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The Crystal and Molecular Structure of meso-3,3’-Di-( p-bromophenyl)bi-3-phthalidyl

By V. KALYANI, H. MANOHAR* AND N.V. MANIT

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

(Received 26 October 1966)

The crystal structure of the title compound has been determined by the heavy-atom method and Fourier
techniques using visually estimated photographic data. It crystallizes in the space group PT with cell
dimensions a=7-98, b=808, c=9-66 A, a=85°23’, #=98°24’ and y=104°41’. The parameters have
been refined by three-dimensional least-squares procedures with anisotropic thermal vibrations for all
the atoms. The final R index for 932 observed reflexions is 0-096. It has been established that the stereo-
isomer taken up for investigation is the meso form existing in a staggered configuration. Two character-
istics of the lactone group, viz., the inequality of the C-O bonds and the planarity of the group are

also confirmed in the present study.

Introduction

A variety of reducing agents convert o-benzoylbenzoic
acids (I) and their acid chlorides (II) to 3,3'-diarylbi-
phthalidyls (IIT). Two isomers, viz. the racemic (pL) [IV
and V, one being the dextro (D) and the other the laevo
(1) form] and the meso form (VI) having structure (III)
are theoretically possible. However, no attempt has so
far been made to define their stereochemistry. This in-
formation would be of considerable value in under-
standing the steric factors involved in their formation,
particularly because the two stereoisomers are formed
in unequal proportions. In view of this, the more
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(v

abundant isomer of the bromo derivative (III, 4'R = Br)
was taken up for X-ray analysis, the results of which
are reported below.

Crystal data

The halo derivatives and the unsubstituted diphenyl-
biphthalidyl (III, 4R =Br, Cl and H) were prepared
by the reaction of o-benzoylbenzoyl chlorides (I, 4R =
Br, Cl and H) with a solution of sodium iodide in ace-
tone. The stereoisomers, meso and racemic, were sep-
arated by fractional crystallization. The more abundant
fractions of the three compounds were kindly made
available to us by Prof. M.V.Bhat of the Organic
Chemistry Department. The crystals were transparent
and most of the specimens were tabular or needle-
shaped. The crystal data for all the three compounds
are summarized in Table 1. The cell dimensions were
determined from rotation and zero-level Weissenberg
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photographs taken with Cu Ka radiation for crystals
rotating about the three crystallographic axes. Density
determinations were made by flotation in aqueous po-
tassium iodide solution.

The good agreement in axial dimensions and inter-
axial angles (Table 1) for the triclinic crystals of bromo
and chloro compounds as well as similarity in their
crystal habits suggested a high degree of isomorphism
between the two compounds. Statistical tests (Wilson,
1949; Howells, Phillips & Rogers, 1950) carried out
with corrected intensities in 40/ and Ok/ zones to dis-
tinguish between the space groups P1 and PT were
ambiguous. This is probably due tothe presence of heavy
atoms and also to the inadequate number of observa-
tions used to draw the N(z) distribution curves.

The bromine substituted title compound (III, 4'R =
Br) was first taken up for X-ray analysis and the heavy
atom method was employed for the solution of the
structure.

Data collection

The three zero-levels were recorded with Cu Ko radia-
tion by the multiple-film Weissenberg technique. High-
er level integrated intensities of the general Ak L reflex-
ions, for L from 1 through 8, were collected by the
equi-inclination method. Of the 2720 possible inde-
pendent reflexions accessible in the effective copper
sphere, 1913 were recorded, out of which 932 were in
the measurable range. The intensities were estimated
visually by means of a time-exposure calibrated strip
prepared with the same specimen and corrected for
Lorentz and polarization factors. The physical correc-
tions for absorption for cylindrical specimens of mean
radii 0-20, 0-22 and 0-32 mm were applied to the Ok/,
hOl and hkl data respectively (Bond, 1959). Wilson’s
(1942) procedures were used to derive the absolute
scale for all the three zero-level data and comparison
of common reflexions yielded the scale factors to be
used for the conversion of the higher level data.

Table 1. Crystal data for diphenylbiphthalidyl and its halo derivatives

Unsubstituted,

C25H1804
Formula weight 418-42
Cell parameters a 7-72
b 14-38 +0:02 A
c 993
o _
B 98:5 +0-9°
y —_—
Unit cell volume, U 1090-4 A3
Space group P24/c (no.14)
Density Dn 1-288 g.cm™3
D, 1-274
Molecules per
unit cell, zZ 2
F(000) 436 ¢
Linear absorption
coefficient for
X-rays (1=1-542 A) 6-98 cm-1

Bromo derivative, Chloro derivative,

C28H1604Br> CasH1604Cl;
57624 487-32
7-98 7-89
8-08 l +002 A 8-06 +0-02 A
9-66 | 965
85-4 887
98-4 ! +0-9° 99-5 +0-9°
104-7 | 1044
595-2°A3 585-8°A3
PT1 (no.2) PI (no.2)
1-619 g.cm—3 1-:371 g.cm™3
1-607 1-381
1 1
286 ¢ 250 ¢
49-99 cm-1 2696 cm~1
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Structure determination

The analysis of the structure was commenced assuming
the centrosymmetric space group. With one formula
unit in the full cell, the space group requirement will
be fulfilled only if the molecule has a centre of inversion
as its symmetry element. The easy convergence of the
refinement of the structure in this space group to a
final R value of 0-096 confirmed the validity of our
assumption and also definitely established that the
substance under investigation was indeed a meso
isomer. Further support is received from the fact that
the abundant fraction of the free diphenylbiphthalidyl
crystallizes in the uniquely derivable space group P2,/c.
With only two formula units of this compound in the
monoclinic cell and a fourfold multiplicity of a general
position, considerations of space group symmetry again
require that the molecule should possess a centre of
symmetry. Therefore the assumption of the same mo-
lecular symmetry for the abundant isomer of the bromo
compound was amply justified.

The bromine positions were easily found by inter-
pretation of (010) and (001) Patterson projections made
using 84 and 75 observed reflexions respectively. The
Fourier syntheses based on the bromine phases con-
structed subsequently with 78 and 71 amplitudes from
h0! and hkO zones confirmed the heavy atom positions.
The first set of structure factor calculations yielded the
R values 0-24 and 0-31 for the two respective zones,
when 16 and 13 lighter atoms, placed on the peaks,
were included in the calculations.

Successive approximations to the electron densities
in these projections initiated with phases given by the
bromine and refined by continually adding lighter
atoms to the trial model gave a reasonably accurate
picture of the molecular structure. The trial structure
at this stage included all the atoms other than hydro-
gen atoms and the atomic parameters were refined by an
iteration process of residual electron density projec-
tions down the b and c axes. The refinement using zonal
data was terminated when the R values did not drop
below 0-22 and 0-19.

For the foregoing calculations, the atom form fac-
tors were derived with the use of an analytical expres-
sion involving five constants for each atom (Forsyth &
Wells, 1959) and a uniform isotropic B value of 3-5 A2
was applied to all atoms. The above mentioned Fourier
summations at 6° intervals were done on the Ferranti
SIRIUS computer at N.A.L., Bangalore, with pro-
grams devised in this laboratory (Kannan, Vijayan &
Nambudiri, 1966).

Three-dimensional refinement of the structure by the
least-squares method was then attempted with all 932
observed reflexions. The initial stage of the refinement,
which involved the diagonal approximation and use of
individual isotropic thermal parameters, was done on
the CDC-3600 computer system at Bombay with a
program prepared by Kannan et al. (1966). The atom
form factors were now modified by use of a nine-
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parameter analytical expression evolved by Cromer &
Waber (1965). Three separate sets, each consisting of
three cycles of structure-factor least-squares (SFLS)
calculations, lowered the overall R value from 0-30 to
0-185. The unusual feature in these calculations was
the consistently low values ranging from 1-5 to 2-5 A2
of the isotropic B values indicated for all atoms. These
were increased at the end of every cycle to values be-
tween 3-0 and 4-5 A2 and the various zones were indi-
vidually scaled up before another run was made. The
low values of the thermal parameters encountered here
may be attributed to appreciable variations in absorp-
tion factors from the mean due to the large absorption
coefficient of 50 cm~! (A=1-542 A) and consequently,
the final temperature factors reported are probably
lower than the true ones. Bond distances and valency
angles computed for the first time at this stage revealed
considerable distortions in the phenyl ring with C-C
lengths varying from 1-2 to 1-6 A and internal angles
from 108 to 130°. Atomic positions of the carbons C(1)
to C(6) (Fig. 1) were then adjusted by trial to bring the
distances in the phenyl ring to normal values.

The last set of structure factor calculations showed
some consistent discrepancies between F, and F, values
which suggested introduction of anisotropic (ellip-
soidal) thermal parameters for some of the atoms.
Indeed difference electron density diagrams constructed
with 40/ and #k0 data earlier clearly indicated an aniso-
tropic vibrational pattern for the bromine atom. The
final cycles of SFLS refinement were performed on the
National Elliott 803-B computer at Hindustan Aero-
nautics Ltd, Bangalore, with a generalized program
devised by Dr G.A.Mair of the Royal Institution,
London. This program minimizes the function
ZwlkFo,— F¢|?, where w is the weight assigned to the
observed structure factors and k is a refinable scale
correction. This program uses the block-diagonal ap-
proximation with a 3 x 3 matrix for the positional par-
ameters and a 6 x 6 or 1 x 1 matrix for the anisotropic
or isotropic thermal parameters of each atom. The
scale factor for the F,’s and the overall isotropic B

Table 2. Fractional atomic coordinates
e.s.d’s x103 A in parenthesis)

x y z

Br 0-5373 (2) 0-2429 (2) 05666 (2)

o) -0:3576 (11) 0-2592 (11) —0-0204 (12)
0Q2) —0-1562 (10) 0-1097 (10) 0-0542 (10)
C(1) 0-3739 (18) 0-1847 (17) 0-4046 (16)
C(2) 0-4429 (17) 0-1971 (16) 0-2750 (14)
C@3) 0-3242 (15) 01712 (15) 0-1539 (16)
C(4) 0-1425 (14) 0-1270 (15) 0-1584 (14)
C(5) 0-0753 (17) 0-1161 (15) 0-2883 (15)
C(6) 0-1970 (18) 0-1451 (17) 0-4126 (16)
C(M) 0-0132 (13) 0-0939 (14) 0:0232 (14)
C(8) 00531 (14) 0-2311 (14) —0-0952 (13)
(o/¢)) 0-2005 (16) 0-2747 (16) —0-1720 (14)
C(10) 0-1992 (18) 0-4068 (16) —0-2747 (16)
can 0-0626 (17) 0-4901 (16) —0-3026 (15)
C(12)  —0-0817 (18) 0-4450 (16) ~0-2251 (15)
C(13) —0-0827 (14) 0-3100 (15) —0-1235 (13)
C(14) —0-2150(18) 02328 (17) —0-0271 (16)
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Table 3. Observed and calculated structure factors (x 50)
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Table 3 (cont.)

h k F

obs Follo hook Fobs I;‘oal:: h k Fobu F\oalo

=5 4 1499 -1543 -1 =2 298 309 1 - 8 151
=5 =4 522 =565 -1 =3 663 -708 1 -3 329 621
-6 0 693 691 -1 =4 377 a1 1 -5 428 -426
-6 2 843 =91 -1 =5 17181 814 1= =6 357 =300
-6 3 1023  -968 =2 0 1373 -1184 2 0 1659 =~1567
-6 4 383 435 -2 1 905 949 2 2 1350 1327
=€ 5 1724 =721 =2 2 710 649 2 3 719 704
-6 6 (34 =795 -2 3 1565 -1382 2 4 1389 -1465
-6 8 419 435 -2 4 340 308 2 5 638 =136
-6 =1 444 511 -2 5 1250 1152 2 6 512 572
<7 1 317 324 2. 7 348 -442 2 -5 1028 946
=T 3 485 409 -2 -1 1527 -1470 30 1741 1591
=7 8 247 304 -2 =2 862 692 3 1 372 347
=T =1 293 336 -2 =3 1386 1321 302 1237 -1261
-2 -4 465 -389 34 3 446

/N =3 1 1337 =120 3 -1 260 218

0 0 1027 1017 -> 3 845 M 4 0 1147 -1193
0 1 1840 1844 =3 4 4% 423 4 2 661 770
0 2 1395 =1390 =3 5 675 =663 4 4 332 =460
0 3 1597 -1590 =3 6 456 =389 4 6 250 283
0 5 1005 1109 | =3 7 559 480 4 -1 383 325
0 -1 9% 973 | =3 9 284 -303 5 0 681 689
0 -2 675 =780 =3 -1 901 874 5 1 250  -285
0 -3 897 992 -3 -5 651 643 5 2 689 =750
0 -3 929 1033 -4 1 752 690 5 4 428 537
0 —t 397 -58% -4 2 950 854 6 0 652 =587
0 -6 349  -498 -4 3 793 -786 6 1 445 594
1 0 1822 -1716 -4 4 985 -370 6 2 201 385
11 1258  -1182 -4 6 410 352 6 3 340 =350
12 1232 1098 -4 -2 1129 1077 6 4 216 =453
103 1067 1css | -4 -3 385 407 70 443 33
14 1899 -1825 =4 -4 617 -561 -1 0 1024 968
15 389 ~356 -4 -5 245 =360 -1 1 287 382
16 539 512 -4 -6 200 -338 -1 2 615  -T32
1 7 573 434 =5 0 1359 1386 -1 3 874 -819
1 -1 1777 1754 =5 2 1173 -1233 -1 4 e70 817
1 -2 2051 2192 =5 4 434 433 -1 5 890 899
1 =3 957 =797 => 5 615 =TT -1 6 5% 521
}oeq 1135 -1021 =5 8 415 476 -1 7 480 -532
2 0 1343 1281 =5 =1 1285 133 -1 -1 816 74
2 1 812 795 | "3 -3 468 -561 -1 -2 830  -693
2 2 974 =965 | -5 <4 249 -402 | -1 -4 532 605
2 3 455 =300 =6 0 619 572 -2 0 1082 -1021
2 5 613 555 =6 1 731 659 -2 1 1414 -1384
2 6 535 - -6 3 646 -649 -2 2 1958 1433
2 =9 436 -8 -6 4 389 ~532 -2 3 1290 1256
50 1456 -1360 =6 5 569 -637 -2 4 499 =479
3 2 1378 1226 | <7 1 268 =302 | 2 5 572 589
303 548 528 =T 3 461 297 -2 1 30 298
3 4 953 =068 ST 4 389 464 -2 -1 299 356
4 0 1422 249 | <1 5 643 =519 | -2 .2 968 1108
4 1 379 319 =T 6 433 =-458 -2 =3 1054 =-1017
4 2 1306 -1279 | =T 8 660 316 | _» .5 490 53
4 4 697 702 -8 7 260 =262 -3 1 680 703
4 6 289 =264 =9 3 215 2n -3 2 227 312
4 -2 615 -1474 2 33 599 -665
5 0 1037 =1007 - 6 =3 5 469 580
5 2 532 564 0 0 1267 -1240 | =3 7 456  -555
5 4 450 431 0 1 1040 -828 =3 9 18 128
6 0 790 801 0 2z 1489 1115 =3 =1 819 ~-312
6 2 629 ~661 0 3 795 808 -3 =2 410 261
6 4 264 293 0 4 901 =916 -4 1700 -817
7 1 285 252 0 5 795 =813 -4 5 633 695
7 2 305 390 0 6 214 432 -4 5 902 =959
T3 238 =252 0 7 33 395 | -4 7T 263 397
8 0 5135 sa1 0 -1 808 763 [ -4 <} 62 676
-1 0 1312 -1089 0 -2 763 797 | -4 =3 542 -tes
-1 1 716 -2133 10 1396 1338 -4 -4 358 313
-1 2 346 352 11 901 8N =5 3 9Mm =007
-1 3 1679 1587 1 2 1329 -1326 =5 =2 7 600
-1 5 1029 =985 1 3 844 -670 | =5 =3 507 600
-1 7 T10 729 1 -1 355 358 =5 =5 315 -392
-1 -1 1644 1618 1 =2 1090 -1040 -6 0 90 875

are refined in a 2 x 2 matrix. The anisotropic tempera-
ture exponent T has the form

T= exp[ - (b1 1h2 + b22k2 + b3312 + blzhk + b13h1+ b23k1)]

and the weighting scheme used, due to Mills & Rollett
(1961), has the form

e s (22

bk F\obs Fcnlc ok l?obs Fonlc bk l;‘obs Ft;nl::
-6 1 469 526 | -2 5 405 458 | -2 1 285 =347
-6 2 9/5 -1040 | -2 6 570 -€4 -2 2 865 769
-6 3 421 -369 | -2 7 598 -6s2 | -2 3 629 613
-6 4 531 551 § -2 & 176 169 | -2 4 778 =813
-6 71 282 409 § -2 -1 230 63 | -2 5 705 =768
- 8 182 233 | -2 -2 366 -497 | -2 6 306 257
-6 =1 525 596 -2 -3 385 -496 -2 17 238 231
-7 3 258 38 | -3 1 397 -445 | -2-1 1038 1033
-7 4 361 =393 | -3 2 617 597 | -2-3 172 =178
-3 1 202 250 -3 3 1028 1104 -2 =4 324 =431
-3 4 605 =569 | -3 © 871 1038
{7 -3 5 772 786 | -3 1 575 524
-3 7 226 265 | =3 2 653 =651
0 0 1894 2120 | -3 -1 960 1004 | -3 3 370 =390
0 1 53 552 | =3 -3 668 -720 | -3 4 336 234
0 2 1549 ~1534 | -4 O 498 458 | =3 6 496 =472
03 114 1144 L4 1 689 710 { -3 7 175 <264
0 4 357 521 | -4 3 505 -594 | -3 8 206 236
05 277 330 | -4 6 358 -440 | =3 -1 444 404
0 8 255 287 -5 7 201 334 -3 =2 756 =951
0-2 900 -1142 | -6 2 443 -463 | -4 2 403 386
0-4 435 524 | -6 3 352 467 | -4 3 202 217
1.0 1287 1123 | .6 5 481 610 | -4 4 707 -648
11 112 -806 -6 =2 229 241 -4 5 338 =440
1.2 310 961 -4 17 168 179
14 772 -809 £ -3 -4 -1 427 435
1.6 563 724 -5 1 448 533
17 180 218 | O 1 434 402 o5 gy 35
1ot es a8 | O 1 390 ~432 5 5 495 -g5s
1.2 1643 1786 | O 5 B9 /4|5 5 457 855
-3 53 602 0 6 498 542 | o ¢ 269  -191
1 -4 947 -1081 o -2 1097 1240 |2 7 08 422
1.5 521 -1 { O =3 5% 689 | & 2 7 g2
2 0 1359 1306 0 -4 378 572 | g9 23 384
2 1 6% -652 11 906 785 | 5 5 154 197
2 2 1082 -1035 12 855 -888
2 4 503 648 15 415 385 29
205 a9 -see |04 %0 SR s oo
27 mo e | 1 & 20 =388 o %
2 -1 796 703 1 7 226 500 ¥l
1 -3 571 515 0 3 415 518
5 0 85  -816 > o i -atr o1 617 743
32 122 763 2 1 285 248 C -4 403 481
32 o M 5 2 k6 s | 1 0 513 -538
; é 3% "24“6 2 3 413 -3 20 495 4N
SRR AR
4 0 606 568 | 2 6 22 216 4
2 -1 531  «508 -4 0 603 664
4 1 535 =637
4 2 408 -392 30 652 464 2 .10
4 3 291 368 3 ! 727 =800
4 4 389 530 302 4 47T 0 o0 250 -136
45 231 262 | 3 3 520 612 | 5 4 357 524
5 0 412 =325 34 393 501 0 2 247 322
51 582 673 | 3 5 389 461 | o 3 403 g7
5 2 44 526 | 3 6 244 =0T o 5 4 288
53 388 w543 | 3 <1 66T 676 | o g o3 47
5 4 187 =291 4 1 13 810 0 -1 519 =635
5 -1 980 -1023 4 2 41 44| 4 o 722 196
6 1 327 -a21 4 3 416 -538
-1 0 1118  -1095 4 4 262 -364 4 11
-t 1t 579 -616 4 =5 802 -868
-1 2 1149 1299 5 1 397 ~531 o 1 290 -264
13 918 036 | > 3 293 0| 03 2% 383
-1 4 1016 ~11cz | -1 0 1040 1064 2 -2
S5 721 —eso | 12 1254 -132 2
-1 6 257 223 | 713 388 -3 514 484
-1 7 269 264 | T1 4 4m 373
-1 -1 540 581 -1 5 76 110
~1-2 89 8oy | TV 8 139 193
-1-3 €00 =471 | =1 -1 604 692
-2 1 642 664 | Z1 -2 16 -888
-2 2 565 -a9e | <1 74 38T -d43
-2 4 316 -0 | <70 751 -Te

The constants a and b set by the users have the values
32 and 20 respectively for k=0-5.*

Anisotropic thermal factors were first applied to
bromine atom and O(1) of the lactone ring, which had
high B values, then progressively to atoms of the phenyl

* Dr G.A.Mair states in the program description that this
weighting scheme works satisfactorily for photographic data
with a=8Fmin and b=5Fmix and we have used these values
for Fmin=4.
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ring and finally extended to all atoms. Following seven
cycles of SFLS calculations, the refinement was ter-
minated when the R value dropped to 0-096 from an
initial value of 0-185 for all the observed reflexions.
Table 3 lists the F, and F, values based on the final
atomic positions given in Table 2. Structure factors
have been computed for about 980 unobserved reflex-
ions (not given), of which only 60 are slightly above
the threshold amplitudes.

A disconcerting feature of the refinement procedures
which persisted till the end concerns the large para-
metral shifts shown for some of the light atoms par-
ticularly those of the phenyl ring. Considerable fudging
of the shifts had to be exercised in these cases for every

Fig. 1. Sections of the final three-dimensional electron density
map projected on the (010) plane. As the molecule possesses
an inversion centre, only one half is represented. Contours
start at 1-0, 1-5 and 3-0 e.A—2 for C, O and Br respectively.
Intervals are at 0-5 e.A-3 for C and O and 2e.A-3 for Br.
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cycle, as, otherwise, the indicated movements would
have resulted in a highly distorted geometry of the
phenyl ring. The reason for this is not quite clear, al-
though it is believed to be partly due to the use of
‘truncated’ three-dimensional data and partially diag-
onalized matrix elements. A final three-dimensional
difference map (not shown) was computed in an attempt
to locate the hydrogen atoms; but it did not prove
useful in indicating their positions. Hence the hydrogen
atoms were located at a calculated distance of 1-08 A
from the appropriate carbons. Addition of all the hy-
drogen atoms to the model lowered R by only 0-1%;.
A temperature factor of 4:5 A2 was used for all the
H atoms; neither this nor their positional parameters
was refined. The mean parametral shift in the light
atom position in the ultimate least-squares cycle was
0:021 A (~1-40), the only exceptions being the x co-
ordinate of C(1) and the y coordinate of C(6) for which
the shifts measured as much as 2-6¢. The shifts in the
heavy atom position was 0-0006 A (~0-3¢). The e.s.d.’s
(0’s) are the average values obtained from the inverse
of the appropriate block-matrix 4! and from the rela-
O =LA T w(IkFo— Fal(n—s)T*

where the symbols have the usual meanings.

Results

The final atomic coordinates (in fractional units) that
resulted from our analysis and the e.s.d.’s (in A) (in
parenthesis) are given in Table 2. The components by
of the anisotropic thermal parameters and the equiv-
alent isotropic B values (A2) as evaluated from Ham-
ilton’s (1959) formula

B=% 2 X bij(a . ay)
it J

are represented in Table 4. The magnitudes and direc-
tion cosines of the principal axes of thermal vibration

Table 4. Anisotropic thermal parameters ( x 10%) for th e expression
T= exp[ - (bl 1h2 + b22k2 + b3312 + b23k1+ b31h1+ blzhk)]
and the equivalent isotropic thermal parameters (Hamilton, 1959)

Atom b1 b2 b33
Br 256 272 119
o) 120 219 163
0Q) 105 108 123
c 269 139 109
C(2) 178 181 64
C(3) 112 142 118
C4) 105 126 69
C(5) 190 126 74
C(6) 207 185 97
C(7) 67 127 73
C(8) 105 99 61
C(9) 169 174 56
C(10) 228 139 94
C(11) 192 173 72
C(12) 245 131 77
C(13) 119 142 52

C(14) 190 180 117

b1z ba3 b13 B
184 -79 —113 5-73 A2
159 101 51 4-61
44 —1 122 3-08
80 -19 -75 477
118 -20 -33 3-66
—-19 55 73 3-54
54 28 14 273
115 32 85 3-28
49 —-30 118 4-27
73 20 43 2-38
32 37 72 2:37
12 38 137 345
95 29 69 4-03
73 —-13 48 3-79
71 -27 8 3-99
18 —13 80 2:72
—93 -~59 70 4-68
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ellipsoids, as derived from the parameters of Table 4,
are listed in Table 5. Although serious attempts to
interpret these values are not made in view of their
limited accuracy mentioned earlier, the maximum mo-
tion appears to be in a direction normal to the ‘phthal-

Table 5. Magnitudes and direction cosines, relative to
the reciprocal crystallographic axes, of the principal axes
of the thermal vibration ellipsoids

Atom  Axisi B;(A?2) gn gn g3
Br 1 2:98 0-7769 0-1593 0-7257
2 8:56 —0-5984 0-1158 0-6459
3 6-00 0-1977 0-9813 —0-2373
o(l) 1 7-49 07771 0-7630 0:2702
2 222 —0-2310 0:5156 —0-8422
3 4-32 —0-5856 0-3902 0-4679
02 1 4-93 0-8690 0-3017 0-5879
2 1-88 0-4454 0-3897 —0-8028
3 2-36 —0-2148 0-8730 0-1001
C(1) 1 7-34 0-5686 0-4451 —~0-7028
2 321 0-5553 0-6556 0:6590
3 3-36 —0-5925 0-6278 —0-2523
C(2) 1 1-95 —~0:6740 0-2876 —0-6907
2 5-52 —0-2121 0-8298 0-2538
3 413 0-5613 0-5385 —0-6689
C(3) 1 4-80 —0-5318 06291 —0-4493
2 2:26 0-6416 0-2795 —0-6751
3 3-47 0-5536 0-7261 0-5855
(eC:)} 1 3-47 0-6971 0-8289 —0-1898
2 1-85 —0-6909 0-5308 —0-1158
3 2-46 0-1875 0-1781 0-9754
C(5) 1 4-43 0-5398 0-4128 0-8296
2 2:42 —0-8329 —-0-1631 0-4342
3 2-89 —0-1255 0-8965 —0-3536
C(6) 1 1-72 0-8824 0-3942 —0-3282
2 647 —0-4332 0:5462 -0:7025
3 4-88 0-1832 0-7405 0-6312
C() 1 3:36 0-2780 0-8954 0-4050
2 1-22 —0-1595 0-4400 —0:9050
3 2-05 —0-9473 —0-0705 0-1335
C(8) 1 1-90 —0-8774 0-0584 0-2465
2 3-15 0-4508 0-3131 0-9005
3 2:70 0-1643 0-9484 —0-3596
C©) 1 1-72 —0-8756 0-0223 0-2788
2 4-33 0-4613 0-7744 0-5672
3 3:70 —0-1454 0-6324 —-0-7755
C(10) 1 2:56 —0-7994 0-0219 0-4293
2 535 —0-4304 0:3149 —~0-8733
3 3-96 0-4197 0:9492 0:2324
c1n 1 518 —0:0793 0-8357 —0-5397
2 2-85 0-9854 0-3781 0-2136
3 3-85 —0-1504 0:3996 0-8152
C(12) 1 5-86 —0-2027 0-0096 0-9352
2 2:42 0-7575 0-8085 0-1640
3 3-88 —0-6205 0-5889 —0-3146
C(13) 1 1-43 0-8402 0:3641 —0-4153
2 3-66 —0-0039 0-9259 0-2143
3 2:97 —0-5428 0-1046 —0-8846
C(14) 1 6-82 —0:4070 0-6329 —0-6205
2 3-02 —0-1127 0:4726 0-7839
3 3-81 09065 0:6137 —0-0367

STRUCTURE OF meso-3,3’-DI-(p-BROMOPHENYL)BI-3-PHTHALIDYL

idyl’ ring. The final three-dimensional electron density
map corresponding to the asymmetric half of the mol-
ecule is shown in Fig.1 by means of superimposed
contour sections drawn perpendicular to & axis. The
atomic arrangement is also indicated.

Discussion

Interatomic bond lengths and valency angles in the
molecule with the corresponding e.s.d.’s in parenthesis
are indicated in Fig.2. The mean value of the aromatic
C-C bond is 1-406 A, which is slightly above the nor-
mal value of 1-395 A. However, since the standard
deviation of this bond is 0-022 A, by Cruickshank’s
significance criterion (Lipson & Cochran, 1957), the
difference is not appreciable. None of the bond lengths
between two sp3 hybridized carbon atoms (1-571 A),
between sp* and sp? (1:538 A) and between two sp?
hybridized carbon atoms (1-494 A) differ significantly
from accepted values of 1-545, 1-525 (Sutton, 1958) and
1:477 A (Dewar & Schmeising, 1959) respectively. The
C(aromatic)-Br distance of 1-893 A is normal and
agrees well with the average of several recent accurate
determinations.

The two nominally equivalent C-O bonds differ
significantly in length. Similar differences were first
encountered in the y-lactone ring in himbacine hydro-
bromide (Fridrichsons & Mathieson, 1962) and have
subsequently been authenticated from many other
determinations (Karle & Karle, 1966; Gabe, 1962;
Schoenborn & McConnell, 1962; Fridrichsons, Math-
ieson & Sutor, 1963; Kartha & Haas, 1964; Asher &
Sim, 1965). The C(7)-O(2) bond length of 1-465 A does
not differ significantly from the C-O single bond dis-
tance of 1-43 A (Sutton, 1958). On the other hand,
the C(14)-O(2) bond adjacent to the C=0 group is
considerably shorter, being 1353 A. This shortening
has been interpreted in two ways (McConnell, Mathie-
son & Schoenborn, 1964): either as due to the hybrid-
ization of O(2) which is assumed to be in a trigonal
sp? state and its interaction with C(14); or, alternatively,
as due to a partial double bond character of the C(14)-
O(2) bond, with O(2) acquiring a positive charge and
O(1) a negative charge. This accounts for the planarity
of the atoms C(13), C(14), O(1), O(2) and C(7) of the
lactone group, just as in the case of the ester group
and carboxylic acids. These two characteristics, in-
equality of the two C-O bonds and planarity of the
lactone group, have been confirmed in the present
studies. The amount of double bond character of the
C(14)-0O(2) bond has been estimated from a plot of
double bond character versus C-O bond lengths, as
indicated by Curl (1959) and is found to be approx-
imately 14%. In common with other structures, no
evidence for the slight lengthening of the C(14)=0(1)
double bond, as suggested by Curl, has been noticed,
the bond distance of 1-221 A (6=0-021 A) agreeing
well with the normal value of 1-23 A (Sutton, 1958)
within experimental limits.
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The average value of the C-C-C angle in the two
phenyl rings is 119:9°. The following points regarding
the angles around the sp? hybridized carbon atom C(14)
may be observed. Although the sum of the angles at
C(14) is 360°, the two exocyclic angles are appreciably
different from the internal angle of 107-5°. The internal
angle in the lactone ring, i.e. not containing the double
bond, is the smallest. Further O(1)-C(14)-0(2), the
angle subtended by the two oxygen atoms, is smaller
than O(1)-C(14)-C(13) by 8-6°. The latter interesting
feature has been observed by us in several of the struc-
tures containing the p-lactone ring system. A few
examples of the differences between the two angles ob-
served in various structures are as follows: (i) anno-
tinine bromohydrin (Przybylska & Ahmed, 1958), 6°;
(ii) himbacine hydrobromide (Fridrichsons & Mathie-
son, 1962), 7°; (iii) bromodilactone from jacobine
(Mathieson & Taylor, 1963), 8° and 13°; (iv) p-bromo-
benzoate-glaucarubin (Kartha & Haas, 1964), 7°; (v)
shellolic bromolactone hydrate (Gabe, 1962), 6° and
(vi) anemonin (Karle & Karle, 1966), 5° and 8°. There
are some significant differences between the tetrahedral
angles at C(7). The widening of the angle C(4)-C(7)-
C(8) is the result of steric hindrance between the hydro-
gen atoms attached to atoms C(3) and C(9), this close
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contact being 2:22 A. The decrease in the angle O(2)-
C(7)-C(8) from 109-5° to 102-5° may be ascribed to
the considerable strain in the y-lactone ring as a result
of the shortening of one C-O bond.

Since the bromine atom and the carbon atom C(1)
to which it is attached have high temperature factors,
it was felt that thermal motion might have considerable
effect on the C-Br bond length. This distance was
therefore corrected for thermal oscillations using the
method of Busing & Levy (1964). The motions of C
and Br cannot be described completely as either cor-
related or uncorrelated. However, the former descrip-
tion may be a better approximation to physical reality,
as the C-Br bond is a strong covalent linkage. There-
fore, the correction was applied assuming correlated
or ‘in phase’ motion. It was however found that the
corrected distance of 1-903 A is not much different
from the uncorrected value. The C(14)-O(1) distance
was also corrected likewise, the corrected value being
1-225 A. Here again the correction is not significant,
being much smaller than the e.s.d. of the bond.

The equations for the mean planes through the
phenyl ring, the fused ring system and the lactone
group have been derived by Blow’s method (Blow,
1960). The equations are referred to a set of orthogonal
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Fig.2. Bond lengths (A) and bond angles (°); values in parenthesis denote the estimated standard deviations,
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axes X', Y’, Z' where X' coincides with the crystallo-
graphic X direction, Y’ lies in the XY plane and Z’ is
perpendicular to the XY plane. The equations are as
follows:

Phenyl ring:
0-2303X’'—0-9678Y’+0-1017Z' +0-7201 =0
Fused ring system:
0-2180X’+0-7041Y’'+0:6758Z' —0-6376 =0

Lactone group:
0-1937X’+0-7097Y'+0-6773Z' —0-6673=0

A projection of the molecule (excluding hydrogen
atoms) in the plane of the fused ring system and the
out-of-plane distances of the atoms are given in Fig.3.
The phenyl ring, the fused ring system and the lactone
group are essentially planar, the displacement of the
atoms from the respective mean planes being, in gen-
eral, less than their standard deviations normal to the
planes. However, the bromine and the oxygen atom
O(1) are off the mean plane of the phenyl ring and the
fused ring system by 0-116 and 0-080 A respectively.
The phenyl ring is inclined at an angle of 124-2° to
the plane of the fused ring system belonging to the
same half of the molecule. This orientation of the
benzene plane and the centrosymmetrical conforma-
tion of the molecule correspond to a position of least
steric hindrance. Any deviation from this configuration
would only shorten some of the intramolecular con-
tacts while increasing the others. The short intramol-
ecular non-bonded distances are given in Table 6.

Table 6. Short intermolecular contacts

Br4 —C(1))D 3-681 A
Br4 —C(10)C 3-838
C(2)A—C(10)B 3-709
C(2)4A—O(1)B 3-409
C(3)A—O(1)B 3-151
C(1) 4-C(9")B 3:500
C(12)A-C@4)E 3:729
C(12)4-C(5)E 3:661
C(11)4-C(5"E 3-638

The coordinates of the atoms of molecule 4 are related
to those of molecules B to E by the following symmetry
relations:

Molecule Coordinates
A x ¥y z
B 1+x y z
C X y 14z
D 14+x y 14z
E x 14y z

The arrangement of molecules in the unit cell as seen
in the 40! and AkO projections is shown in Figs.4 and 5.
It can be seen that the structure is based purely on
packing considerations which are decided by the shape
of the molecule, fragments of one filling the concavity
of its neighbours. The close intermolecular contacts
less than 4 A are marked in the two figures and also
listed in Table 7. None of them is abnormal.

STRUCTURE OF meso-3,3’-DI-(p-BROMOPHENYL)BI-3-PHTHALIDYL

o(1) C(12)
~0080
\,

+0019

Fig.3. Mean plane of the ‘phthalidyl’ ring system showing the
perpendicular distances (A) of the atoms of one half molecule
from the plane.

Fig.4. View of the structure along [010] showing the packing
arrangement and short intermolecular contacts. The hydro-
gen atoms are not shown. The large open circles denote the
bromine atoms and the smaller open and black circles repre-
sent the carbon and oxygen atoms respectively.
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Fig.5. View of the structure along [100] to illustrate the packing
arrangement. Short intermolecular and intramolecular
contacts are also indicated.

Table 7. Short non-bonded intramolecular distances

C(3)-C(14) 3435 A
C(4)-C(14") 3:471
C(5)-C(7") 3-467
C(5)-C(9) 3-520
C(5)-C(8) 3-350
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