2526  124-75 78"76 135"77 
3 0"2931 143"73 89"67 48"16 

5"400 

C(7) 1 0"1574 14"32 110"22  112"77 
2 0-2223 94"54 159"61 88"23 
3 0-2666 76-45 92"51 22"85 

3"824 

C(8) 1 0"2006 28"87 99-41 127"61 
2 0"2163  103-78  134"21 122"38 
3 0"2361 114"84 45-65 125"72 

3"755 

C(9) 1 0"1699 56"91 55"90 117"85 
2 0"2225 46"66 145"88  114"32 
3 0"2941 61"28 91"06 38"51 

4"340 

C(lO) 1 0"2063 73"61 46-04 123"36 
2 0"2394 84"12 125"40  146-22 
3 0"3074 17"47 115"29 85-26 

5"116 

C(I 1) 1 0"2294 97"47 126-26 41"85 
2 0"2514 82-38 140"03  131"82 
3 0"2886 10"70 104"52 88"62 

5"239 

C(12) 1 0.1982 61.44 58.59 60.63 
2 0-2535 93-28 49-33 135.62 
3 0.3005 28.78 123.44 119.90 

5.103 

C(13) 1 0-1658 27.81 86.43 118.49 
2 0.2254 75.66 167 .11  106.24 
3 0-2431 66.70 102.36 33.57 

3.616 

c(14) 1 0-1737 10-23 114.49 94.27 
2 0.2550 96.28 148 .81  112.0l 
3 0.2695 98.04 108.09 22.46 

4.416 

the h y d r o g e n  a toms  were no t  refined and  thei r  coor-  
dinates  given in Table  5 and  used in the  subsequen t  
discussion are those  fixed f rom geometr ica l  cons idera-  
t ions  assuming  a C - H  dis tance of  1.08 ]L 

The  b o n d  lengths  and  b o n d  angles, their  s t andard  
devia t ions  and  the  pr incipal  axes of  t he rma l  v ib ra t ion  
ell ipsoids were calculated using a func t ion  and  error  
p r o g r a m  devised by Busing, Mar t i n  & Levy (1964), 
modi f ied  by C. K. J o h n s o n  and  adap ted  for  the  C D C -  
3600 c o m p u t e r  by S. Srikanta.  

~siny 

c ( 5 ) ~  

c ( 1 3 ) ~  c(9) 

c02) ~ c o 0 )  

11(2) 

+~sin y 

Fig. 1. Superimposed sections of the final three-dimensional 
electron-density distribution projected on to the (010) plane. 
Contours start at 1.0 e./~-3 and are at intervals of 1.0 e.~-3. 
The asymmetric half of the molecules is also represented. 

-~siny 

. H { 6 )  

Fig.2. Composite diagram of the final (Fo-Fc) synthesis. 
Contours start at 0.1 e./~-3 and are at intervals of 0.1 e./~-3. 
Atomic positions are indicated. 
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k I Fob:, Pcalc 

h = , 

Table  4. Observed and calculated structure factors ( x 100) 

Each line consists of the indices h, k, l, [Fol and Fc 

k 1 Fob s Fcalc k I Fob s ?c~lc k 1 Fob s Fcalc k I Fob s }~Ic k ] F o s Fcalc 

' 1549 1652 2 -2  2555 -2501 
i ~ 917 R36 2 -5 1442 1460 
C 4 757 746 2 -: 17n 1605 

5 63"1 "(Of~ 2 -6 :118 557 
6 9[5 - '.K4 2 -7 441 - 374 

, 7 1864 I#61 2 -8  1558 155~ 
0 ~ 1Cg~' - 387 } O :5[;6 -4572 
c 9 38~ - 158 5 1 =59 - 512 
1 2124 : ' } 4  5 2 ! . 72  -1050  
1 , 16~, 1 7 ~  5 ~ : : . 4  -455o 
1 ..' 44 '  ; 298  5 5 1759 - t 5 r~  
1 ~ 26[:" 27}8 5 6 29)  522 
1 ,1 15". '  -1456 5 7 1596 -1685 
I 5 22;.1 :'C65 5 9 575 582 
! 521 - 254 3 10 532 - 291 
1 ; 55i ,;70 # -1 26~(" 7582 

116~ -1.5< ~ -2 211 ~ 1"'54 
1 - :  1 !2"  "05 i -3 5 G~A % .:7 

I -< 15" -1,5~ - 686 625 
. . . . .  5 C, ~ : ;  5~3 472 
1 -~ 3"5 - :10 1243 1059 
1 -K 625 -Idl 5 - 9  571 27q 
! -> 319 191 4 0 ~ 661 

-'# 5 1 - 465 4 I 3"7~ - 369 
5~:;5 -6276 4 2 1198 1172 

z I 5697 -5812 4 } 257 224 
2 4695 - , ;9 }8  4 754 - 655 
2 ~ 1054 901 ~ ~ 1062 -923 

7"5 750  4 889 843 
5 1518 -1515 4 9 437 569 

• ~ - < 7~I 779 -1 722 851 
, 1446 - l t 36  -2  792 710  

2 561 - 542 4 -3  653 - 532 
• -~ 52":8 5242 4 -4  944 75 )  

4 -5  1126 1392 0 -4  1717 1745 
4 -8  311 - 5}2  0 -5  1387 -1475 
4 -9 466 45} 0 -6 575 664 
5 O 48~ - 554 O -7 856 - 968 
5 1 591 442 
5 3 944 809 
5 4 821 - 771 
5 5 10~=? ?49 
5 6 8~7 - 915 

7 431 408 
9 }65 344 

5 -I 4350 -3}76 
5 -2  493 - 457 
5 -} 1072 - 989 
5 -~  371 509 
5 -6 544 - 695 
5 -7  531 - 322 
5 ~ 1051 - 880 
6 1 463 - 614 
6 2 8'2 - ~92 
6 4 391 - 494 
6 6 581 238 
6 8 317 577 
6 - I  54~ - 711 
7 5 85~ - 764 

6 2~> }99  
4 297 297 

9 3 204 170 

h - -1 

0 2 25£e -2990 
0 3 2576 2599 
0 4 1571 -1513 
0 5 1517 -1526 
0 ( 8 :.~ ~11 
0 7 415 - 405 
0 ~ 9.~ 765 
0 1!' 651 585 

-~ 25~6 -1934 
0 -5 1028 - 849 

} -1 1521 11')1 6 -1 !=4;# - I 336  
5~ -2. 201 ~ 2 "~2 ~ c~ 4 95 5 r~2 

~ }85 359 1 5~7 412 
471 - 604 ~ 2 ~67 514 

1 0 546 )~9 } -7  760 972 ~29 62 ,= 
1 1 2598 222q 4 0 }552 -~560  7 -~ 962 -1316 
1 2 167 65 4 1 105d -1Or;~ ~ -8  199 - ?55 
1 5 4608 -4993 4 2 16~7 -1697 O 666 757 
1 4 916 - 948 4 } 704 ;42 8 7 3~1 4c8 
1 5 2054 -1891 4 6 956 7}2  ~ 1 295 541 
1 6 45} - 585 ~ 7 1361 -1165 5 [91 - 446 
I ~ 341 - 376 8 599 20[, 9 -2 267 - ~ 
1 916 - 762 4 ~ 652 ~62 -1 n 2094 - ! 815  
1 -1 }540  -5447 4 1 708 154 -1 1 4856 5315 
1 - 2  2 }50  -2527 4 -1 2146 ~132 -1 2 26~6 2194 
1 -~  816 1030 4 -2  1254 -1538  -1 5 4257 5£25 
1 ~ 1701 -1842  4 - 5  1499 -1565 -1 5 1!94 ,~56 
1 1881 2075 4 -5 97" - 9}5 -I 8 ~8~ ~5 
1 -6  1056 1157 4 -7  6911 - 7 }4  
1 -7  1152 1264 
2 O 7021 6 }84  
2 1 6559 -6892 
2 } 2118 -204 }  
2 4 888 - 781 
2 6 391 - 2 }0  
2 ? 1236 955 
2 8 1799 -1572 
2 -1 906 - 942 
2 -} 1220 1525 
2 - 4  1236 1251 
2 -5 2524 2612 
2 - 6  217 - 210 
2 -7  151} 1~23 

£ 1068 945 
1 }382  -2976 

5 2 862 - 945 
} 4 722 - 592 
} 5 1401 !310 
3 7 926 925 
} 8 485 - 458 

-1 -I 2975 2757 
5 0 5r~7 -5215 -1 -2 8654 8487 
5 1 5.D5 584 -1 -3 1527 1292 
5 5 6£L - 702 -1 - 4  5r~9 3148 
5 4 541 467 -1 -5  828 - 83 }  
5 5 5}5 - 710 -1 -6 806 955 
5 6 776 6}2 -1 -7 1188 -145~ 
5 7 986 - 896 -2 0 2655 2527 
5 8 }57 505 -2 1 619 - 758 
5 11 159 2}8 -2 2 2248 2265 
5 -1 281 - 289 -2  } 1605 1475 
5 -2  1094 - 891 - 2  4 2156 2012 
5 -4  525 - 484 - 2  6 579 - 518 
5 -5 }67 - 310 -2 8 549 - 652 
5 -6 }67 - 601 -2 -I 2536 -2}74 
5 -7 866 - 915 -2 -2 651 - 252 
6 1 505 276 -2 -5 2759 2757 
6 2 778 794 -2  -4  2458 2526 
6 6 549 - 559 -2 -5 692 681 
6 8 313 342 -2 -6 696 - 8}7 
6 10 Ibl - 566 -2 -7 521 479 

k 1 Fob s F&io k 1 F&.; F.al c P 1 Fob s ~calc k I Fob s Fcalc k I Fob s Fcalc k I Fob s Fzalc 

73 ~' 1~] -14~, -7 _5 2°5 -3~£ 2 1 }792 377o 5 1 57; -692 -1 -2 41~ - ,6  -5 -; .~23 - 5 8 9  
-i 65 -7 -7 511 569 2 ~ 1863 -1815 5 2 ,;84 ,15;. -1 -} 3651 5~'5 -~ _-5 ,;2; 500 

-5  2 17w# 18061 -£  -3  315 365 2 3 1582 1576 5 } 377 - 27C -1 -4  2(-80 -2#FpS 820 - 911 
-~, ~ I ;67 -I :Ca -9 O 2^9 232 2 4 1959 -1833 5 5 896 91r -1 -5 771 "'15 -5 -7 ,;38 - 467 
-#. ", 1429 " ; 6  r' - 9  1 577 50¢ 2 5 1352 "247 5 8 ')06 - ~196 -1 -7  431 - 482 -6  -2  f~42 - 852 
-. t  -2  2Cd4 -2068  -9  -3  Z15 ;'6." 2 6 2558 1898 ~ -1 80,; 811 -2  E 377 176 -6  -E 3063 454 
_ {  [ !  115.; _ .155 2 8 429 .41 - 2  1349 !393 - 2  3161 305Z -6  -7  287 .712 
- 5512 -;C'02 h = -2 2 11 ,;29 - 545 5 -5 47" - 500, -2 2 551 5?5 -7 -3 476 - 512 
-5 -5 651~ 790 2 -2 1760 -1'52 5 -4 593 - 7Cj -2 3 1310 "29: -7 -6 187 256 
-5  -6  61 = . - 701 0 0 1950 2 :06  2 - }  1650 -1720  5 -5  ,'21 - 47£ - 2  'i 1055 1"150 -8  -1 537 - }75 
- ;  ; ,:77 - .:'~.; O 1 3756 -5670  2 -~  1723 1902 6 0 472 - 595 -2  123~ ~198 
-4  1 6" '}  613 0 2 570 707 2 209 - 110 6 1 588 766 -2  6 11=7 ! i ( ' . ;  h = - }  
-4  .'2. I .'12 - 634 n } 1437 -12911 2 - 6  945 1.907 6 } 1256 1095 -2  -1 20"-6 1706 
:~ 5 .1,- - ~ 6  . . . .  ~ 91~ -10~,  ~ 0 167~ - 1 6 ~  ~ 7 560 -5 ,15 - 2 - , ,  .5 -5  1,9,. ~ ~ 1892 -,:,~7 

:- • 1 672 - 500 -1 812 849 -2  - 4  695 =52 0 :18.1 4318 • : ": '.~ 3,15 0 2571 -:5'6 6 -6 ~ 45 '96 ,93 -4 5 952 I,?00 0 1193 -1155 3 2 775 512 -2 579 - 555 -2 I}G 0 
-.' 6 £.17 568 O 8 .121 - .';~9 5 3 1008 -1009 - }  ";69 519 - 2  - 7  72# - " '10 0 1 >39 -1027 
-~. -2 :, . . . .  8 ,  o 9 ~69 ~64 ~ ~ 9,7 - 9 9 5  6 -5 :27 - 5 ; 7  :~ 15, 2 6  0 , .:} . . . . .  7 

108;  1164 6 -7  5}2 - 36C 1 1953 2-62 0 9 '; 7 '." 557 -.~ -_.~ . . . . . . .  75 010  ,:;90 514 "~ 
201" -2203 0 - 3  2231 19,;1 3 7 416 666 0 1588 -165  C - }  "~ 12~  * ' 97  q -3  121 I 1!{ '5 

-4  -~  6:? - 665 q .' 1008 £94 5 8 429 525 1 896 86.1 - }  ~ "~52 616". 0 " i  1204 11;9  
• -"  5 . -  - 4 8 7  o 1~ 511 55~, ~ -1 7~7 - 3 0 2  7 7 529 - 6 7 9  :~ 12~,, 1263 ~ 7 - ,  -7 , . : .  

"5  1~' 9"." 891 0 -6  ,9-59 - .=.7) - 2  2182 -2183 7 -1 468 - 488 6 11"'" - 1 ! ! 8  O -6  117(  13"~'. 
-5 I 2"" - ",06 e -7 959 955 3 -5 572 - 375 ~ -5 451 491 -} [ 1152 -1125 0 -7 '/7 - .~" 
_c ~ 65.: 724 1 C 1023 1311 } -4  1662 -1710  -4  418 113 -3  - 697 65,1 '~ £ " .'95 - 992 
-5 ~9 /9,1 I 1 258 768 } -5 58£ 626 9 O 588 707 -3 -2 26 :~ 2705 , 2 7C6 - 7~2 
-5  -2  1%" 85£ 1 2 1623 -1357 4 ~ 1981 26'I 5 1 355 383 -5  -3  19;1 - I ~09  1 3 l r . ;  925 
-5 -~, 1371 -I551 I 5 3282 5059 4 I }7}5 -}405 9 } }}6 - 467 -3 -~ 7"2 877 1 ,: 329!) 545" 
-5  -4  774 727 1 4 511 - 761 4 } 1615 -1537 ~ 4 518 - }73 - 4  ,137 :95 1 5 '342 - 915 
-5  -7 ~27 - 704 1 56 316 - 176 4 4 1285 1269 -1 412 - 4-;~ - ;  I 132" -*11,6 1 ? 432 - 34 ~ 
-6  1 551 - 597 1 1183 -1368 4 5 377 544 -1 0 777 - 916 - 4  971 - 3'30 1 11 355 4(~ 
- 6  - !  1082 -1~2!~ 1 427 - 58:, 4 3 634 - "174 -1 1 36? 152 ;" ' . . ;  556 1 -1 1162 ?08 
-6  -5  5 ;5  - 57," 1 _9 629 - 803 ,1 9 .iC2 5}7  -1 2 139~ - 841 -4  - "  . r . .  - 511 1 -2  %¢!2 -1578 
-6  - . .  581 52'> 1 - 2  2588 2784 4 -1 355 - 315 -1 ~ 2965 -5(-0 . . . .  " } ] i  - ~".~ 1 - 3  lq45  1937 
-6  -5  271 506 1 -3  1321 -1302 -2  (99  618 -1 2}77 230'c: -4 - .  27" - 5";'. 1 - ~  1 150 -1718 
-6 -6 265 367 1 -4 2727 2793 4 : ;  1154 - 1 o ~  -1 5 lO9~ - ~ ,  1~ :~ 7 . . . . .  * ~ 1 . .81 5'~511 
- 6  -7  585 665 1 - 6  1164 1262 248 284 -1 6 569 - 42 "  11 ; ' :  - !  05 !;128 -1556 _7 , 7 . . . . .  , 1 %  718 57~ 4 -6 7 ~ 9 - 0 5 6  ; . ~ 6 .  :~ ~ . . . . . . . .  2 , ~i~ _86~ 
-7 -2 848 - 789 2 707 - 776 ~ -7 658 576 - & 1295 12OO I >:. -1 ",'9 2 1572 1.157 

0 5~',! 640 -1 -1 402 527 -5 -2  I "- ~" 7 - 717 2 5 3 ~2 357 

Discussion s ix-membered and the f ive-membered rings in the fused 
ring system and the lactone group were calculated by 

Molecular dimensions Blow's  (1960) method.  The equat ions  are referred to 
The  bond  lengths and bond angles in the molecule  a set o f  orthogonal  axes X', Y' ,Z'  where X' coincides  

are given in Fig. 3. A perspective v iew of  the molecule  with the crystal lographic X direction, Y' lies in t h e X Y  
as seen normal  to the plane of  the phenyl  rings is plane and Z' is perpendicular to the X Y  plane. They  
shown in Fig .4 .  The relevant intramolecular contact  are as fo l lows:  
distances between the two halves o f  the molecule  are 
given in Table  6. The  equat ions  o f  the mean planes I. Phenyl  ring: C(1), C(2), C(3), C(4), C(5), C(6) 
through the phenyl  ring, the fused ring system, the -0.21909X'+O.97105Y'-O'O9519Z'-0"70761 = 0  
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Table 4 (cont.) 

k i Fob ~ Fc:.l c k ! Fob s Ycalc k I Fob s Fcalc k 1 Fob s ~calc k I Fob s Fc~ic k i Fob s F alc 

2 6 821 716 6 2 ~87 59:t -2 -2 672 599 0 7 (20 5C9 3 -2 1257 -1314 8 1 7.~ - 6C~ 
2 7 535 661 6 3 £49 - 99~' -2 -4 255 - 319 0 8 475 413 3 -3 576 495 8 5 700 70~ 
2 8 561 -480 6 5 ~54 - 455 -2 -5 777 ~79 0 9 676 6~9 5 -4 106,-6 -1010 o 5 :;71 - 7C 
2 -1 1178 -1054 6 6 454 - 372 -2 Z~ 833 - 599 0 -2 1196 -1236 ~ -6 873 875 10 0 299 94 
2 -2 22:~9 -2229 6 8 551 - 51. -2 585 ,!60 0 -5 965 1006 4 0 873 068 10 2 112 131 
2 -3 275 327 6 -1 83~ 712 -3 0 17q ~02 0 -5 819 627 ~ 1 2263 -2261 -1 0 652 - 649 
2 -4 664 - 647 " -2 605 - 436 -3 ~ 1559 1532 0 -6 751 - 797 4 2 162 5 -1 1 "1289 -1263 
2 -6 962 -10]0  ~ -5 6 1226 -1118 , 1116 -1179 -1 2 700 - 599 -4 587 524 0 -? 495 ~c2 4 ] 
] 2 1797 1793 6 -5 4]2 5~7 ]~ ~ 9&5 - 7£> I I 1303 976 .i " 598 - 549 -I 3 510 - 590 
3 5 2279 2243 7 -1 1%7 - 979 - 781 ~3.; 1 2 11~; 11~.t ~ 5 117~ -1158 -1 ~ 1871 1886 

• ' 1307 -I528 7 -3 490 467 -3 -2 686 - 593 1 3 1777 1796 6 2&~ - 56 -1 5~8 276 
898 1097 8 0 789 - 916 -3 -~ 1261 1182 1 4 6&s 3.96 4 8 891 832 -1 6 ~:9 511 

3 11 251 - 525 8 1 605 - 56~ -3 -~ 87; - 905 1 6 .3;1 - 465 4 11 279 - 203 -1 ~ 696 631 
3 -1 1297 -1173 8 . 2 488 - 545 - )  . -5  535 550 1 ~ 592 496 4 -2 797 - 887 -1 397 459 
3 -2 815 746 ~ 1 551 554 -3 -~  501 - 569 1 397 36; 4 -3 1000 1044 -1 ~ 259 316 
3 0 1823 1~6 2 325 - 392 -4 662 709 I -1 877 - 923 ~ ~'i 813 794 -1 1 174 241 
3 --; 9&; 919 -1 1 242 290 -4 1 2~2 532 1 -2 2357 2294 949 951 -1 -1 1080 994 
3 -6 265 297 -1 2 2202 -2-.-:'53 -4 ' • 966 -1129 1 -3 881 - 831 4 -6 7,;2 - 727 -1 -2 1459 -1575 
4 0 702 - t19 -1 } 1450 -14~9 -4 5 803 - 740 1 -4 769 792 5 0 919 1¢~8 -1 -3 941 907 

- 776 -1 4 966 -1118 - ;  -1 1654 1499 1 -7 .83 - 5)~ 5 1 783 - 964 -1 -4 1451 -1373 
18963; 1~35 -1 5 578 323 - ;  -2 263 321 2 O 1676 151 ~ 5 3 624 - 467 -1 -5 594 551 

4 4 751 - 925 -1 6 527 - 568 -4 -5 609 - 589 ~ I 3885 3971 5 4 1212 -1191 -2 0 1700 -1778 
4 7 579 - 523 -1 7 914 912 -5 0 503 334 2 3 2C"9~ 2320 5 5 268 - 588 -2 1 10,82 -1057 
4 11 365 - 350 -I 8 986 919 -5 -2 619 596 2 4 ';87 39& 5 6 100"2 - 889 -2 2 712 - 749 
4 -1 8 ~  855 -1 10 382 - 176 -5 -3 779 - 751 2 5 lC;6 99; 5 8 451 - ' ; . ; 3  -2 5 1363 1346 
4 -3 775 - 577 -1 -1 109~ -1186 -6 1 ~53 - 525 2 6 437 ~99 5 -2 1658 1609 -2 6 208 225 
.; -4 1710 1785 -1 -2 1696 1952 -6 - 2  496 - 359 2 9 510 - 402 5 -5 395 349 -2 ~ 387 - 461 
4 -7 -;7~ - 392 -1 -~ 1636 -1604 -6 -5 736 - 745 2 -1 15~5 1190 5 -7 3]7 318 -2 - 965 920 
5 G 585 - 680 -1 -4 1134 1171 -6 -5 297 - 11 2 -3 775 - 59? 6 } 188 556 -2 -5 1034 - 970 

1 69,t 4 . . . . .  5 309 360 [g : ;  454 - 497 2 -4 7.16 791 6 4 859 - 948 -2 -6 359 347 
3 17@-' -1518 -I -6 761 262 259 348 2 -5 1437 -1515 ~ 7 670 - 638 -3 0 640 512 

5 -; 575 - 395 -2 O 11'73 -1217 2 -6 353 423 -I 775 784 -3 " 566 - 577 
5 7 902 - 861 -2 I 309g -3016 h : -4 5 1 1851 180j 6 -3 1303 -1162 -3 6 660 7]9 
5 -1 1218 1331 -2 2 1388 1346 5 5 275 282 ~ 0 1168 -1167 -3 -1 1210 - 988 
5 -2 831 883 -2 ~ 710 - 617 0 ~ 734 - 550 3 4 9?9 1054 2 526 - 568 - }  -2 596 645 
5 -3 418 466 -2 545 g79 O 1 700 - 626 3 ~ 524 - 459 7 5 419 - 453 -3 -3 1357 -1301 
5 -4 1331 -1315 -2 6 761 633 0 2 2102 2319 ~ 361 345 7 -1 777 - 599 -3 -4 375 344 
6 0 109,9 1150 -2 8 91q - 808 0 3 787 - 7]6 9 696 - 637 7 -2 558 - 570 " 0 749 652 
6 I "545 - 639 -2 -I 698 - 577 O 4 467 590 5 10 329 - 186 8 0 618 - 633 Z~ -I 732 652 

0 6 355 282 } .-1 325 .~2 

k 1 Fob s .Fcadc 

-4 - ]  1010 -1066 

:~ :~ 2513~5 ~5~ 
- 4  -7 387 425 
-5 -2 451 - 528 
-5 -3 367 402 
-6 0 413 - 520 
-6 -2 716 - 661 
-6 -4 361 376 
-7 1 ]75 498 
-7 -I 379 - 561 
-9 0 29? 291 

k 1 Fob s Fcal c k i Fob s Fcale " k 1 Fcbs Fcalc k 1 Fob s Fc~ic k i Fob s Fcalc 

2 } 579 553 5 7 329 38; -3 -2 18~2 -1651 ~ -1 650 - 666 5 -1 1047 - 983 
2 ' 582 526 ~ ~ 455 .:90 -3 -3 590 - 508 -3 909 ~39 3 -~ 303 347 
2 ~ 1465 -1606 - 498 569 -3 -7 }90 - 344 -1 1 1448 1~27 4 0 1180 - 1 1 8 1  

2 6 452 - 402 5 -3 372 319 -4 -2 801 - 709. -1 -1 1018 859 4 1 789 -1112 
2 8 561 - 213 6 0 335 - 565 -4 -6 $03 510 -1 -2 8,:2 - 811 4 -1 11~1 -1132 
2 -2 107C - 1 ~ 2  6 1 1278 -1250 -4 -7 299 - 291 -1 -6 259 354 4 -5 436 - 4%; 
2 -3 871 869 6 3 1055 - 971 -5 1 359 - J 2 2  -2 1 390 692 5 -2 754 - 697 
2 -6 509 - 552 6 7 442 - ~17 -5 -3 745 679 -2 -2 955 - 875 6 -2 715 - 612 
2 -6 855 - 853 6 9 305 ,;05 -5 -4 392 438 -2 -3 702 - 592 7 -3 366 - 4 9 3  

2 561 - 601 6 -1 273 - 451 -6 1 299 - ,;76 -2 -5 477 - 4 4 1  -1 1 635 916 
• 548 _ 508 6 -2 1G.;2 - 956 -6 -1 50~ - 295 -2 - "  305 - 340 

3 5 944 951 6 -3 525 - 357 -3 -1 -1 -1 a2C - 7~; 102-5 995 -2 -1 789 656 
6 1576 -1310 6 -4 834 - 763 h - -6 -3 -2 530 - 461 -2 ' 451 - 405 

h - -5 7 602 - 514 ~ 0 }35 - 2m -4 0 ~ 7  - 4a6 -2 ~ 377 ~ 2  
8 595 - 669  9 355 - 94 0 0 687 619 -4 I 667 - 837 ~ 0 357 - }38 

0 1 6,99 728 9 535 - 487 ? -1 465 - 436 0 -2 1062 972 -4 - "  303 - 302 1 390 - 442 
O 2 31.~ 279 } 10 439 - 257 8 O 309 - 157 0 ,-4 5~ - 566 -5 ~ 296 429 "4 -I 331 - 226 
O 3 1029 1071 3 -1 1322 -1144 8 ~ 452 563 O -5 528 52=; -4 -2 277 - 391 
0 .; 1150 1189 3 -2 5]5 513 9 }29 260 0 -6 497 - 453 h - -7 
0 5 1811 1718 3 -3 390 - 429 -1 0 626 3:;7 1 0 1387 1423 h = 
0 -2 1285 1322 3 -4 955 1035 -1 1 665 - 309 1 -2 1727 1769 0 " 0 887 - 942 
0 "3 671 710 } -5 468 482 -1 2 .767 - 616 1 -3 259 - 359 0 -4 5}0 457 0 -2 471 432 
0 -4 312 227 3 -6 736 6,32 - 1  5 1898 1943 1 " - 4  '3J8 - 4~8 0 - 6  346 " 497 0 -3 532 456 
O -5 66} - 59,; 3 -7 6~0 513 -I -I 3016 - 941 I -6 360 - 421 1 O 839 653 I O 458 5&~ 
O -6 299 361 3 -8 266 - 384 -1 -2 15]0 I381 2 1 510 590 1 1 390 555 I -2 774 616 
0 -~  383 - 21.; } -9 214 267 -1 - }  1948 -1786 2 -2 1424 1332 1 -1 1588 1393 1 -5 560 315 
I 559 541 4 I 921 833 -1 -4 689 - 659 2 -3 715 664 I -~ 40} 467 2 I 362 569 
1 1 1~51 1~)~6 4 2 1116 -1056 -1 -7 476 .'~2 2 -4 185 301 1 -4 545 451 2 -3 ~';6 - 474 
1 2 1456 1325 4 ' 1794 -1992 -2 0 257 - 350 2 -6 438 476 1 -6 259 489 2 -5 246 - 3 ~  
1 3 9&; 819 : 6 ,;70 }58 -2 ~ 641 - 731 3 -1 791 737 2 0 920 989 3 -2 698 - 628 
1 4 2156 2489 ~ 487 - 50] -2 8&¢ 748 3 -2 303 - 466 2 1 722 787 } -5 240 - 256 
1 7 212 310 4 - ;;16 607 -2 6 957 917 3 - }  19.50 2041 2 -1 815 915 4 -3 253 31~ 
1 8 355 .;35 4 -2 1059 1145 -2 8 309 341 3 -4 630 657 2 -2 869 807 5 -2 320 288 
1 -1 1820 1643 4 -4 1816 1752 -2 -3 1441 -1321 3 -6 59? 617 2 -4 549 - 365 -2 -1 432 450 
1 - ]  2492 2472 ' ~ }59 370 - 2  -4 862 - ~68 4 0 469 - 582 2 -5 617 563 
1 -.; 6~ 659 ~ 616 4 2 -6 226 69 h = -9 - 528 -2 -6 606 - . i 7 5  -2 872 - 31~ 
I -5 296 - 262 ~ 0 279 228 -2 -7 546 572 4 "5 &85 748 2 -7 388 446 
I -~ 1083 -1010 2 903 - ~; "3 5 .476 - 533 5 -I 9i4 - 911 3 I 833 -1013 3 O 270 332 
2 266 366 5 ; 322 - 578 -3 6 559 714 5 -2 680 - 745 
2 2 190~ 2241 5 866 - 8,'~ "3 7 314 315 5 -3 1252 -1"137 

II. Fused ring system: C(7), C(8), C(9), C(10), C( l l ) ,  V. Lactone group: C(7), O(2), C(14), O(1), C(13) 
C(12), C(13), C(14), 0(2) -0"17676X'-O.699767'-O.69216Z'+0.65919=0 

- 0.20034X' - 0.70107 Y' - 0.68437Z' + 0.63786 -- 0 

III. Six-membered ring of the fused ring system' C(8), The displacements of the atoms from the respective 
C(9), C(10), C(I 1), C(12), C(13) planes are given in Table 7. 

The mean C-C length and the C - C - C  angle in the - 0.21086X' - 0.70446 Y' - 0.67770Z' + 0.66323 = 0 
planar phenyl ring are 1-394 A and 120-0 ° respectively. 

IV. Five-membered ring ofthe fused ring system : C(7), The chlorine atom attached to the para position is 
C(8), C(13), C(14), 0(2) 0.069 A out of the plane of the phenyl ring. The ob- 

-O'lS065X'-O.69917Y'-O.69176Z'+0.65521 = 0  served C-C1 length of 1.728 +0'012 A is normal. Both 



V. K A L Y A N I  A N D  M. V I J Y A A N  257 

Table 5. Caleulated positions o f  hydrogen atoms 
in fractional coordinates 

a- y z 
H(2) 0.5859 0.2256 0.2818 
H(3) 0.3753 0.1740 0.0643 
H(5) - 0.0653 0.0861 0.2960 
H(6) 0-1443 0.1440 0.5129 
H(9) 0.3136 0.2120 -0.1497 
H(10) 0.3133 0.4447 -0.3303 
H(I i) 0.0661 0.5905 -0-3774 
H(12) -0.1911 0.5077 -0.2472 

the six-membered and the five-membered parts of  the 
fused ring system are planar  within experimental  error. 
The average C - C  distance of 1.421 A in the six- 
membered  ring is slightly greater than  the aromatic 
C - C  distance. However, this discrepancy is not statis- 
tically significant. 

As in the case of  the bromine compound,  the lactone 
group in the molecule, constituting the atoms C(7), 

O(2), C(14), O(1) and C(13), exhibits perfect planarity,  
the root mean square and the m a x i m u m  displacements 
of  the atoms being 0-004 and 0.007 ~ respectively. 
Also, the two C - O  bonds about 0(2)  show the expected 
asymmetry,  the one adjacent to the C=O bond being 
0.104 A less than the other. The length of the C(14)- 

Table 6. Short intramolecular contact distances 
The centrosymmetric equivalent ones are not given. Primes 

refer to atoms related by centre of symmetry. 

C(3)-C(I 4") 3-377 
C(5) -C(9') 3"482 
C(5)-C(8') 3.360 
C(8)-O(2") 3.0] 5 
O(2)-C(9') 3" 174 
O(2)-C(4') 2"929 
H(3)-O(2") 2.641 
H(5)-C(8') 3"332 
H(5)-C(9') 3-070 
H(9)-O(2') 2.728 

12"4'8 120"4. 
(1.2) (1 .o )~  

\ 
115"8 114"1 " 
~(1"1) (1"2y 
\118"8  1 2 6 ' 0  ~,~= 

132.0" (0.9) (1"0) 126.4 
/117"9 12-------2"3. (1'1)/109"-"0-~7'6 \(1'1) 

117,9 / (1 "0 )  (1"1)~121.0 114" //(0"9) (0"9)\ 1128.9 
(._.0'9)'120'9 119'3'(1'0) (0"7 /102"3 108"5\ ("1) 

121"2.(1"0) (0"9)/119'7 11-"'-~'z (0"8) 112"6 (1"0) 
,,,, ,0 ,08  

--(1".2) (1JO~ (0"9) 

~ C'5) 1'372 C(6) 
0(2) "l& 

1 '21_.._.~9 1 "728 
0(1) (0"016) C(1 )" C(4 ) -  C(1) (0'012) ,,~..ff. " J~  (0"013) ~ .~ ~,,,,¢0/,/~ 

.4 ~ 1 ' 4 1 9  " ~  1 "378  
C(13) C(8) C(3) (0.015)-C(2) 

, , , .~  4o~ ~0'017)- " ; . ~  

C(12) C(9) 

s.k _ 
1.411 

C(11) .(0.021) C(10) 

Cl 

C (8)-C !7)-C(7') = 111'9(1 '1) 
C (4)-C (7)-0 (2) = "108"3 (0'9) 

Fig.3. Bond lengths (/~) and bond angles (o); values in parenthesis denote the standard deviations. 
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c1 
0(1) 
0(2) 
c(1) 
c(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
c(8) 
C(9) 
C(10) 
C(11) 
C(12) 
C(13) 
C(14) 

Table 7. The displacements (A) of atoms 
from different mean planes 

Displacement from mean planes 
^ 

I II II[ 1V V 

0-069 
0.058 0-015 0"005 
0.016 0-000 - 0.002 

0"002 
--0"014 

0"013 
0"000 

--0"013 
0-011 

--0"014 
-0"031 --0"019 

0"020 0.014 
0"011 --0"004 
0.003 -- 0"002 

-0"016 --0-003 
--0"007 0.014 

0"018 

0"001 0"004 
--0.001 

0-002 0"000 
--0"001 --0"007 

0(2) bond (1.371 +0.014 •) corresponds to a double 
bond character of 10% (Curl, 1959) which means a 
10% contribution from the valence-bond resonance 
form C-C=O+-C. However, the C(14)-O(1) length of 

I 
O- 

1.219 +0.016 ~ agrees well with the C=O bond length 
of 1.23 A within experimental error. This suggests that 
the lactone group can be entirely represented by the 
formula C-C-O-C.  The precision with which the 

I: 
O 

atomic positions have been determined is not high 
enough to permit any rigorous estimate to be made 
regarding the contribution from the two canonical 
forms. However, it is felt that the asymmetry of the 
C-O bond distances about 0(2) is partly due to a small 
contribution from the form C-C=O+-C and partly due 

l 
O- 

to the smaller covalent radius of the sp 2 hybridized 
C(14) compared with that of the sp 3 hybridized C(7). 
The C(7)-O(2) length (1.475 + 0.014 A) is considerabl~' 
greater than the C-O single bond distance of 1-43 A 
(International Tables for X-ray Crystallography, 1962). 
This is a common feature found in many lactone com- 
pounds (Fridrichsons, Mathieson & Sutor, 1963; 
Kartha & Haas, 1964; Jeffrey, Rosenstein & Vlasse, 
1967; Kim, Jeffrey, Rosenstein & Corfield, 1967) and 
is probably due to the strain introduced as a result of 
the group being part of a ring system. Further, the 
exocyclic angles around C(14) are considerably greater 
than the internal angle O(2)-C(14)-C(13) (108.5 + 1.0 °) 
and of the two exocyclic angles, the one nearer to 0(2) 
is 6.3 ° less than the other. This is also a feature en- 
countered in many compounds containing 7-1actone 
(Przybylska & Ahmed, 1958; Gabe, 1962; Fridrichsons 

& Mathieson, 1962; Karle & Karle, 1966; Asher & 
Sire, 1965). 

The phenyl ring is oriented with respect to the fused 
ring system at an angle of 124.9 ° . The two rings are 
connected by a pure single C-C bond and hence this 
orientation should completely be determined by steric 
effects. The group is in steric contact with various atoms 
of the fused ring system in the same half of the molecule 
and in the centrosymmetrically related half of the 
molecule, with the oxygen atom O(1) in the molecule 
related by a translation along the a axis and with the 
atoms in the six-membered part of the fused ring sys- 
tem related by the b translation. A careful examination 
showed that any rotation of the phenyl group about 
C(4)-C(7) bond will give rise to greater steric interac- 
tions. 

The two centrosymmetric halves of the molecule are 
related by a C-C single bond of length 1.547 + 0-02/~,. 
In this conformation, the oxygen atom 0(2) in one of 
the halves is in close contact with the carbon atoms 
C(8) and C(9) of the other half of the molecule 
(Table 6). 

It can be clearly seen from Fig. 4 that any departure 
from centrosymmetry caused by the rotation of one 
half relative to the other about the C(7)-C(7') bond 
would prohibitively shorten these contacts and hence 

0(1) 

H(5)( 

o (2)(_.~ 

C(14) 
c(13 

H(6) 

C(12) 

H(11) 

c(1) 

C(2) 

C(3) 

H(3) 

H(9) 

~ ) H O 0 )  

H(2) 

Fig.4. A perspective view of the molecule as seen normal to 
the plane of the phenyl rings. 
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a centrosymmetrical arrangement is sterically favoured. 
An examination of a wire model confirmed this con- 
clusion. 

It might be mentioned that the bond lengths and 
bond angles obtained from the present analysis are 
similar to those found in the bromine compound. Con- 
siderable deviations are observed in individual values, 
but their significance cannot be ascertained in view of 
the high standard deviations of lengths and angles in 
the analysis of the bromine compound. The standard 
deviations obtained from the present analysis are much 
smaller on account of the higher precision attained in 
the location of atomic positions, presumably as a result 
of the more accurate treatment of the reflexion data 
from the upper level Weissenberg pictures and also 
owing to the lower scattering power of chlorine com- 
pared with that of bromine. 

0 c, 
oc o\ 

p~ ' ~ .  

.J 

.si.13 

Fig. 5. Arrangement of the molecules in the unit cell as seen 
normal to the (001) plane. 

ocf 
O H " - "  

%~ "v.- .~ 

csin y 

Fig.6. Arrangement of the molecules in the unit cell as seen 
normal to the (100) plane. 

Thermal vibrations 
The single-bond character of the C-C link that con- 

nects the centrosymmetrically related halves permits a 
twisting motion of the two halves about it. Further, 
the phenyl ring is connected to the fused ring system 
through a C-C single bond which facilitates rigid body 
oscillations of the ring. The temperature factors of most 
of the atoms in the structure can be satisfactorily ex- 
plained on the assumption that the main contribution 
to the thermal vibration amplitudes is from these two 
types of rigid body oscillations. 

An examination of Table 3 shows that the chlorine 
atom attached to the phenyl ring has the largest ther- 
mal vibration amplitude in the structure. This is only 
to be expected when it is remembered that the twisting 
motion of the two halves of the molecule gives rise 
to the maximum amplitude of motion to the chlorine 
atom as it is situated farther away from the centre of 
the molecule. Further, this atom is endowed with more 
freedom of motion as it is located at a free end of the 
molecule. The only other atom which does not form 
part of any ring system is the lactonic oxygen O(1) and 
consequently, it has the second largest average B value 
in the structure. 

Among the phenyl carbon atoms, the end atoms 
C(1), C(2) and C(6) exhibit large vibration amplitudes. 
C(3) and C(5) are nearer to the centre of the molecule 
and have lesser temperature factors. C(4) is the phenyl 
carbon atom nearest to the centre and has the smallest 
B value. Even a cursory examination clearly shows that 
the earlier assumption regarding the rigid body oscil- 
lations is quite compatible with the observed thermal 
parameters of these atoms. 

In the fused ring system C(10), C(11) and C(12) are 
farther away from the centre of the molecule and con- 
sequently, have the largest thermal vibration ampli- 
tudes. It is noticed that this amplitude decreases as one 
approaches the C(7)-C(7') bond. The carbon atoms 
C(8) and C(13) have smaller temperature factors than 
would be expected from the above picture, probably 
because they are covalently linked to three neighbour- 
ing atoms. The slightly higher B value of C(14) com- 
pared with those of the neighbouring ring atoms may be 
explained as due to the fact that the free oxygen atom 
O(1) is attached to it. 

No attempt has, however, been made to explain the 
thermal oscillations in terms of T and o) tensors 
(Cruickshank, 1956) as the assumptions involved in 
the calculation of these tensors are not strictly appli- 
cable to the present case. 

Molecular packing 
The arrangement of molecules in the structure as 

seen normal to the (001) and (100) planes are shown 
in Figs. 5 and 6 respectively. The arrangement is similar 
to that found in the bromine compound. The inter- 
molecular contact distances with a maximum limit 
specified as 0.2/~ greater than the sum of the van der 
Waals radii of the relevant atoms are listed in Table 8. 
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The only distances which are significantly shorter than 
the sum of the van der Waals radii of the atoms in- 
volved are H(3)A-O(1)B and C1A-C(12)F. 

Table 8. Intermolecular contact distances 

Primes refer to atoms related by inversion. 

A = x, y, z 
B = l + x ,  y, z 
C=x, 1 +y, z 
D= x, y, 1 + z 
E = l + x ,  l + y , z  
F = l + x , y ,  l+z  
G=x, l+y,  1 - z  

C(3)A--O(1)B 3.262 
H(3)A--O(I)B 2-355 
H(9)A--O(1)B 2.610 
C(4)A--C(12')C 3.712 
C(4)A--H(12')C 3.020 
C(5)A--C(11")C 3.640 
C(5)A--H(11')C 3.081 
C(5)A--C(12')C 3.537 
C(5)A--H(12')C 2-945 
C(11)A -C(5')C 3.640 
C(12)A-C(14")C 3.763 
CIA----H(10)D 2.999 
C1A----C(10)D 3"798 
C(6)A--C(10)D 3.751 
H(5)A--H(6')D 2"553 
H(6)A--C(5')D 3.082 
H(6)A--C(10)D 2"955 
C(2)A--C(10')E 3.643 
H(2)A--C(11')E 3"054 
H(2)A--C(10')E 2.983 
C1A----C(12)F 3"453 
C1A----C(I')F 3-691 
CIA-----C(2')F 3.732 
H(11)A-C(11')G 3.143 
C(11)A-C(11')G 3.782 

The structure can most adequately be described as 
consisting of close-packed layers of the molecules in 
the (100) plane repeated periodically along the crystal- 
lographic X direction. In each layer, each molecule is 
in contact with six other molecules surrounding it, as 
required by the theory of close packing of molecules 
(Kitaigorodskii, 1955). The molecules in this layer, as 
can be seen from Fig. 6, are very closely packed and 
obey the principle of 'bumps' in 'hollows'. In three 
dimensions each molecule is in contact with 12 neigh- 
bours at distances + (a, b, c, a + b, a + e and b -  e), thus 
giving a molecular coordination number of 12. Accord- 
ing to Kitaigorodskii, a coordination number of 12 is 
assumed to provide adequately close packing. The 
packing coefficient k of the structure defined as 

k = Z Vo/ V , 

where Z is the number of molecules in the cell, V0 the 
molecular volume and V the cell volume (Kitaigorod- 

skii, 1955) is 0.68. The corresponding value for the 
bromine compound is 0.69. 
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