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The Crystal Structure of a Photodimer of 1,4-Epoxy-1,4-dihydronaphthalene

By J. BORDNER, R.H.STANFORD, JR. AND R. E. DICKERSON

Gates and Crellin Laboratories of Chemistry,*
California Institute of Technology, Pasadena, California, U.S. A.

(Received 2 September 1969)

The crystal structure of a photodimer of 1,4-epoxy-1,4-dihydronaphthalene, with empirical formula
C20H1602, has been determined by the application of direct methods. Three-dimensional data were
collected on a Datex-automated General Electric diffractometer to a minimum spacing of 1-0 A. The
coordinates of all atoms in the molecule, the isotropic temperature factors for the hydrogen atoms,
and the anisotropic temperature factors for the other atoms were refined by the method of least squares.
The final R index was 0-027. The crystals are orthorhombic, space group Pca2; with a=16-52, b=
7-975 and ¢=10-58 A. Of four possible configurations, the molecule of the photodimer has the exo—
trans-exo configuration. Despite the lack of a center of symmetry in the space group, the molecule is

centrosymmetric almost within experimental error.

Introduction

" The photodimer, CyH,;s0,, was obtained during a
study in these laboratories of the photorearrangement of
1,4-epoxy-1,4-dihydronaphthalene (Ziegler, 1969).
Study of the nuclear magnetic resonance spectrum
showed that the molecule must have either the endo—
endo or the exo—exo configuration. This structure
determination was undertaken to find the true con-
figuration.

* Contribution No. 3884 from the Gates and Crellin Labor-
atories of Chemistry. This work was aided by Grant No.
GB-6617X from the National Science Foundation and Grant
No. 12121-04 from the United States Public Health Service.

Experimental

Crystals, in the form of large, thin plates, were obtained
by slow evaporation of an ethanol solution of the
photodimer. Unit-cell parameters were determined
from measurements of precession photographs which
were calibrated by lines diffracted from a powdered
sample of sodium chloride (@o=5-6402 A). The
resulting values for the unit-cell dimensions are:

a=16-520(2) A
b= 7-795(7)
c=10-58 (1)

The absence of O0k/ reflections with / odd and the

Fig.1. A composite of sections of a three-dimensional electron density map through each of the heavy atoms, viewed down the
¢ axis. The dashed contour is at 2 e.A-3, The successive contours are at 3, 4, 5, ... e.A-3,
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absence of A0/ reflections with 4 odd indicate that
the space group is either Pca2, or Pcam.

The density of the crystals measured by the flotation
method and the density calculated for the photodimer,
assuming four molecules per unit cell, is 1-374 g. cm—3.

The intensity data used for final refinement of the
structure were collected from a crystal cut from one
of the large, thin plates with a razor blade. It had a
thickness of approximately 0-1 mm and had a trape-

Fig.2. A composite of sections of a three-dimensional dif-
ference electron density map through each of the hydrogen
atoms, viewed down the ¢ axis. The dashed contour is at
01 e.A-3. The successive contours are at 0-2, 0-3, 0-4,

. e.A-3,
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Table 1. Distribution of normalized structure factors

Theoretical
Observed Centric Acentric
END) 0-881 0-798 0-886
NE]Z=11) 0-720 0-968 0-736
{{E[2—1) 0-005 0-000 0-000

zoidal face with an altitude of 0-3 mm and bases of
05 and 0-2 mm.

Intensity data were collected by the 6-26 scan
method on a Datex-automated General Electric
diffractometer using Cu Ka radiation. An initial set
of data was collected from a small crystal with a scan
speed of two degrees per minute and a background
count was collected for ten seconds at both the
beginning and the end of the scan. These data proved
to be inadequate for satisfactory refinement of the
structure. A second set of data was collected using
the new crystal described above. This set was collected
with a scan speed of one degree per minute and
background count was collected for thirty seconds
at both ends of the scan. All reflections were collected
to a minimum spacing of 1 A. These numbered a
total of 774, of which 9 were observed to have inten-
sities less than background and were assigned inten-
sities of zero. No correction for absorption was made
(=70 cm™1),

The determination and initial refinement of the
structure were based on the first set of data. They
were placed on an absolute scale by Wilson’s (1942)
statistical method. A Howells, Phillips & Rogers
(1950) plot indicated that the crystal was probably

C (133D C(12)

Fig.3. Stereoscopic view of the photodimer.
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noncentrosymmetric; therefore, the
should be Pca2;. .

The normalized structure factors |E| (Karle &
Karle, 1966) were then calculated using an overall
temperature parameter of 1-50 A2. The observed and
theoretical values for certain statistical averages and
distributions of the normalized structure factors are

shown in Table 1. A comparison of the observed

space group

values with those calculated for centrosymmetric and
noncentrosymmetric structures confirms that the
space group is the noncentrosymmetric Pca2;.

Phase determination

A general description of the normal phase determina-
tion procedure has been given by Karle & Karle (1966).

Table 2. Observed and calculated structure factors

Within each group the
assigned zero
5 933 913 153) 6 1762 1771 O 4 “ 5
[ 0 5 193 17 o 01309 131l 175 )1 s41
1 ° 1 k8 61197 1222 o)1 1531 1517 315|2 N7
2 0 11137 11es 192 7 664 743 180 [ 2 458 462 221 | 3 935
3 of2 183 ‘251 72 3 2515 2452 91 [ 4 1198
4 ol 3 546 560 149 3K 1 4 2448 2409 96
5 of« 388 339 177) 1 7275 7235 35[5 742 7c8 107 s
6 0|5 213 179 250 | 2 2467 2527 20| & 352 339 323 | 1 1397
7 ° 3 1404 1390 182 | 7 529 532 37|2 116
1 ° 4 1190 1158 182 3 308
12125 2147 272| 5 1463 1466 210 4 ks
[ 20112 STL 581 53| 6 369 396 283 [ 0 436 418 9L 6
1919 288 | 3 424 442 175 7 495 434 284 | 1 2557 2565 136 | 0 269
2 13| 4 948 939 81 2 1048 1029 238 | 1 1125
3 282 3 2 3 225 243 189 |2 327
4 155 1 10 1 5287 5264 147 | & 2211 2239 129 | 3 3654
s 255 | 1 326 352 51| 23034 2071 205 [ 5 2856 2845 291 | « 1002
s 59| 2 501 493 127 3 2186 2167 351 | 6 863 858 324 | 5 169
7 229 4 2760 2626 206 6 2638
2 0 5 ===% 214 154 4 K 6 7 1004
0 4 0 5947 6260 0| 6 826 777 275 |0 497 553 314
0 220 241 28| 13816 4031 O 7T 839 789 306 | 1 1810 1756 188 3
1 6103 6001 315 2 4329 4519 O 2 757 754 223 | 0 1339
2 4111 4088 203 | 3 457 446 0 3 3 3 864 865 268 | 1 599
3 450 403 84| 4 983 1018 0] 1 3205 3216 247 [ 4 516 490 107 | 2 3041
4 T06 706 250 | 5 1630 1663 0] 2 27964 2750 36 |5 SL1 564 353 [ 3 3328
51236 1251 276 1239 1219 0 3 1904 1929 656 580 587 126 | 4 2014
6 358 363 163 )7 985 951 0| 4 1648 1628 333 5 1868
7 2532 2500 341 51841 1824 334 4 K 7 6 1774
2 1 6 936 882190 |0 983 98l 2|7 06
0 6 0 7292 7052 126 [ 7 298 340 308 | 1 1163 1128 326
0 4974 4850 243 | 1 T720 7383 11 2 2017 2009 67 6
11363 1345 172 | 2 4346 4321 131 3 K 4 3 821 832 315 | 0 1687
2 4127 4060 252 | 3 1788 1814 219 | 1 918 899 30 {4 563 586 251 |1 653
3 390 409 103 | 4 1765 1711 126 | 2 2624 2364 14 |5 272 310 136 | 2 4620
6 422 379 27]5 404 372 317| 3 5758 5639 140 3 1021
5 798 775185 | 6 805 780 25| 4 T8 767 ST 4 8 4 185
61312 1299 269 | 7 423 414 1925 604 615 252 | 0 1232 1228 170 [ 5 1115
61613 1608 149 | 1 493 516 294 [ 6 1627
0 8 2 k2 T 129 213 349 ) 2 2174 2172 115 | T 1677
01024 994 248 | 0 6532 6539 228 3 1403 1438 S5
12529 2465 167 [ 1 1021 989 294 3 K S5 4 680 647 66
2 2604 2634 88| 2 5971 5886 204 | L 796 783 17 0 2052
3 378 362 214 | 3 4785 4734 286 | 2 1089 1110 335 4 9 1 888
41506 1517 87 | 4 1030 996 205 | 3 3286 3287 311 | 0 315 266 58| 2 1524
S 751 779 334 | 5 --—% 605 265 | 4 766 786 216 | 1 1039 1069 271 | 3 2160
6 558 541 197 |5 1174 1191 197 [ 2 2144 2138 258 | 4 2123
0 K 10 7 765 684 338| 6 1179 1156 270 | 3 18s 313 118}5 7as
0 2282 2269 99 6 129
1 723 148 4 2 x 3 3 6 s K10 7 589
2 418 406 299 | 0 1581 1584 325 |1 855 871 146 | O 1122 1100 186
1 1264 1247 83| 2 1143 1124 88 [ 1 1005 1046 &9 3
1 x 0 2 922 907 109 | 3 1848 1844 337 0 1316
1 363 357 180 | 3 4140 4108 55| & 969 969 29 5 kK 0 1 4320
25995 6300 O | & 669 616 255| 5 1490 1498 94 |1 662 657 0| 2 2479
3 288 275 0|5 894 89 80)6 935 OT7T 301 {2 289 307 180 | 3 3473
41122 1109 180 | 6 1134 1133 162 33736 3809 0| & 2984
5 1253 1237 180 [ 7 1083 1060 34 3 x 7 4 2611 2668 0| s 2768
61101 1148 0 185 57 7[5 570 ses 0lc es3
T 223 299 180 2 - 21175 1176 259 | 6 2695 2701 0O
0 2534 2562 230 [ 3 613 661 165 |7 945 936 180 6
1 1 1 776 775 43| 1086 1104 266 0 1612
13887 3911 21| 2 239 210 2115 561 509 188 s 1 11767
2 2416 2692 110 | 3 4360 4332 124 1299 3193592 918
32751 2776 159 | 4 2337 2322 215 3 ] 21797 1835 1|3 363
42172 2183 44| 51165 1178 19| 1 721 487 300 |3 415 406 300 | 4 825
5 1563 1533 145 [ 6 2065 2060 294 | 2 1177 1145 69 | 4 1390 1356 226 | 5 824
6 685 664 19| 7T ---e 237 208 |3 385 4CO 270 | 5 1197 1216 170 | 6 610
7 1491 1419 133 4 272 173 12¢ [ 6 1238 1236 262
2 s S 793 805 238 |7 302 260 311 6
1 2 0 i315 1313 75 0 2620
13336 3397 292 | 1 3213 3175 719 3 K9 s K 2 1 439
2 3470 3425 192 | 2 1329 1323 326 [ 1 885 858 285 | 1 894 920 330 [ 2 1450
3 2645 2637 282 | 3 861 871 147 2 503 539 262 | 2 1740 1738 31s | 3 250
41230 1213 114 572 561 1S |3 694 725 253 | 3 1723 1700 268 | 4 3274
5 737 681 45| 51010 991 98 4 1899 1684 276 | 5 1102
6 1595 1510 204 | & 1322 1308 355 3 K10 51393 1401 332
7 1183 1192 188 11082 1081 31 | 6 1194 1159 245 6
2 3 2 862 86l 263 | 71215 1313 342 { 0 2117
1 3 0 1185 1178 348 1 2235
L 3567 3632 36| 1 33739 3348 172 4 0 s 3 2 174
2 4421 4399 102 | 2 2331 2327 257 | 0 6633 6900 0 {1 2202 2186 119 | 3 872
3 4657 4579 12 (3 864 884 105|1 601 650 021524 1536 174 [ & 1684
4 768 753 325 | & 444 425 312| 2 468 398 O |3 233¢ 2244 177 |5 1se
5 1317 1277 16| 5 2463 2475 183 | 3 2454 2471 180 | & 1526 1479 321
61306 D12 19| 6 8 888 201 | 4 1860 1860 0 [ 5 2060 2030 266 6
71122 109¢ 45 5 2832 2900 180 | & 1113 1104 135 [ 0 1608
2 7 61330 1353 0 )7 861 849 149 | | 1310
L 4 02355 2323 358( 7 687 693 0O 21351
11295 1309 168 | 1 899 877 306 H . 3 317
2 596 528 2 2199 2168 3¢ 4 1 1 474 502 167 | & 1074
3 460 448 172 [ 3 287 259 310 5899 6270 189 |2 969 937 201
4 1350 1376 229 [ 4 1444 1410 68 | 1 3408 3478 307 |3 575 S22 187 6
5 1216 1216 219 | 5 998 966 291 | 2 2983 3028 257 | 4 468 485 68 | 0 3238
6 1451 1412 89 3 422 389 114 | 5 1060 1060 245 [ 1 127
7 321 40T 69 2 8 4 1370 1366 280 [ 6 418 438 48 )2 359
0 1075 1076 130 | 5 1936 1962 189 3 955
1 s 1 742 687 173| 6 968 947 250 5 s
12000 1950 256 | 2 2916 2895 91 [ 7 B8 404 117 {1 925 965 324
2 4584 4508 321 3 1264 1281 177 2 1367 1305 41 | 1 3464
3 5564 592 35| 4 1908 1879 76 4 2 3 831 541 772 1143
4 oTa 972 292| 5 746 T19 124 | C 1500 1511 260 | 4 2763 2766 165 | 3 240
5 1475 1508 277 12882 2880 237 [ 5 1879 1896 158 | « 954
6 125 160 29 2 9 22216 2216106 (6 239 200 83| S 156
7 1927 1891 305 | 0 125 152 63| 3 3350 3338 211 6 1448
11224 1240 298 | & 2689 2636 167 B 6 T 466
v 6 2 838 826 213 |5 332 223 2321 S5l6 502 55
11320 1252 40 3 762 775 343| 6 1626 1564 128 | 2 185 86 56 7
2 1509 1463 2171 & 702 735 280 | 7 1362 1320 233 [ 3 566 519 &1 | 1 2995
3 501 529 251 4 843 916 270 | 2 4323
4 738 708 130 2 X 10 3 3 5 31T 351 287 | 3 1119
5 331 297 53{ 0 795 809 126| 0 2122 2090 255 | 6 56 153 123 | & 281
6 102 132287| 1 767 797 33| 1 1383 1369 223 5 441
2 534 593 358| 2 607 413 183 S 7 6 1735
1 K7 33351 3288 212 | 1 1015 968 142 [ 7 1435
11817 1820 719 0 4 2485 2485325 [ 2 125 237 52
2 948 938 222 L 5604 %864 0| 51952 1937 120 | 3 348 322 4 7
3 1468 1444 245 | 2 3612 3781 180 | 6 1367 1360 61 | 4 1617 1589 61 [ 1 903
4 TIS$ 756 234 | 3 1305 1326-180{ 7 S04 535 314 { 5 8 939 61| 2 475

columns contain k, 100F,, 100F,, and ¢.(°), the phase angle. Reflections
weight in the final least-squares cycles.

marked with an asterisk were

3 1634 1609 248 8 K 8 31599 1594 203 § 3 679 728 33
525 230 | 4 ==-* 54362 |0 857 860 320 { 4 1303 1286 262
692 106 | 5 1276 1267 333 | | S74 597 14 | 5 1397 1497 143 12 k7
1015 276 | 6 1611 1439 252 | 2 651 627 154 0 628 626 9%
1180 125 | T s50 682 330 | 3 393 398 3 10 x 6 1 66 617 261
0 670 629 296
9 L 8 x 9 1 847  gel 211 13 kK 0
1413 340 {1 1945 1871 286 | 0 569 493 121 | 2 142 242 323 | 1 585 554 180
129 244 | 2 1316 1317 63 | 1 2050 2085 3 1247 1232 249 | 2 2678 2657 180
303 88 | 3 1337 1341 148 4 1080 1106 42 [ 3 582 612 180
4 417 369 292 9 0 4 1179 1268 160
) 5 1959 1966 260 | 1 2696 2629 180 10k 71
322 0 |6 1321 1328 135 | 2 1218 1224 O[O0 722 786 180 13 Kk 1
1165 0© 3979 937 180 | 1 —~-# 46 104 | L 2642 2351 5
343 180 T K 4 4 796 746 0|2 862 888202 2 140 116 103
3630 180 1 532 512 214 |5 507 565 180 | 3 1262 1278 83 | 3 1539 1578 ld8
1029 0] 21432 1419 164 | & T 128 o0 4 569 518 219
19¢ © |3 324 340 186 10 x 8
2705 0 | 4 1048 1042 259 9 1 0 893 893 214 13k 2
994 0[5 840 805 234 | 1 1366 1338 337 {1 447 494 228 | 1| 2277 2270 L11
6 553 490 225 | 2 302 383 200 2 317 248 127
1 31215 1210 254 1ok o 31145 1210 120
1399 175 T xS 4 1127 1052 264 [ 1 1352 1312 180 { 4 908 853 99
605 269 [ 1 653 671 92 [ 5 716 684 344 | 2 1830 1832 O
3179 190 ( 2 484 468 148 | & 1664 1685 228 | 3 294 291 180 13 Kk 3
3355 283 | 3 1759 1689 335 4 1735 1745 180 | 1 1273 1237 191
1988 184 | 4 1736 1734 123 9 K 2 5 189 201 180 [ 2 873 874 136
1849 272 | 5 2546 2598 115 | | 622 648 53 3 988 1016 22
1742 186 | 6 828 848 214 | 2 1508 1476 136 1nox 1 4 558 533 87
505 221 3 501 503326 | 1 1304 1268 8
7 6 4 499 521 16 |2 922 911 95 13 x4
2 1 963 911 82 | 5 1696 1701 321 | 3 1024 1024 357 {1 893 909 322
1666 124 | 2 204 34 259 { 6 867 931 20 (4 1399 1376 158 | 2 637 661 105
681 1813 736 743 92 S 309 307 26L {3 953 965 96
4555 111 | 4 1120 1159 206 9 Kk 3
997 319 { 5 1149 1170 190 [ 1 1295 1347 123 1 x 2 13 ks
188 81 2 943 925 228 {1 312 248 105 11 493 509 24
1070 215 7ok 7 31002 991 182 | 2 703 T23 162 [ 2 842 819 337
1425 141 | 11227 1193 345 | 4 984 973 239 | 3 203 191 262 | 3 575 527 117
1691 275 | 2 1004 990 63 I's 2220 2291 227 { 4 2507 2560 28
3 876 913 20 |6 534 561 395 1126 1078 17 13 K 6
3 4 517 470 318 11154 1005 152
2003 54 9 K 4 1 3
818 275 7 8 1 7133 713 11| 1 e85 718 109 14 K 0
1563 188 | 1 438 326 240 ) 2 471 458 3211 2 392 402 117 | 0 5042% 3116 O
2095 128 [ 2 ---¢ 156 56 | 3 927 964 251 | 3 40T 410 104 | 1 97 68 180
2096 220 | 3 614 644 1T1 |4 713 670 208 [ 4 870 895350 | 2 189  e8 180
784 114 5 270 262 237 |5 218 284 35713 520 598 O
297 354 7 K 9 41545 1434 180
602 57 |1 212 229 88 9 ks n 4
2 2631 2685 276 [ 1 602 609 295 | 1 1120 1089 333 14 K 1
4 2 436 443 159 | 2 779 785 128 | 0 3464 3412 104
1294 324 8 0 31147 1157 93| 3 1200 1228 329 | I 312 321 327
4274 41| 0 1427 1435 18C | 4 1118 1171 151 | & 1584 1599 258 | 2 1912 1902 110
2404 300 | 1 790 809 180 | 5 1066 1093 134 | 5 537 523 303 | 3 1633 1677 5
3389 51| 2 1735 1691 180 4 1027 1001 104
2926 136 | 3 3758 3748 180 9 6 1 s
2704 3[4 =~-% 134 0 |1 1274 1239 224 | 1 1017 1013 33¢ 14 k2
862 299 1 5 484 487 180 | 2 1335 1375 138 | 2 602 673 336 | 0 1441 1411 201
6 1369 1408 0 [ 31052 1087 78 | 3 1299 1352 22 |1 730 707 302
5 4 792 806 232 | 4 961 990 192 { 2 507 451 271
1599 213 8 1 3 462 397 152
1743 125 | 0 4348 4310 183 9 T 1 5
936 66 | 1 2029 2004 268 | 1 992 1015 113 {1 981 987 150 1 k 3
368 86 | 2 3519 3658 191 [ 2 1602 1647 37 [ 2 523 521 326 [ 0 986 938 308
898 180 | 3 12642 1260 304 (3 712 726 261 | 3 718 779 144 { 1 4063 4031 34
877 133 | & 766 759 153 | & 807 854 46 2 191 141 126
660 173 | 5 791 789 235 1 ok 7 3 824 832 15
6 1457 1475 143 9 8 1 494 474 135
6 11868 1892 76 | 2 673 69 311 14 4
2629 326 2 2 758 761 323 0 269 240 23
418 186 | 0 3343 3393 98 12 0 1 163 241 263
1480 338 | 1 2128 2076 165 10 x o0 0 1135 1135 481 4Bl 96
8T 139 | 2 2139 2155 95 | 0 1246 123¢ O | 1 ---s 89 180
3262 318 1 3 605 584 194 | ] 1330 1296 0|2 695 746 O 1 5
1140 116 } 4 951 963 105 ] 2 4328 4201 180 [ 3 331 187 0| 01735 1753 321
5 1683 1681 176 | 3 s11 595 180 | 4 1202 1278 0] 1 658 637 251
K 7 6 1056 1064 144 | ¢ 839 794 180 | 5 312 258 180
2132 70 5 == 65 0 15 (]
2228 356 8 3 6 211 211 o 12 1 1 633 626 180
154 320 [ 0 1033 1049 274 0 878 839 83 )2 TL 44 180
869 143 | 1 3836 3859 113 10« 11212 1223 173 3 209 302 180
1733 64 [ 2 1135 1109 208 [ 0 1473 1466 15 | 2 599 568 269
217 97| 3 1221 1168 114 | 1 1569 1478 229 | 3 640 574 179 15 x 1
4 1192 1176 212 | 2 3515 3524 187 [ & 967 976 190 [ 1 691 711 195
[ 5 2062 2023 ST |3 2243 2234 278 | 5 1198 1177 18| 2 397 4l¢ 233
1591 14| 6 239 222285 |4 876 656 203 3 430 359 304
1293 270 5 1477 1457 251 12 K 2
1401 10 8 % 6 888 904 168 | O 1406 1383 55 15 x 2
379 76 | 0 3045 3062 323 1 469 482 226 ) 1 550 661 9T
1115 29 | 1 2261 2185 36 10 2 2 577 548 36| 2 579 517 142
2 1043 1026 91 | 0 1104 1098 175 | 3 1155 1179 265
9 3 1168 1163 82} 1 1484 1455 176 | & 423 439 102 15 x 3
3256 282 | 4 26414 2409 128 [ 2 1367 1377 38 | 5 639 687 337 826 19T 23
106 238 | 5 2147 2150 3|3 1729 1667 98 21079 1083 126
331 2861 6 728 667 3¢ | 4 1961 1958 207 12 x 3
953 13 5 1029 1083 v | 01750 1753 317 15 K 4
8 s 61228 1257 206 | 1 2072 2044 5111 393 423 312
[ 01515 1472 74 2 320 ;8 97
3512 180 | 1 2181 2187 153 10 x 3 3 785 664 4T 16 K 0
1142 0| 21279 1287 39| 0 345 352 271 { 4 1569 1573 340 | 0 236 144 180
269 0] 32192 2177 156 | 1 1393 1405 60 1 421 483 o
939 01 & S93 604 343 | 2 822 583 338 12 K 4
46 0 3 570 531 49 |0 3e4 354 280 16 k1
1479 0O 8 kK ¢ 4 2059 2049 191 | 1 1517 1514 351 [ 0 1317 1328 119
%86 0 01603 1593 13415 773 740 344 | 2 988 1001 ST (1 893 871 53
11492 1471 264 3 927 910 48
K1 2 913 919 342 10 . 4 386 400 268 16 x_2
3031 1023 T24 69 8 [0 29T 309 261 0 2316 2319 228
4365 3| & 1460 1453 353 0 ) 1517 1535 26 12 kK s 11338 1333 118
1125 161 | 5 758 796 196 | 2 525 5S4 254 | O 318 360 346
275 225 3 1167 1165 117 | 1 1649 10652 244
261 333 LI 41092 1129 35 | 2 1893 1929 337
1752 205 | 0 3033 3029 65 [ 5 1135 1174 133 | 3 1951 1945 23¢
1450 325 [ 1 380 240 26
2 2386 2419 85 10 s 12_x 6
2 3 412 429 4110 348 247 316 | O 66T 668 31
947 354 | 4 1967 2026 77| 1 1554 1590 286 [ 1 472 400 334
478 178 2 299 324 214 1 2 1569 1633 285
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The method used in this case, however, is somewhat
unconventional. The phases of three reflections were
assigned to specify the origin in space group Pca2,
(Hauptman & Karle, 1956). These reflections were
chosen on the basis of their large E values and the
large number of relationships which they formed with
other reflections with large E values. The reflections
chosen were 14,1,3, 7,5,5 and 10,2,1 and their assigned
phases were n/4, =n/2, and -m/4, respectively. The
application of the phase determining formula

o0 =P+ Pty

to the reflection 14,0,0 gives a strong indication of
its sign. The right-hand side contains nine terms of
the type p(7kl)+p(7kl); eight of these terms indicate
a phase of 0 and one a phase of n. The phase of the
14,0,0 reflection was therefore assumed to be 0.

At this time a program for the iterative application
of the tangent formula (Karle & Hauptman, 1956),

kzlEkEh—kI sin(gy + @p-i)

tangy, = oy e,
“o kZ'EkEh‘kl cos(py + Py-1)

was being written and tested. While testing the pro-
gram with the three origin-determining reflections and
the 14,0,0 reflection, it was evident that just these
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four reflections generated very many relationships
with other reflections. By introducing the phases
determined in this way into the list of known phases,
it was possible by cyclic application of the tangent
formula to determine eventually the phases for 274
reflections with E values greater than 1-0.

The reflections whose phases had been determined
in the method described above were used to calculate
an E map, the normalized structure factors, £, being
used as Fourier coefficients. Twelve of the carbon
atoms and both of the oxygen atoms were easily
located in this map. The alternate calculation of
structure factors and electron density maps led quickly
to the complete elucidation of the structure.

Two phenomena observed during this structure
determination bear special notice. First, the appli-
cation of direct methods led to the correct structure
in spite of the rather poor quality of the data; second,
the distribution of the E values (Table 1) gave no
indication of the pseudo-centrosymmetric nature of
the molecule.

Refinement of the structure

All calculations below were carried out on an IBM 7094
computer with subprograms operating under the

Table 3. Heavy-atom parameters and their standard deviations

The values have been multiplied by 104. The temperature factor is in the form
T=exp {—(b11h2+ bp2k2 + b33l2+ byyhk + byshl + baskD)} .

2 3 z bay
c(1) -1969(2) TL07(8 ) T847(s) 36(2)
c(2) -2738(2) 7219(%) 7269(3) 32(2)
2(3) -2902(2) 6245(5) 6231(4) 28(2)
o(s) -2338(2) 5148(k) STL8(4) 33(2)
(s) -1589(2) 5063(4) 6278(1) 27(2)
c(6) -851(2) 3989(5) 6079(4) 30(2)
c(7) -856(2) 2648(k) T109(4) 22(1)
c(8) -62(2) 1671(4) 727L(k ) 23(1)
c(9) -160(2) -81(%) 1855 (%) 27(2)
o(10) 676(2) -662(k ) 8234 (4 ) 25(1)
c(11) 1229(2) -1752(k) 7722(4) 32(2)
o(12) 1979(2) -1883(s) 8287(s) 29(2)
c(13) 2176(2) -918&(s) 9326(5) 25(2)
c(1s) 1623(2) 211(k4) 9832(4) 35(2)
c(15) 868(2) 31h(4) 9288(4 ) 28(2)
c(16) w2(2) 1W10(s) 9bg1(4) 30(2)
c(17) 146(2) 2730(4) 8us6(h) 24(1)
c(18) -652(2) 3TL4(4) 8292(4) 24(1)
#(19) -573(2) su72(4) 7730(4) 30(2)
c(20) -1410(2) 6025 (k) T336(4) 27(1)
9(21) -212(1) 5104(3) 6513 27(1)
o(22) -509(1) 226(3) 9082(3) 28(1)

Loz bas b2 bia bea
104(7) 65(k) 12(6) 8(x) o(9)
126(7) Bu(k) 28(c) 18(5) 10(10)
166(8) 92(s) 28(6) -14(s) 1w{11)
130(6) TL(4) 28(6) -15(3) -16(9)
100(6) 53(4) 17(s) -1{%) 17(9)
135(7) 55(4) 24(6) 5(4) 1(9)
81(6) 64{h) -1(s) 4 (%) -11(9)
95(6) 58(4) -6(5) 10(k) s(9)
97(6) 60(k) -2(5) 13(%) -13(9)
8(6) s7(s) -11(5) 8(k) 25(9)
105(7) 8o(x) W(z) 12(3) -5(10)
134(7) 95(s) 22(6) 11(s) 10(10)
138(8) 107(s) 1(s) -8(5) 75(11)
112(7) T2(8) -15(€) -13(s) 36(1c)
96(6) (L) -1(s) T 40(9)
121(7) 52(k) -1(s) 3(%) 4(8)
96(6) 60(k) -15(s) 4 (u) 10(9)
90(7) sh(3) n(s) 3() 5(8)
96(7) 73(4) 4(s) -13(k) -2(9)
81(6) 67(k) -1(s5) 4(4) 17(9)
125(4) 80(3) 2(k) 15(3) 38(6)
14 (k) 70(3) =i(%) 10(3) 2u(6)

Fig.4. Stereoscopic view of the photodimer.
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Table 4. Hydrogen atom parameters and their
standard deviations
The values for the coordinates have been multiplied by 103.

The values for the isotropic temperature factors have been
multipied by 10.

x y z B
H(23) —181 (1) 790 (4) 859 (3) 37 (8)
H(24) —-314 (2) 813(4) 7594 50 (8)
H(25) —340 (2) 640 (4) 585 (3) 39 (8)
H(26) —246 (2) 444 (3) 505 (4) 45 (8)
H(27) —74 (1) 359 (3) 525 (3) 16 (6)
H(28) —133 (1) 198 (3) 709 (2) 16 (6)
H29 31(2) 175 (4) 658 (3) 30 (7)
H(30) -57(2) -89 740 (3) 42 (8)
H(31) 113 (2) —242(4) 699 (3) 38 (8)
H(32) 235(2) —-275(4) 798 (3) 52 (9)
H(33) 271 (2) —-99(4) 969 (3) 35 (8
H@34) 178 (2) 88 (4) 1054 (3) 45 (9)
H(35) 6(2 182 (4) 1031 (3) 34 (8)
H(36) 64 (2) 339 (4) 846 (3) 26 (7)
H@37) —102 (2) 367 (4) 903 (3) 29 (7)
H(38) =24 (1) 627 (4) 818 (3) 24 (7)

CRYRM system (Duchamp, 1964). The atomic scat-
tering factors for C and O were taken from International
Tables for X-ray Crystallography (1962). The atomic

4ll
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scattering factor for H is that given by Stewart,
Davidson & Simpson (1965). The Ileast-squares
routine minimizes the quantity >w(F2-F2)2. The
weights, w, used throughout the refinement of the
structure, were set equal to 1/6%(F2) which were derived
from counting statistics. The variance of the intensity
was calculated by the formula:

) 0'2(1) =S + az(Bl =+ Bz) + (dS)Z,

where S is the total counts collected during the scan;
B, and B, are the numbers of counts collected for
each background; « is the scan time to total background
time ratio; d is an empirical constant of 0-02.
Approximate coordinates for all twenty-two heavier
atoms were obtained by the Fourier technique de-
scribed above. In space group Pca2; the location of the
origin in the z direction is arbitrary. Accordingly, the
z coordinate of atom O(21) was held constant through-
out the refinement of the structure. The proposed
structure was put through several cycles of least-
squares refinement, but the R index could not be
reduced below 18%. A careful survey of the data
indicated that this was probably the best fit that
could be obtained with the first set of data that had

Fig.6. A stereoscopic view down the b axis showing the packing of the photodimer.
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been collected. The second set of more carefully
collected data was then obtained and was used in
final and complete refinement of the structure.

After several cycles of refinement with anisotropic
temperature factors, hydrogen atoms were introduced
at their expected positions. Both the coordinates and
isotropic temperature factors for the hydrogen atoms
were included in the refinement. In the later stages of
refinement a secondary extinction factor was also
included; the expression used is F2,  ccea=(FcaD?
(1 +gB(F ,)?» (Larson, 1967). During the final cycles
of refinement the atomic coordinates for all atoms
were contained in one matrix and the temperature
factors, scale factor, and secondary extinction factor
were included in a second matrix. The final value
obtained for the secondary extinction factor g is 17-6
(£0-7) x 10-6. The final R index is 0-027. The observed
and calculated structure factors, F, and F,, and the
phase angles, ¢, are listed in Table 2.

The final coordinates and anisotropic temperature
factors for the heavy atoms and their standard devia-
tions, calculated from the least-squares residuals,
are given in Table 3. The positional parameters and
isotropic temperature factors for the hydrogen atoms
and their standard deviations are given in Table 4.
The shifts calculated for the parameters in the final
cycle of least squares were all less than one-tenth of
the standard deviations.

Description of the structure

A composite of the final electron density map viewed
along the ¢ axis is shown in Fig.1. An analogous
composite of a difference synthesis for which the
contributions of the hydrogen atoms were omitted
from F. is shown in Fig.2. No other significant
features appeared in the difference map. Two stereo-
scopic views of the molecule are shown in Figs.3 and 4.
[Figs. 3, 4, 5 and 6 were drawn on a CALCOMP
plotter controlled by an IBM 360/75 computer using
the ORTEP program (Johnson, 1965).]

The bond distances and angles involving the heavy
atoms are shown in Fig.5. The standard deviations in
the atomic coordinates (Tables 3 and 4) correspond to
positional uncertainties of approximately 0-004 A for
the carbon atoms, 0-002 A for the oxygen atoms and
0-03 A for the hydrogen atoms. The standard devia-
tions are expected to be about 0006 A for C-C
distances, 0-005 A for C-O distances and 0-03 A for
C-H distances The standard deviations in the bond
angles between heavy atoms are about 15’ and about
2° in angles involving hydrogen atoms; the agreement
among chemically equivalent bonds suggests that
these standard deviations are reasonable. Distances
and angles involving hydrogen atoms are listed in
Table 5.

The molecule, within a close approximation, pos-
sesses the symmetry 2/m. The position of the center
of symmetry, obtained by averaging the positions of
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Table 5. Bond distances and angles involving hydrogen
atoms

[ TS Ll

(e j-Cl1;-C(2;
#(23)-c(1}-c(22,
Yo yc(e)-c(2
#(2w)-c(z)-c(2)
w #(25)-C(3)-C(:
H(25)-5(3)-c(x)

#(sl,-2(m,

#(5e j-c(1e)

H(31)-¢(L1)-c(10)
#(31)-c(11)-c(12)
K(32)-c(22 j-c(11)
#(32)-c(Lj-c(12)
#(35)-c(13)-c(12)
1(33)-c(1;)c (14}

43

i H(3)-0(2a jC(23) 11«
H(3)-c(18)-c(1y) L

Ly? A(z€)-c(L)-c(3} L
Aee)(a )0,

the heavy atoms, is x= —0-0362, y=0-2687, and
z=0-7784. The root-mean-square deviation from this
center of the midpoints of lines joining centrosym-
metrically related atoms is 0-016 A; the average
deviation is 0-015 A. The equation for the mirror
plane, obtained by a least-squares fit to the midpoints
of lines joining atoms symmetrically related by the
mirror plane, is

0-2211X+0-5469Y 4+ 0-8075Z —7-6916 =0,

where X, Y, and Z are the coordinates in Angstrom
units. The root-mean-square deviation of the mid-
points from this plane is 0-013 A and the average
deviation is 0-011 A.

Table 6. Least-squares planes of the benzene and cyc-
lobutane rings and atomic deviations from the plane

Coefficients are directions cosines relative to the crystallo-
graphic axes.
Plane through atoms C(7), C(8), C(17) and C(18)
—04679X—0-6655Y —0-58152=3-632

Deviation
C(7) —0-002 A
C(8) 0-002
Cc(17) —0-002
C(18) 0-002

Plane through atoms C(1), C(2), C(3), C(4), C(5), and C(20)
~0-3347X—0-7296Y +0-5964Z = 1-901

Deviation

C(1) 0-004

C(2) —0-006

C(3) 0-002

C4) 0-005

C(5) —-0-007

C(20) 0-002

Plane through atoms C(10), C(11), C(12), C(13), C(14), and
C(15)
—0-3404X —0-7207 Y+ 0-6040Z = 5-259

Deviation

C(10) 0-003

C(11) -0-009

C(12) 0-006

C(13) 0-004

C(19) —0-011

C(15) 0-007
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This structure is an example of the unusual situation
of a nearly centrosymmetric molecule which crystal-
lizes in a non-centrosymmetric space group. Another
molecule which has a center of symmetry, but crystal-
lizes in a non-centrosymmetric space group, is f-1:2-
5:6-dibenzanthracene (Robertson & White, 1956).
Biphenylene (Waser & Lu, 1944; Fawcett & Trotter,
1966) crystallizes in space group P2;/a with six
molecules per unit cell. Two of the molecular centers
fall on centers of symmetry, but the other four mol-
ecules are in general positions despite their apparent
center of symmetry.

The equations of the least-squares planes through
the benzene and cyclobutane rings and the deviations
of the individual atoms from their respective planes
are given in Table 6. The second benzene ring shows
a slight degree of non-planarity.

A stereoscopic view down the b axis showing the
packing of the molecules is given in Fig.6. There are
no short contacts between molecules. The shortest
heavy-atom-to-hydrogen intermolecular distance is
2-73 A between H(24) of the base molecule and C(15)
of the molecule in equivalent position x—4,—y+1, z.
The shortest hydrogen-to-hydrogen intermolecular

Acta Cryst. (1970). B26, 1172
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distance is 245 A between H(32) of the base molecule
and H(28) of the molecule in the equivalent position
X +%’ -, 2z

We wish to express our thanks to Dr Richard E.
Marsh for advice and guidance throughout this
project. The preparation of drawings by Miss Lillian
Casler and of the manuscript by Miss Allison Kimball
is gratefully acknowledged.
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The Crystal\Structure of Bis(rL-serinato)zinc*

By Dick vaAN DER HEeLM, T A.F. NicHoLAs AND C. G. FISHER
Chemistry Department, University of Oklahoma, Norman, Oklahoma 73069, U.S.A.

(Received 4 August 1969)

The crystal structure of bis(L-serinato)zinc, ZnCsH 206N, has been determined and refined by three-
dimensional least-squares techniques. The crystals are monoclinic, space group P2;, with a=9-542,
b=8-818, ¢c=5-666 A and f=96-7°. The final R value for 950 reflections is 0-036; the standard devia-
tions are about 0-006 A for the C, N and O atom positions. The compound is not isostructural with
either the Ni or Cu complex of L-serine. The zinc coordination is intermediate between a square pyramid
and a trigonal bipyramid with the first one being slightly favored. The two serine molecules have different
conformations for the hydroxyl group; one serine molecule having the unusual anti-gauche conforma-

tion.

Introduction

The structure of the Zn chelate of L-serine was deter-
mined as one of a series of L-serine chelates (van der
Helm & Franks, 1969; Van der Helm & Hossain, 1969)
to obtain information about the relative influence of
transition metal ions on the configuration of an amino
acid. No two of the three complexes of serine thus far

* Work supported by Grant GM 10514 from the National
Institutes of Health.

T Supported by N. 1. H. Development Award 1-K4-GM-
42,572.

determined are isomorphous. Zinc was chosen as one
of the transition metal ions because its role in biological
reactions has long been known.

Experimental

The compound bis(L-serinato)zinc was prepared by re-
acting two moles of L-serine with one mole each of
zinc sulfate and barium hydroxide in a minimal amount
of water. The barium sulfate produced was removed
by centrifugation. The solution produced, which
tended to become supersaturated, was then diluted
about fifty times with absolute ethanol in order to ob-



