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Crystal and Molecular Structure of 6f-Bromoprogesterone
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Roswell Park Memorial Institute, 666 Elm Street, Buffalo, New York 14203, U.S.A.

(Received 21 November 1967 and in revised form 7 May 1968)

The steroid 68-bromoprogesterone (68-bromo-44-pregnene-3,20-dione, C21H2902Br) crystallizes in the

orthorhombic space group P2;2,2; with unit-cell dimensions a=13-431, b=18:288 and c¢=7645 A

and

with four steroid molecules per unit cell. The atomic positions of all the atoms, including the hydrogen
atoms, have been refined using anisotropic temperature factors for carbon and heavier atoms and iso-
tropic temperature factors for hydrogen atoms, giving an R value of 4:7% for 2208 independent re-
flections. The A ring is highly distorted because of the 44-double bond and the ketone oxygen O(3).
The rings B and C are chair-shaped. The D ring is a distorted half-chair. The molecules are held together

in the crystalline state by van der Waals forces.

Introduction

Progesterone is unique among the steroid hormones
(Applezweig, 1962) in that its role is mainly concerned
with motherhood. It is produced by the corpus luteum
and placenta and is involved initially in stimulating
maturation of the uterine mucosa in order to prepare
it for reception of a fertilized ovum; this progestational
action is withdrawn by degeneration of the corpus
luteum if fertilization does not occur, and the excess
uterine tissue is removed through menstruation as the
progesterone level drops. In the event of fertilization,
however, the corpus luteum persists and continues to
secrete a high level of progesterone, which now serves
to maintain and protect a successful pregnancy by
preventing uterine motility or further ovulation and by
stimulating milk gland formation in the breasts. Any
fault in the cycle of progesterone production or meta-
bolism can give rise to numerous physiologic disorders;
amenorrhea, habitual abortion, and premature deliv-
ery are all likely sequelae. While the potential useful-
ness of progesterone in treatment of numerous human
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disorders seems obvious, administration of the com-
pound itself has proven to be a disappointment in
most cases. First, progesterone differs from other ste-
roid hormones in that a relatively large dosage is re-
quired in order to produce a physiologic effect. Second-
ly, since it is a time-cycle hormone, the where, when
and how of its delivery becomes, as it were, a difficult
problem in logistics. Since progesterone arises in some
endocrine tissues which are seemingly not concerned
with gestation, and since large doses are required to
produce many of its so-called progestogenic effects,
there is some doubt as to whether it is progesterone
itself or some of its metabolites which are responsible
for the different biological activities ascribed to the hor-
mone.

Under these circumstances, a thorough and detailed
investigation of the crystal and molecular structure of
some of the derivatives of progesterone will certainly
be useful in understanding the biological activity of
this hormone and the related steroids. The present
paper reports the study of the 6f-bromo derivative of
progesterone (Fig. I).

Experimental

The sample used in this investigation was prepared by
refluxing progesterone with N-bromosuccinimide in
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dry carbon tetrachloride for one hour. This produced a
41% yield of 6f-bromoprogesterone (Sondheimer,
Kaufmann, Romo, Martinez & Rosenkranz, 1953).
Small prismatic crystals of the steroid were grown by
slow evaporation of a solution of a 1:1 mixture of
n-hexane and acetone, and a crystal of dimensions
0:30 x 0-20 x 0-22 mm was selected for study. All X-ray
measurements were made on a General Electric single-
crystal counter diffractometer using Cu K« radiation.
The crystal was mounted with its b axis parallel to the
¢ axis of the instrument.

The systematic extinctions (00, h=2n+1; k=2n+1
00/, I=2n+1) showed that the crystal belonged to the
orthorhombic space group P2,2,2,. The unit-cell di-
mensions are ¢=13-431 £ 0-002, 5= 18288 + 0-004, and
¢=7-645+0-001 A (measured at 20°C; Cu Kax=
1-5418 A) The density calculated on the basis of four
molecules per unit cell is 1-391 g.cm=3 as compared
with the measured value of 1-397 g.cm—3, determined
by flotation of a crystal in an aqueous potassium io-
dide solution.

The intensities of 2208 independent reflections with
20 less than 144° were measured by the stationary-crys-
tal stationary-counter technique using balanced nickel
and cobalt filters. Each reflection was measured for
10 seconds with each filter. The crystal did not show
any observable decay as based on test measurements
of the intensities of 10 standard reflections, made daily
through the period of 14 days required to collect the
data. The intensities of two planes with y=90-0°
were studied for variation with respect to g-orientation
due to absorption: the intensity of the 040 reflection
with §=19-60° varied up to a maximum of +8-7%
from its mean value, whereas the intensity of the
0,12,0 reflection with 6=60-87° varied up to a maxi-
mum of 5-7%. The observed intensities were not cor-
rected for this absorption. The intensities were re-
duced to structure amplitudes after making appropriate
corrections for Lorentz and polarization factors. Of
the 2208 reflections, 80 were found to have their meas-
ured intensities less than twice the estimated standard
deviation in their intensity measurement. The observed
structure factor amplitudes were placed on the abso-
lute scale by Wilson’s (1942) method. The scale factor
.obtained by Wilson’s method was later found to be
only 4% higher than that obtained finally in the least
squares refinement process.

Structure analysis

The position of the bromine atom was located from a
three-dimensional Patterson synthesis calculated using
[F(obs). Zz:/(fsr exp (— B sin? §/72)] as the sharpened
structure amplitude. A value of 4-07 A2 for B, as ob-
tained from Wilson’s method, was used for this pur-
pose. A structure factor calculation made at this stage
with the bromine atom alone gave an R value of 44%
and the remainder of the atoms in the steroid molecule
were located by straight forward application of the
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heavy atom method. Three cycles of least-squares re-
finement were carried out on the positional and isotropic
temperature parameters using 4 x 4 matrix blocks( cor-
responding to x,y,z, and B(iso) for each atom) where-
upon the R value was reduced to 9-2%. A weighting
scheme of the type 1/{1 +[(|Fo| —30)/10]2} , which made
the average weighted squares of (|F,| — | F¢|) at different
ranges of |F,| nearly equal, was used throughout the
least-squares refinement process. Eighty reflections,
whose intensities were less than twice their estimated
standard deviations, were ignored during the refine-
ment.*

Upto this stage, Af", the imaginary part of the anom-
alous dispersion factor, was assumed to be zero. At
this point, two sets of structure factors were calculated,
one with Af" = 4146 and the other with 4f"' = —1-46.
The calculation with Af" = +1-46 gave an R value of
8:7%, whereas the calculation with A4f" = —1-46 gave
an R value of 9:5%. This established that the configu-
ration which had been assumed hitherto was the real
and absolute configuration. According to the statis-
tical theory discussed by Hamilton (1965, concerning
significance tests in crystallographic problems, even a

- difference of 0-01% in R value is significant enough to

establish the correct configuration when one variable
parameter is involved in the refinement and 2208 re-
flections are used. In the subsequent calculations,
Af""=+1-46 was always taken into account for the
bromine scattering factors. Three cycles of least-
squares refinement carried out using anisotropic tem-
perature factors with 9 x 9 matrix blocks for each atom
reduced the R value to 7-6%.

* The scattering factors used throughout the refinement,
were for all atoms, those from International Tables for X-ray
Crystallography (1962), Table 3.3 1 A. :

Fig. 1. Schematic representation of the molecule showing the
numbering of atoms. Hydrogen atoms are omitted from the
diagram, but are given the same number as the carbon atom
to which they are attached.
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A difference Fourier map subsequently computed of bond distances and bond angles eliminated ten of
revealed 30 peaks of approximately correct heights at them. The next difference Fourier map (including the
the positions expected for hydrogen atoms. Calculation 20 hydrogen atoms) revealed the other nine hydrogen

Table 1. Comparison of the observed structure amplitudes (Fops)
with those calculated (Fea1) from the refined parameters

M K L FOBS FCAL M K L FUBS FCAL W K L FOBS FCAL M K L FOBS FCAL W K | FOSS FCAL  H K L FOBS FCAL H X L FOBS FCAL H K | FOBS FCAL
0 0 21234 1257 014 0 61 61 1 7 1 366 368 2 0 4 252 267 212 8 29 35 3 5 8 24 20 3a 1 AT AL 412 1 215 22
0 0 4 373 1376 016 1 86 7 1 7 2 442 431 2 0 5 50 16 213 0 418 431 3 5 9 25 29 321 2 40 51 412 2 317 3o
0 0 6 13 175 014 2 92 82 17 3 361 3715 2 0 & 195 203 213 1 95 104 3 6 0 393 405 321 3 35 25 412 3 193 187
0 0 8 173 172 014 3 235 259 17 4 182 192 2 0 7 163 149 213 2 387 389 3 6 1 237 234 322 0 79 90 412 4 153 134
0 1 1 79 810 014 4 35 5 T 1 5 289 301 2 0 8 64 67 213 3 102 10) 3 6 2 189 1v0 322 1 53 60 4112 5 35 24
0 L 2 142 139 014 5 49 33 17 6 144 152 2. 09 ¢ 13 213 4 108 103 3 6 3 B02 7187 4 0 0 425 421 412 6 N 76
0 1 3 366 360 014 o 63 T4 17 7 139 141 2 1 0 55 53 213 5 114 119 3 6 & 201 135 4 0 1 568 SN 412 7 130 124
0 1 4 314 317 014 7 29 5 17 8 46 56 2 1 1 705 690 213 6 86 82 3 6 5 648 639 & 0 2 708 686 4 13 0 322 328
0 1 % 137 115 015 1 221 23 17 9 15 14 2 1 2 «3) 423 213 1 31 2 3 6 6 9 110 4 0 3 324 320 413 1 284 284
0 1 6 141 131 01 2 24 15 1 8 0 112 114 2 1 3 179 168 2 14 0 303 1307 3 6 7 141 sl « 0 4 87 82 4 13 2 308 300
0 1 7 334 367 015 3 49 34 1 8 1 457 416 2 1 4 171 161 216 1 282 289 3 6 5 24 30 4 0 5 49 13 413 3 55 &3
0 1 8 60 3 015 4 208 214 1 8 2 505 483 215 95 9 2 14 2 206 197 36 9 37 30 & 0 6 113 116 & 13 4 163 164
0 1 9 194 206 015 5 5« 25 1 8 3 195 202 2 1 & 46l 44s 214 3 216 279 3 7 0 643 595 4 0 7 104 101 413 5 49 43
0 2 0 913 916 015 6 23 7 1 8 4 &25 «26 2 17 192 19 214 4 157 154 37 1 269 251 4 0 8 140 145 4 13 & 86 67
0 2 1 143 138 015 7 51 &2 1 8 5 376 387 2 1 8 lss 187 214 5 108 1CO 37T 2 452 4sl “« 0 9 81 76 413 1 35 st
0 2 211071132 016 0 <07 416 18 6 215 223 2 1 9 68 65 214 6 113 100 37 3 86 Te 4« 1 0 510 503 4 16 0 3264 328
0 2 3 38 016 L T4 T 1 8 7 10 65 2 2 0 1624 1707 216 71 94 93 301 4 519 571 4 1 1 502 513 4 16 1 247 245
0 2 ¢ 90 58 Q16 2 49 47 1 8 8 65 48 2 2 1 178 749 215 0 267 269 37 5 46 18 4 1 2 510 503 416 2 157 149
0 2 5 105 114 016 3 35 38 1 9 0 107 85 2 2 2 610 640 215 1 136 162 307 6 243 239 4 1 3 345 3a) 4« 16 3 128 125
0 2 6 191 188 016 4 55 57 19 1 247 245 2 2 3 349 345 215 2 304 303 37 1 35 20 6 1 & 221 222 « 16 4 123 121
0 2 7 195 209 016 5 68 66 1.9 2 236 237 2 2 & 201 187 215 3 123 120 37T b 56 38 & 1 5 152 145 4164 5 116 109
0 2 8 130 188 016 & 152 147 19 3 345 348 2 2 5 222 217 215 & 116 121 3 8 0 338 38l “ 1 6 23 226 “ 14 & 86 66
0 2 9 30 4 017 1 19 67 19 & 337 31 2 2 6 63 &7 215 5 68 63 308 L 71 4l & 17 142 136 416 T 65 T3
0 3 1 1044 1023 017 2 43 6 1 9 S5 217 211 2 2 7 126 126 215 6 55 0 3 B8 2 160 152 4« 1 8 171 167 4 15 0 245 255
0 3 2 390 383 017 3 70 60 19 6 138 I3« 2 2 8 80 87 215 1 17 90 38 3 568 550 4 1 9 118 118 « 15 1 268 270
O 3 3 82 835 017 4 90 88 19 7 101 9 2 2 9 101 112 216 0 127 124 308 4 179 171 & 2 01353 1372 415 2 719 88
0 3 4 485 482 017 5 45 2 19 8 49 49 2 3 01209 1244 216 1 265 252 38 5 333 330 2 1 1060 1049 15 3 163 161
0 3 5 63 a1 017 6 105 113 110 0 84 91 2 3 1 1048 1018 216 2 249 248 3 8 6 11 6l « 2 2 59 514 “15 4 55 39
0 3 6 a1 S 018 0 82 1 110 1 13t 130 2 3 2 6 143 216 3 138 140 3 8 7 117 a1t “ 2 3 360 365 415 5 93 89
0 3 7 300 312 018 1 175 176 110 2 315 310 2 3 3 302 299 216 & 95 97 5 8 8 31 28 “« 2 &« 61 48 “15 6 21 20
0 3 8 16 11 018 2 206 206 110 3 187 201 2 3 4 204 193 216 5 &1 15 39 0 31 219 “ 2 5 230 240 416 0 15 60
0 3 9 145 140 018 3 48 sl 110 4 362 376 2 3 5 3 31 216 6 35 33 309 1 233 231 “ 2 b 160 156 “ 16 1 216 214
0 4 0 1326 1343 018 4 33 20 110 5 195 189 2 3 6 149 142 217 0 218 299 3 9 2 &y 4o « 2 7 128 1% 416 2 249 241
0 4 1 86 82 018 5 4«7 38 110 6 239 251 2 3 7 131 135 217 1 fo1 99 59 3 126 113 « 2 8 07 109 16 3 157 1a1
O 4 2 852 846 019 1 8 19 110 7 105 9 2 3 8 169 171 217 2 94 97 39 & 319 382 « 2 9 92 93 4l6 & 12 13
0 4 3 222 215 019 2 15 60 110 8 « 29 2 3 9 90 89 217 3 49 49 3 9 s 11 51 « 3 0 86 103 «16 5 57 4l
0 4 4 262 267 019 3 47 38 LIl 0 05 405 2 4 0 874 842 217 &« 26 35 39 6 128 125 4 3 1 623 199 416 6 19 13
O 4 5 193 200 019 & 79 65 LEl1 230 227 2 4 1 514 543 217 s 81 12 3 9 1 68 80 « 3 2 370 349 417 0 123 133
0 4 6 353 363 019 5 115 127 111 2 291 286 2 & 2 3071 29 217 6 15 11 3 9 8B 52 46 4 3 3 295 289 “1r 1 86 a5
0 4 7 35 37 020 0 719 A9 L1l 3 200 203 2 & 3 197 1e8 218 0 35 13 310 0 100 108 4 3 « 101 57 4 17 2 205 199
0 4 8 190 193 020 1 101 87 11l % 175 177 2 4 & 137 126 218 1 247 261 310 1 204 196 « 3 % 102 92 417 3 91 90
0 & 9 40 32 0 20 2 “6 16 1l 5 2e6 242 2 & 8 7 55 218 2 110 111 310 2 105 102 “ 3 &6 335 335 4 17 & 71 60
0 5 110991086 020 3 38 15 111 6 97 103 2 4 6 90 92 218 3 118 129 310 3 «do 434 « 3 7 125 123 417 5 103 98
0 s 2 123 125 020 « 38 33 1Ll 7 166 95 2 4 7 223 228 218 4 13 63 310 &« 210 203 4« 3 8 150 143 418 0 73 7
0 5 3 109 1068 021 1 59 5& 111 8 51 44 2 4 8 53 el 218 5 65 53 310 5 274 286 4 3 9 61 &5 418 1 134 151
0 5 4 108 86 021 2 64 65 112 0 112 105 2 & 9 140 151 219 0 116 118 310 6 4z 28 4 & 0 d81 880 4 18 2 113 107
0 5 5 61 29 021 3 61 49 112 1 112 69 2 5 0 960 935 219 1 90 90 310 7 105 97 4 & 1 422 «13 418 3 719 71
0 S & 105 110 022 0 35 26 112 2 387 375 2 5 1 329 325 219 2 1119 310 8 60 63 « 4 2 33 321 418 4 86 83
0 5 7 152 158 022 1 21 12 112 3 177 Qn 2 5 2 598 580 219 3 84 83 310 9 31 “ 4 3 198 184 418 5 31 21
0 5 8 34 2 022 2 & 54 112 4 32 &7 2 5 3 631 424 219 & 48 <9 311 1 158 152 4 & 4 165 159 419 0 53 64
0 S 9 130 143 10 11516 1515 112 5 142 134 2 5 & 102 94 219 5 93 100 3112 31T 36e 4« & 5 115 111 419 1 41 29
0 6 0 1071 1058 1 0 2 889 914 112 6 175 183 2 5 5 62 51 220 0 24 8 311 3 203 190 & & & leb 157 419 2 3% 37
0 & 1 195 187 1.0 3 43 21 112 7 83 70 2 5 6 190 191 220 1 158 173 311 4 278 276 & & 7 188 192 «19 3 90 74
0 6 21159 1136 1 0 4« 569 583 112 8 3 33 2 5 1 n2 101 220 2 12 &2 311 5 90 713 4 & 8 136 125 419 4 61 67
0 6 3 443 435 1 0 5 304 305 113 0 213 219 2 5 8 153 152 220 3 31 43 311 6 163 161 « &« 9 82 91 %20 0 115 117
0 6 4 91 67 1 0 6 51T 53 113 1 100 92 2 5 9 89 89 220 4 81 2 3117 40 35 4 5 0 123 1220 4«20 1 107 111
0 6 5 44 24 10 7 191 191 113 2 261 255 2 6 0 117 88 221 0 1 81 311 8 4% 30 “ 5 1 6s2 616 420 2 101 99
0 6 6 130 119 1 0 8 68 63 113 3 293 295 2 6 1 601 580 2211 31 01 312 0 166 109 4 5 2 632 597 ©20 3 39 3
0 6 7 35 16 1.0 9 30 14 113 & 252 282 2 6 2 228 199 221 2 110 118 312 1 116 122 < 5 3 288 283 421 0 8} 94
0 & 8 135 130 110 75 44 113 5 178 182 2 6 3 96 160 221 3 &l 30 312 2 168 17« 4 5 & 139 132 « 21 1 54 62
0 6 9 41 46 111 639 617 113 6 76 15 2 6 4 226 223 222 0 11 82 312 3 2n1 2r2 « 5 5 89 88 421 2 90 101
0 7 1 910 868 1 1 2 622 18 113 7 104 109 2 6 5 158 156 222 1 49 60 312 4 118 123 & 5 6 163 163 22 0 11 91
0 7 2 483 46l 11 3 643 649 114 0 82 63 2 6 6 25 210 222 2 24 2¢ 312 5 261 240 « 5 7 1a2 136 422 1 55 68
0 7 3 267 260 1 1 4 383 393 116 1 168 157 2 6 1 160 173 3.0 1 106 99 312 6 101 95 “ 5 B 122 113 5 0 1 462 458
0 7 &4 78 92 1 1 5 514 545 11 2 53 57 2 6 8 61 63 30 2 29 11 312 7 104 101 « 5 9 3 30 5 0 2 609 609
0 7 5 38 7 L1 o6 313 311 11e 3 193 193 2 6 9 105 117 30 3 11 701 313 0 16 9 4 6 0 474 480 s 0 3 119 103
07 6 42 12 117 152 169 116 4 269 212 2 7 0 1046 1023 3.0 4 66 66 313 1 149 las 4 6 1 495 478 5 0 4 470 468
0 7 7 188 192 11 8 24 52 116 s &2 38 2 7 1 121 125 3.0 5 418 «l3 313 2 388 384 4 6 2 289 280 5 0 5 235 229
0 7 8 71 58 11 9 &4 55 11e 6 98 91 2 7 2 a51 429 3.0 6 226 231 313 3 117 112 4 6 3 237 227 5 0 & 336 332
0 7 9 132 15 1 2 0 247 235 L1 7 15 8 2 7 3 38 338 3.0 1 2n 2w2 313 & 255 261 4 6 & 23 228 5 0 7 56 as
0 8 011331119 12 1 3% 335 115 0 172 163 2 7 4 11 11s 30 8 2« 28 313 5 49 32 “ 6 5 164 15 5 0 8 34 15
0 8 1 167 132 1 2 2 449 &3 115 L 80 &3 21 5 65 1o 3 0 9 28 2 313 6 125 119 4 6 6 196 188 5 0 9 17 -
0 8 2 292 284 1 2 3 586 559 115 2 160 153 2 7 6 179 183 31 0 1366 1411 313 7 56 49 “ 6 T 164 162 5 1 0 325 325
0 8 3 27 10 L 2 & 510 Sle 115 3 377 393 2 1 1 82 8o 311 412 395 316 0 46 39 “« 6 8 115 116 5 1 1 409 409
0 8 4 111 103 1 2 5 280 280 115 & 15 158 2 7 8 165 169 31 2 893 871 316 1 2 230 4 1 0 912 Bb2 5 1 2 303 303
0 8 5 23 1 2 6 207 223 115 5 189 202 2 1 9 28 31 301 3 138 127 31 2 12 11 “ 7 1 513 495 5 1 3 4le 479
0 8 6 357 365 12 7 112 106 115 6 89 a7 2 8 0 329 313 31 4 8e5 852 314 3 161 171 4 T 2 459 «e7 5 1 4 207 207
0 8 7 42 14 1 2 8 48 25 11s r o 15 2 8 1 413 474 31 5 105 117 316 &« 8y 77 « 7 3 151 153 S 1 5 448 452
0 8 8 144 129 1 2 9 8 18 116 0 49 43 2 8 2 SU9 476 31 6 451 463 316 5 167 1065 “« 7 & 90 11 5 1 6 166 171
0 9 1 382 386 13 0 55 53 116 1 209 216 2 8 3 & 330 3017 19 316 6 115 107 “« 1 5 58 52 5 1 7 108 103
09 2 14 10 13 1 352 355 116 2 220 221 2 8 & 138 136 31 8 68 es 316 1 50 Sa « 7 6 112 111 5 1 8 3 5
0 9 3 202 288 13 2 464 455 r16 3 83 80 2 8 S 1649 16l 31 9 39 a1 31s o v 21 « 7 7 109 102 5 1 9 35 21
0 9 4 103 112 103 3 ael w26 116 4 1es 147 2 8 6 A T 302 0 774 768 315 1 92 91 4 7 8 145 les 5 2 0 616 &12
0 9 5 115 131 13 4 876 663 116 5 139 135 2 8 7 160 155 32 1 118 770 315 2 169 159 &« 8 0 w9 91 5 2 1 245 262
0 9 &6 61 &5 13 5 402 s21 116 6 71 718 2 8 8 5 sS4 3 2 2 263 253 315 3 1Cs 100 “ 8 1 346 3al 5 2 2 €16 626
0 9 7 121 132 1 3 6 304 312 117 0 35 3 2 9 0 Bk9 861 3 2 3 900 885 315 4 97 92 “ 8 2 498 471 S 2 3 34l 334
0 9 8 44 29 L3 7 a3t 117 1157155 2 9 1 31 333 3 2 &« 132 127 515 5 39 a7 « 8 3 lol 66 5 2 &« 579 580
010 0 136 136 1 3 8 &8 35 117 2 s 18 2 9 2 546 536 32 5 489 491 315 6 82 88 « B 4 197 195 5 2 5 68 64
010 1 85 lo1 1% 9 58 60 117 3 116 122 2 9 3 145 14T 32 6 9% 91 316 0 3es 356 “« 8 5 81 74 5 2 6 242 239
010 2 432 34 1 & 0 2ic 210 117 « 53 s7 2 9 &« 13 712 3 2 1 188 193 316 1 35 21 « 8 6 43 21 5 2 1 97 96
010 3 68 89 1 & 1 220 153 117 5 135 131 2 9 5 87 101 3 2 8 3 33 316 2 61 69 4 8 7 159 155 5 2 8 48 23
010 4 38 19 1 & 21293 1251 117 6 53 49 2 9 o 1ls6 180 302 9 39 21 316 3 408 107 « 8 8 104 103 S 2 9 35 34
010 5 174 161 1 & 3 555 550 118 0 125 121 2 9 7 42 43 3 3 0 642 632 316 & 42 40 “ 9 0 506 498 5 3 0 586 $52
010 6 90 82 1 & & 456 «72 118 1 237 243 2 9 8 103 111 303 1 256 247 316 5 53 45 “« 9 1 538 524 5 3 1 133 11
010 7 35 27 1 4 5 409 «l0 118 2 123 133 210 0 127 135 3 3 2 755 138 316 6 88 91 4 9 2 311 302 5 3 2 1s 121
010 8 10« 109 1 & 6 212 220 118 3 68 S9 210 1 496 485 303 3 128 131 317 0 140 133 4 9 3 154 155 5 3 3 536 534
011 1 584 592 1 6 1 a26 121 118 « 100 111 210 2 300 303 303 4 650 634 317 1 131 125 « 9 & 129 127 5 3 4 304 305
011 2 226 230 1 6 8 53 27 118 5 63 S« 210 3 236 230 3.3 5 15 27 317 2 111 109 4 9 5 14 83 S 3 5 417 418
011 3 166 165 1 4 9 53 50 119 0 24 12 210 & 225 221 3 3 6 402 397 317 3 4z 38 « 9 6 193 195 5 3 & 163 160
011 4 181 189 1.5 0 159 171 119 1 138 136 210 5 82 86 303 7 128 13 317 & 166 181 4 9 7 s 59 S 3 7 113 11%
011 5 66 66 15 1 392 383 119 2 107 111 210 & 82 68 33 8 15 62 317 5 31 33 4 9 8 152 156 5 3 8 33 6
011 & 35 13 15 2 385 Jel 119 3 88 97 210 7 le&  1&4 3 3 9 36 20 317 & 52 55 4 10 0 705 696 5 3 9 37 29
01l 7 112 113 1.5 3 376 368 119 ¢ 66 71 210 8 58 40 3 4 0 345 348 318 0 90 9 410 1 46s 458 5 4 0 42 5
o 8 38 27 1 S 4 490 a74 119 5 71 87 211 0 419 «26 34 1 657 437 318 1 el 59 10 2 299 302 5 4 1 243 zA.g
012 0 713 742 L5 5 294 312 120 0 152 153 211 1 120 109 3 4 2 238 233 318 2 141 133 « 10 3 389 367 S & 2 424 419
012 1 100 102 15 & 139 132 120 1 63 61 211 2 238 236 3« 3 362 35 318 3 127 133 4 10 4 23« 238 5 & 3 201 ;‘
012 2 437 <27 15 7 146 lao 120 2 90 94 211 3 38 37 3 4 & 58 52 318 & 32 9 «10 5 35 114 5 4 4 491 ]9
012 3 183 187 15 8 59 36 120 3 53 39 211 & 107 95 3 & 5 4&2 4ss 318 5 116 122 «10 & 113 117 5 4 5 183 "1‘;
012 &4 42 23 5 9 el 45 120 4 &2 &3 21 5 86 90 3 4 5 131 137 319 6 16 24 «10 7 75 61 5 & 6 249 14.
012 5 25 37 1 6 0 19C 179 12t 0 93 9« 211 6 149 14l 3 4 1 196 197 319 1 48 56 4«10 & 166 105 5 4 7 93 zﬂg
012 6 105 LI0 L6 1 210 175 L2t L 49 a3 211 1 15 82 3064 8 15 11 319 2«7 43 4«11 0 27 420 5 & 8 65 7
012 7 70 44 1 6 2 659 632 121 2 61 69 211 8 101 107 3 4 9 33 29 319 3 39 31 “ 11 1 285 213 S 5 0 s87 e
012 8 61 72 1 6 3 4il 4y 121 3 es 17 212 o 119 81 35 0 221 215 319 4 v 109 411 2 344 344 5 & 1544
013 1 304 312 L 6 4 4s5 4ba 122 0 20 9 212 1 400 1395 3 5 1 286 288 319 5 33 19 “11 3 33 5 s ; ;;: ne
013 2 135 142 L6 5 122 127 122 1 5L %9 212 2 209 208 3 5 2 618 590 320 0 105 107 « 11 4 178 179 5 5 3 529 ?g
013 3 83 a7 L 6 6 199 204 122 2 25 31 212 3 419 alL7 3 05 3 352 321 32001 11 18 411 5 50 49 HE- A S
013 4 49 39 L6 1 135 140 2 0 01083 1104 212 4 221 233 3 5 4 786 786 320 2 32 34 “ 11 6 126 117 5 5 5 ;3; S
013 5 43 2 1 6 8 53 &3 2 0 1 800 79 212 5 56 i 35 5 95 85 320 3 63 s8 “11 1 12 es s 5 329

6 9« 93
013 6 16 : 1 e; 2 e 3 2 0 2 488 48l 212 6 11 81 35 s 211 282 320 4 56 55 “11 8 63 &7 S 5 7 140 134
013 T 106 1IC 1 0 s 18 2 0 3 462 456 212 1 103 108 305 7 49 39 321 0 21 3 «12 0 109 1ue S 5 8 32 22

A C25B - 3*
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atoms needed to complete the molecule. Three cycles
of least-squares refinement, using 4 x 4 matrix blocks
for each of the hydrogen atoms, for which isotropic
temperature factors were used, and 9 x 9 matrix blocks

for carbon and heavier atoms, for which anisotropic
temperature factors were used, brought the R value
down to 4-5%. When the 80 weak reflections previously
omitted from calculations were also included in the

Table 1 (cont.)

N R L FOBS FCAL H K L FOBS FCAL H X L FOBS FCAL H K L FOBS FCAL
S 6 0 402 3% 6 0 6 215 217 614 5 63 44 7T 9 4 259 255
s 6 1 222 215 6 0 7 24 20 6 14 & 63 66 79 5 123 123
3 6 2 350 340 6 0 8 157 153 615 0 1 140 7T 9 6 187 187
3 6 3 359 360 6 1 0 294 285 615 1 173 180 T 9.7 53 56
S 6 4 442 447 6 1 1 761 784 615 2 79 79 710 0 50 53
S & 5 48 48 6 1 2 238 230 615 3 89 95 710 1 68 4

S & 6 250 250 6 1 3 292 288 615 4 145 144 710 2 181 177
s 67 as 04 6 14 129 122 615 5 T 50 710 3 117 1l1s
5 ¢ 8 2 (14 6 1 5 145 133 615 & 19 10 7 10 & 280 275
S 7 0 221 214 6 1 6 94 101 616 0 177 182 710 5 199 199
S T 1 325 326 6 1 7 186 188 616 1 79 79 T10 & 90 88
5 7 2 60 6 1 8 45 23 6 16 2 96 83 T 7 123 122
5 T 3 392 395 6 2 0 842 8AS 616 3 106 100 Tl 0 91 99
5 T 4 228 222 6 2 1 118 9% 616 4 46 42 Tl 95 98
5 1 % 221 208 6 2 2 669 676 616 5 42 33 T 1l 2 361 367
S 7 6 115 114 6 2 3 a8 75 617 o 42 46 T 11 3 268 259
$ 7 7 13 12 6 2 4 o4 A8 617 1 127 130 T 4 131 128
s T 37 30 6 2 5 (34 7 617 2 68 15 Tl 5 123 121
s 0 6 2 6 97 100 617 3 72 Tl 6 115 117
s 1 6 2 7 61 73 6 17 & 132 132 T 7 34 26
s 2 6 2 8 1712 173 6 1T 5 49 45 T2 o 54 45
S 3 6 3 0 A1) 414 6 18 0 196 194 T12 1 162 174
s 4 6 3 1 463 466 618 1 «7 35 T12 2 136 136
L] 5 6 3 2 157 148 618 2 a5 9 T12 3 218 210
L] (3 6 3 3 285 282 618 3 55 57 T12 4 125 118
s T 6 3 & 108 102 6 18 & 28 19 T12 5 131 123
5 s 6 3 5 104 85 619 0 45 52 T 12 6 104 100
S o 6 3 6 112 110 619 1 68 80 T12 7 90 95
S 1 6 3 T 164 159 619 2 had 9 713 0 171 170
S 2 6 3 8 64 42 619 3 53 54 T13 1 56 4

5 3 6 &4 1 3715 351 619 4 67 71 713 2 155 152
5 4 6 4 2 44T 455 620 0 97 los 713 3 149 158
S 5 6 4 3 115 121 620 1 50 44 713 4 135 136
5 (3 6 4 & 88 69 6 20 2 ¥5 98 713 S 114 103
S 6 4 5 142 151 620 3 24 16 713 & 56 55
s 6 4 o 285 281 621 0 17 25 714 0 90 80
5 6 4 7 13 69 621 1 17 21 714 1 140 137
5 6 4 8 184 179 7T 0 1 29 304 T 14 2 117 126
5 & 5 0 197 199 7T 0 2 383 1315 T 14 3 131 141
5 6 5 1 793 781 T 0 3 337 344 T 14 4 145 145
5 6 5 2 120 17 7 0 4 335 338 7T 14 5 131 132
5 6 5 3 212 214 7T 0 5 252 262 T 14 6 T4
5 6 5 4 149 8 71 0 6 179 176 715 0 61 63
s 6 5 5 42 3 T 0 7 80 17 T15 1 125 132
5 6 5 & 43 26 1 0 8 53 45 T15 2 119 128
5 6 5 T 143 134 7 1 0 311 311 715 3 16 30
5 6 5 8 43 7T 1 1 315 3713 T 15 4 177 les
S 6 6 0 149 172 T 1 2 320 aur 715 S5 110 106
s 6 6 1 207 198 T 1 3 281 286 T16 0 61 54
5 6 6 2 523 514 T 1 & 320 331 716 1 9 b4
£l 6 6 3 165 165 7T 1 5 285 302 T16 2 a7 88
5 6 &6 4 118 102 T 1 6 163 155 T 16 3 124 126
5 6 6 5 123 108 T 17 a0 66 T 16 & 68 S8
S 6 6 6 209 216 T 1 8 48 4l T 16 5 123 128
S 6 & 1 24 20 T 2 0 245 262 T 11 0 132 135
5 6 6 B 156 167 T2 57 49 717 1 41 31
5 6 7 0 133 139 T 2 2 300 295 T 2 34 23
S 6 7T 1 891 690 T 2 3 224 226 117 3 92 93
S 6 T 2 285 286 T 2 & 346 342 T 4 66 60
5 6 T 3 381 3717 T 2 5 252 253 718 0 118 er
5 6 T 4 149 14s T 2 6 181 184 T18 1 sl 3
5 6 T 5 136 131 T 2 7T 199 211 718 2 (3] 71
5 6 T & 97 89 T 2 8 37 7 718 3 82 84
5 6 7 7 122 116 7T 3 0 327 330 718 4 3 30
S 6 1 8 45 16 7 3 1 131 140 719 0 79 86
S 6 8 0 T4l TS5 T 3 2 32 337 719 1 T 12
5 6 8 1 125 118 T 3 3 426 433 719 2 20 22
3 6 8 2 305 314 T 3 & 387 387 719 3 48 48
S 6 8 3 90 78 T 3 5 265 262 7120 0 43 34
S 6 8 & 236 234 T 3 6 126 127 T2 1 53 50
Ed 6 8 5. 25 25 T 37 9% 83 720 2 42 52
s 6 8 6 208 203 T 38 21 21 8 0 0 156 150
5 6 8 7 (34 68 T 4 0 719 690 8 0 1 547 565
s 6 8 8 98 97 T 4 1 159 153 8 0 2 208 199
s 6 9 0 35 21 T 4 2 325 325 8 0 3 ‘M8 228
5 6 9 1 304 308 T 4 3 403 417 8 0 4 62 49
5 6 9 2 225 221 T & & 364 345 8 0 5 132 132
5 6 9 3 193 181 T 4 5 319 37 8 0 & 42 37
5 6 9 4 144 128 7 4 & 203 200 8 0 T 171 157
s 6 9 5 107 103 7T 4 T 160 170 8 0 8 56 48
S 6 9 & 24 29 T 4 8 20 7 8 1 0 782 802
s 6 9 7 162 158 7T 5 0 21 8 1 1 58 3}
S 6 9 8 24 12 T 5 1 250 246 8 1 2 38 407
S 6 10 0 396 405 T S 2 312 300 a4 1 3 84 b8
5 610 1 153 157 7T 5 3 385 380 8 1 4 143 145
s 6 10 2 344 345 T 5 & 256 247 8 1 5 145 133
s 6 10 3 146 146 T 5 5 112 187 8 1 &6 204 206
516 6 10 4 124 116 7T 5 6 158 167 8 1 7 47 5
5 16 610 5 123 120 T 5 T 90 80 8 1 8 120 128
516 610 & T 95 T 5 8 28 35 8 2 0 92 93
517 610 7 59 56 T 6 0 232 229 8 2°+1 5% S75
517 611 o 96 104 T 6 1 146 139 8 2 2 183 183
517 6 11 1 456 464 T 6 2 212 214 3 2 3 298 307
517 611 2 1717 1712 T 6 3 223 212 8 2 4 7 25
517 611 3 162 150 T 6 4 306 302 8 2 5 71 T4
s 17 6 11 4 172 169 T 6 5 222 194 8 2 6 137 135
518 611 5 49 33 T 6 6 137 141 8 2 7 139 138
s 13 611 6 24 11 7T 6 7 68 T6 8 2 8 71 55
s 18 611 7 89 8 1T 6 8 33 31 3 3 D 650 673
518 612 0 S21 S29 T 10 5 6 8 3 1 297 294
518 612 1 119 124 T 7T 1 214 212 8 3 2 553 566
518 612 2 171 165 T 7T 2 292 290 a 3 3 79 68
519 612 3 129 122 T T 3 259 263 8 3 4 101 92
519 6 12 & 61 48 T T 4 421 427 8 3 5 79 65
519 612 5 110 106 T 7T 5 1711 170 8 3 6 212 214
519 612 & 100 91 T T 6 134 142 8 3 7 58 3

519 612 7 21 10 T 1 7T &0 15 8 3 8 107 112
5 20 613 o 94 ar T 1T 8 17 29 8 & 0 241 235
5 20 6 13 1 320 325 7T 8 0 89 19 8 4 1 439 450
5 20 613 2 155 165 7T 8 1 155 151 8 4 2 56 5

5 20 613 3 182 181 T 8 2 319 a7 8 4 3 234 23
521 613 4 49 50 7T 8 3 185 191 8 4 4 64 T

s 21 613 S 35 30 T 8 4 29 286 8 4 5 66 5

521 613 6 38 42 T 8 5 329 1330 8 4 6 152 156
0 613 T 34 36 7 8 6 175 169 8 4 T 147 146
L3 614 0 17 19 T 87 56 59 8 4 8 45 43
& 6 14 1 49 36 7T 9 0 238 248 6 5 0 709 714
6 6 14 2 325 1329 7T 9 1 155 156 8 5 1 168 172
[ 6 14 3 61 65 T 9 2 36 319 8 5 2 43¢ 438
[ 6 16 4 61 63 T 9 3 315 315 a 5 3 56 54

N K L FOBS FCAL M K L FOBS FCAL M K L FOBS FCAL M K L FOSS FCAL
8 54 4 23 9 2 3 270 276 10 0 5 17 12 11 0 3 %6

8 5 S S6 37 9 2 4 120 126 10 0 & 53 31 11 0 & 370 378
8 5 & 102 102 9 2 5 228 231 10 0 7 123 122 11 0 S 35 3
8 5 7 6L 47 9 2 6 101 115 10 1 O 317 323 11 0 & 122 128
8 5 3 125 134 9 2 7 116 102 10 1 1 304 309 11 0 7 44 49
8 6 0 20 8 9 2 8 A0 43 10 1 2 240 240 11 1 0 59 43
8 6 1 338 350 9 3 0 167 166 10 1 3 187 187 1 1 ‘1 67 &9
8 6 2 175 176 9 3 1 104 117 10 1 4 9 97 11 1 2 95 83
8 6 3 128 142 9 3 2 355 361 10 1 5 66 61 11 1 3 293 298
8 6 4 88 91 9 3 3 9 85 10 1 .6 15 150 11 1 & S6 43
8 6 5 71 ST 9 3 4 319 318 10 1 7 121 l2¢ 11 1 5 27 292
8 6 6 137 146 9 3 5 146 146 10 2 O 664 666 11 1 6 92 95
B8 6 T 146 140 9 3 6 T3 61 10 2 L 240 244 11 1 T 79 8
8 6 8 40 39 9 3 7T 60 56 10 2 2 167 181 11 2 © 90 7
8 7 0 557 S48 9 4 O 66 10 2 3 127 134 11 2 1 179 19
8 7 1 130 123 9 & 1 133 142 10 2 4 35 22 11 2 2 352 360
8 7 2 328 331 9 4 2 17T 17T 10 2 5 82 13 11 2 3 &1 48
8 7 3 175 175 9 4 3 219 273 10 2 6 19 T5 1l 2 & 309 317
8 7 4 129 126 9 4 4 141 147 10 2 T 94 89 11 2 5 26 33
8 7T 5 56 59 9 4 5 234 237 10 3 0 593 610 11 2 & 125 126
8 7 6 97 8 9 &4 6 60 ST 10 3 1 292 295 1l 2 T 39 38
8 7T 7 & 59 9 & 7 71 75 10 3 2 212 219 11 3 0 108 1l
& 8 0 31 27T 9 5 0 214 210 10 3 3 177 181 11 3 1 117 172
8 8 1 468 468 9 5 1 229 221 10 3 4 71 73 11 3 2 93 103
8 8 2 46 3% 9 5 2 289 295 10 3 S 35 49 11 3 3 209 218
8 8 3 238 239 9 5 3 53 56 10 3 6 93 82 11 3 & 25 4
8 8 4 221 229 9 5 4 329 325 10 3 T 107 111 1l 3 S5 233 232
8 8 5 139 13 9 5 5 82 91 10 4 0 226 227 11 3 & 711 67
& 8 6 53 & 9 5 6 149 148 10 4 1 230 228 11 3 7 91 101
8 8 7 113 113 9 5 7 90 92 10 4 2 313 320 11 & O 54 38
8 9 0 409 418 9 6 0 16 27T 10 4 3 S5 40 11 4 1 60 66
8 9 1 9 91 9 6 L 15 152 10 4 4 25 10 11 4 2 301 312
8 9 2 177 185 9 & 2 164 173 10 4 5 17 24 11 4 3 35 18
8 9 3 99 ICI 9 6 3 243 248 10 4 6 89 93 11 & & 219 224
4 9 4 133 115 9 & 4 4 8 10 4 7 105 101 11 4 5 59 49
8 9 5 108 106 9 6 5 317 316 10 5 0 322 326 11 4 6 146 151
8 9 6 142 124 9 6 & 59 55 10 5 1 316 322 11 4 7 33 31
8 9 7 45 42 9 6 7T 0 58 10 5 2 221 229 11 S5 0 209 217
810 0 116 120 9 7 0 45 24 10 5 3 226 22T 11 S5 1 159 158
810 1 214 221 9 7 1 101 87 10 5 & 1T 6 11 5 2 711 15
810 2 7T 70 9 7 2 315 324 10 5 S 49 41 11 5 3 189 191
810 3 330 326 9 T 3 126 124 10 5 6 13 124 11 5 4 26 26
810 &4 131 136 9 7 4 300 302 10 5 7 7311 5 5 220 217
810 5 65 52 9 T S5 102 104 10 & 0 402 411 11 5 6 65 711
810 6 80 70 9 T 6 150 148 10 6 1 201 209 11 6 O 35 25
810 7T 83 8 9 7 T 90 103 10 & 2 23 233 11 6 1 49 34
811 0 272 274 9 8 0 67 68 10 6 3 143 149 11 6 2 271 274
611 1 60 58 9 8 1 112 112 10 6 4 144 138 11 6 3 94 93
811 2 224 227 9 8 2 72 713 10 6 5 B8l 86 11 6 & 249 243
811 3 173 178 9 8 3 229 219 10 6 6 148 148 11 6 5 71 74
W1l 4 49 20 9 B 4 S0 44 10 6 7T 68 65 11 & 6 118 124
811 5 113 123 9 8 5 166 15 10 7 0 174 175 11 7 0 108 119
811 6 105 98 9 8 6 74 TS 10 7 L 18l 174 11 T 1 152 155
811 7 28 32 9 8 7 6 8 10 T 2 174 175 11 T 2 101 106
812 0 42 9 9 0 42 34 10 7T 3 171 172 11 T '3 252 260
812 1 206 206 5 9 1 156 155 10 7 & 71 68 11 T & 49 S8
812 2 120 118 9 9 2 327 33 10 T S 48 47 11 7 5 194 180
812 3 82 8 9 9 3 I5 I 10 T 6 98 89 11 T 6 35 34
812 4 85 95 9 9 4 236 238 10 T ? 48 S0 11 8 0O 94 95
812 5 104 101 9 9 5 108 115 10 8 0 212 216 11 8 1 109 111
812 6 67 59 9 9 & 85 89 10 8 1 142 145 11 8 2 146 140
813 0 2645 25 9 9 7 42 49 10 8 2 279 283 11 8 3 9 93
813 1 17 3 910 0 167 166 10 8 3 126 129 11 8 & 182 173
813 2 252 257 910 1 78 68 10 8 & S5 41 11 8 5 12 63
813 3 35 30 910 2 9 82 10 8 5 3 35 11 8 & 83 89
313 & 71 74 910 3 194 178 10 8 & 65 S6 11 9 0 61 710
813 5§ 57 43 910 4 105 110 10 9 0 182 176 11 9 1 109 115
813 6 83 82 910 S 212 218 10 9 1 230 229 11 9 2 93 99
814 0 79 79 910 6 43 45 10 9 2 193 204 11 9 3 187 196
814 1 119 122 911 0 49 45 10 9 3 106 110 11 9 4 82 84
8164 2 108 111 911 1 140 134 10 9 4 98 96 11 9 S5 119 125
814 3 132 129 911 2 183 187 10 9 S 53 44 11 9 6 24 28
814 4 92 96 91l 3 25 22 10 9 & 55 ST 1110 0 42 16
814 5 81 70 911 4 202 207 1010 O 329 329 1110 1 79 76
814 6 33 28 911 5 T T2 1010 1 120 130 1110 2 174 175
815 0 244 251 911 & 109 115 10 10 2 249 255 1110 3 48 55
815 1 93 94 912 0 133 126 1010 3 49 47 11 10 & 167 164
815 2 91 91 912 1 128 129 1010 4 9 98 1110 5 14 7
815 3 90 90 912 2 43 33 1010 S5 68 69 1111 0 42 60
815 & 39 39 912 3 197 197 1010 6 66 6L 1111 1 112 118
815 5 43 35 912 4 86 8 1011 0 144 151 1111 2 54 So
816 0 26 5 912 5 184 157 101l 1 206 201 1111 3 115 114
816 1 147 151 912 6 67 69 1011 2 42 50 1111 4 32 16
816 2 96 96 913 0 66 60 1011 3 153 158 1111 5 100 108
816 3 46 31 913 1 42 39 101l 4 24 26 1112 0 84 88
816 4 42 11 913 2 193 188 1011 S 22 28 1112 1 80 87
816 5 47 51 913 3 106 104 101l & 45 S3 1112 2 64 60
817 0 126 120 913 4 153 149 1012 0 111 119 1112 3 62 s9
817 1 24 19 913 5 36 36 1012 1 B2 T8 11 12 4 156 186
817 2 86 86 914 0 T0 57 1012 2 121 123 1112 5 30 33
617 3 48 50 914 1 1035 98 1012 3 &2 &7 1113 0 79 a9
817 4 64 70 914 2 68 62 1012 4 92 90 1113 1 135 126
818 0 38 20 914 3 101 101 1012 S 46 53 1113 2 71 &6
818 1 105 111 914 4 68 65 1013 O 112 111 1113 3 103 110
818 2 79 T 914 5 112 120 1013 1 192 186 1113 & 28 32
818 3 42 38 915 0 35 19 1013 2 42 23 1114 0 66 66
819 0 123 140 915 1 83 8l 1013 3 47 46 1114 1 86 83
819 1 66 68 915 2 163 159 1013 4 83 80 1114 2 49 s7
819 2 66 13 915 3 70 66 1013 S 33 32 1114 3 41 3%
820 0 40 44 915 4 99 96 1014 O 260 257 1l 14 4 116 135
9 01 5 70 915 5 37 34 1014 1 26 21 1115 0 67 o7
9 0 2 82 76 916 0 139 138 1016 2 47T 40 1115 1 11 74
9 0 3 422 426 916 1 16 17 1014 3 45 37 1115 2 20 16
2 0 4 170 168 916 2 94 91 1014 4 65 T3 1115 3 86 91
9 0 5 169 165 916 3 132 140 1015 0 75 83 1116 0 28 25
9 0 &6 42 40 916 4 88 1015 1 161 160 1116 1 90 92
90 7 122 113 917 0 78 &9 1015 2 32 44 1116 2 82 94
208 53 61 917 1 59 53 1015 3 36 S 1117 0 35 41
21 0 119 121 917 2 66 ST 1015 &4 45 43 1117 1 43 47
9 1 1 142 13 917 3 55 48 1016 O 68 68 12 0 0 532 S48
91 2 343 350 918 0 &5 61 1016 1 89 84 12 0 1 25 11
9 L 3 Ul 98 918 | 49 22 1016 2 112 119 12 0 2 43 56
9 1 4 368 378 918 2 102 112 1016 3 33 35 12 0 3 106 103
91 5 106 116 919 0 42 35 1017 6 16 26 12 0 4 20 2
91 6 143 161 919 1 29 30 1017 1 112 117 12 0 5 15 75
9 1 7T 45 60 10 0 0 294 29 1017 2 19 12 12 0 & 1T 712
9 1 8 29 1l 10 0 1| 374 387 1018 O 39 42 12 1 0 35 11
9 2 0 237 237 10 0 2 255 257 1018 1 38 4 12 1 1 196 202
92 1 171 172 10 0 3 165 176 11 O 1 132 132 12 1 2 1% 1e1
9 2 2 207 205 10 0 4 35 20 11 0 2 220 217 12 L 3 18 ep
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Table 1 (cont.) Table 2(b) Positional parameters for the hydrogen atoms
WK L FOBS FCAL W X L FUBS FCAL W K L FOBS FCAL W K L FUBS FCAL at the end of the [east-squares reﬁnement
12 1 4 73 65 1213 0 1 55 1310 0 ST 5 14 10 1 142 133
1 1310 1 57 56 14 10 2 52 53
Bid R onnimi Ble 8B hues oo X Yib Zle
&
:g g § l:: 123 }g :: : :: :; 13 :I ; li: l;‘l’ :: ;; «lv ;: I;Z H(IB) 07928 02159 03708
:g g ; :ls ;g :g i; 3 ;f. ;: :: }: 3 9 31 :: g 0 :3 ‘g H(ZA) 07635 00837 0-3440
H o 48 «9 1
FEEIE R R TR A U I R H(2B) 0-6811 01295 04157
o 1 &
9 . . .
IR T R S R B ST I S H(6A4) 0-8119 01743 1-0614
. L) 26 {3
236 3 13 130 5 1o ibo Do a7 sy e a0 H(74) 0-9242 0-2582 0-9259
7
ig : lx’ ﬂg fﬁ? {; ? 3 e: :; 14 13 0 149 ;;g :: ; [ l;: l;;x H(7B) 0-8747 0-2955 1-0845
B3N B0 e e e 0 % ’Eé @ o1 % o H(8B) 0-7878 0-3517 0-8323
Py 2 1l 16 0 120 1 “ . ) .
1245 3 4 D1« :'{; i oo e DUz a3 2wy 3 H(%A4) 0-9070 0-2749 0-6380
L3
1350 175 lea 1) 1 & 103 137 o1 tl) 122 2z 15 31 42 1:; H(”A) 0-8576 0-3413 0-3996
6 . . .
A A R H(11B) 0-7701 0-3700 0-4989
& &
A H A };; e e :‘ . ZE B3 a0 1T H(124) 0-9844 0-3989 0-5005
“ “ . . o,
B34 2 e b3 i i EIE I AR I H(12B) 0-8906 0-4466 0-4376
4 [ 5 4 . . .
goida BRI H B Al byt @ H(144) 09890 03654  0-8063
gl Bigah mi gk onilon oy H(I54) 09792 04085 10855
4 16 2 b4 ] 6 . . B
SRR EEE SR RN SR H(I5B) 08835 04465 10440
5 1« 31 3 o . "
R I EE N SRR I I R H(164) 10758 04949 09583
99 0 & 3 o o .
HilEE i@ i R A H(16B) 09818 05284 09632
? “ 2 4 14 3 3 s o o 3
R R T TR RIS H(lgA) 1-0534 0-4869 0-6976
7 T 3 5 2 3 1 & 1 . o o
:s 8 (5) Z;l 2;6 }; 5 (l] g‘) 22 16 & 2 5 9 15 8 0 o7 53 H(l A) 08027 05346 06169
ERRCATEE R A S R H(18B) 07542 04665 07080
12 2 16 1¢9 13 3 ) 134 &
12 83 68 56 13 5 4 lss 19 16 5 0 200 232 15 9 0 21 23 HU18C) 0-8155 0-5105 0-8208
12 8 4 66 o4 13 5 5 87 87 16 5 1 L1 55 15 9 1 51 45
12 85 29 3% 13 6 0 16 7L 14 5 2 117 167 1510 0 82 90 H(19A) 0-6498 0-2813 0-4748
12 9 0 136 131 13 6 L 42 25 1« 5 3 50 51 16 0 ¢ 138 138
FRR I R SR N S S T O N H(19B) 0-6504 0-3008 0-6688
6 33
253 98 5 e N el ae e 1o se e H(19C) 0-6058 0-2172 0-6233
12 9 & 7L % 13 6 5 67 77 16 6 2 %0 38 16 1 1 105 111
12 9 5 13 39 13 7 9 5 sz; 14 s 3 257 &0 t: ; s zIZ z;: H(ZIA) 1-:0027 0-6431 0-4443
210 o 15 57 13 7 1 1l& 11 14
i o 1 108 115 13 122 122 de 70 2m 21 16 21 w4 H(21B) 0-9270 0:5713 0-3992
3 1 9 &
Bl 3t TN T o e 1636 e el HQ1C) 1-0317 0:5679 0-4633
12 10 & 31 14 13 7 5 54 53 1« 7 3 s 46 16 3 1 151 156
12 10 5 42 “9 13 4 0 59 4“6 1 7 & 31 2T 16 3 2 70 73
12 11 Q0 120 1Ce 13 8 1 o4 6r 1« 8 ¢ 23 - le 4 0 123 13
1211 1 149 140 13 8 2 8 LL 14 8 1 159 151 16 & 1 68 75
1211 2 97 99 13 8 3 155 157 14 8 2 31 35 16 & 2 97 110
1211 3 50 57 13 8 & 89 L3Y 1« 8 3 5T kL 16 5 0 70 68 - -
1 0 3 1 5 1 T 7
FR I B S S I O TR I O O S Description of the structure
1212 1 62 53 13 92 1 53 44 16 9 1 49 35 16 & 1 29 41
1212 2 138 1&1 13 9 2 100 95 :‘ : i ;; gg
9 71 7 &
B ININS BTl e e 808 Bond lengths and angles

Bond lengths and bond angles between all atoms, ex-
structure factor calculation, the R value became 4:7%. cluding the hydrogen atoms, are shown schematically
Table 1 lists the final observed and calculated structure in Fig.2(a) and (); the estimated standard deviations
amplitudes. Final atomic and parameters are given in  are 0-004 to 0-009 A and 0-4 to 0-5°, respectively. Bond
Tables 2(a) and 2(b). lengths involving hydrogen atoms have standard devi-

Table 2(a). Positional and thermal parameters for the non-hydrogen atoms at the end of the least-squares refinement

The values calculated are ten times absolute scale.
Thermal parameters are listed in the form exp {—2r2(U; h2a*2 +2U 2hka*b*+ .. .)}.

z/a y/b */o U U22 Uss V12 U3 U23

C(1) 0.7985 0,1868 0,4611 0.0680 0,0371 0.0450 -0,0067 -0,0032 -0,0053
C(2) 0,7353 0.1175 0.5423 0,0765 0.0423 0.0630 -0,0105 ~0,0084 -0.0152
C(3) 0,7295 0,074k 0.6053 0.0597 0.0376 0,0612 -0,0057 -0,0041 -0,0016
C(4) 0,7491 0,1113 0,7681 0.0592 0.0389 0.0588 -0.0012 -0.0035 0.0088
C(5) 0.7673 0,1838 0.7834 0.0354 0.0377 0,0462 0.0006 -0.0028 0.0019
C(6) 0,7873 0.2150 0,9617 0.0382 0.0450 0,0400 0,0056 0.0021 -0,0004
C(7) 0.8634 0.2745 0,9640 0,0482 0.0404 0.0377 0,0011 0,0005 0,0044
g(g) 0,8463 0.3322 0.8235 0,0390 0.0323 0,0405 0,0054 -0,0007 -0.0003

(9) 0.8455 0.2966 0.6433 0.0507 0.0342 0,0392 0,0016 -0,0002 -0,0034
C(10)  0.7673 0.2333 0.6229 0,0539 0.0293 0,0368 -0.0032 -0.0085 0,0023
C(11)  0.8332 0.3540 0.4964 0,0850 0,0401 0,0351 -0,0128 -0,0085 0,0007
Cc(12)  0.9128 0.4156 0,5095 0,0722 0.0364 0,0481 -0,0082 0.0012 0,000
C(13)  0,9110 0.4522 0.6304 0.0408 0,0298 0,0467 0,0010 0.0006 -0,0035
C(14)  0.9269 0.3915 0.8259 0,0429 0,0391 0,0400 0,0042 ~0,0029 -0.0063
C(15)  0,9486 0.4322 0.9950 0,0623 0.0465 0.0498 -0,0037 -0.0170 -0,0076
C(16)  1,0065 0.5007 0.9346 0,0758 0.0501 0,0753 -0,0133 -0,0197 0,0019
C(17)  0,9998 0.5024 0,7359 0,0458 0,0384 0,0659 0,0017 ~0,0031 -0,0077
C(18)  0.8126 0,4934 0.7180 0,0458 0.0420 0.0626 0,0022 ~0,0063 -0.0068
C(19)  0.6607 0.2640 0,5952 0,0552 0,0487 0,0582 0,0018 -0.0159 0,0030
C(20)  0.9937 0,5787 0.6569 0,0437 0.0408 0,0838 -0,0072 0.0000 -0,0030
C(21)  0.9975 0.5863 0,4600 0.0718 0,0360 0.0774 -0,0052 0,0064 0,0048
0(3) 0.7048 0,0096 0.6028 0,1116 0.0406 0,0883 -0,0248 -0,0111 -0,0017
0(20)  0,9857 0,6332 0.7478 0,0855 0.0398 0,0837 -0.0008 -0.0156 -0.0076

Br 0.6607 0.2547 1,0579 0.0499 0.0660 0.0530 0.0087 0.0088 0.0062
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ations lying between 0-03 and 0-07 A and bond angles
of the types H-C-C and H-C-H, have standard devi-
ations of 2-0 to 4-0° and 4-0 to 7-0°, respectively.

Taking the average estimated standard deviation
(0-007 A) into account, it is apparent that all the single
bonds of the type C(sp*)—(sp?) in the 6S-bromo pro-
gesteroné molecule are not equivalent and that five out
of sixteen of them [C(6)-C(7)=1-495 A, C(9)-C(10)=
1-571 A, C(10)-C(1)=1-560 A, C(10)-C(19)=1-553 A,
and C(11)-C(12)=1-557 A] deviate by more than three
standard deviations from the expected value of
1-533+0-003 A (Bonham & Bartell, 1959). In parti-
cular, the bond C(6)-C(7) is shorter and C(9)-C(10) is
longer, each by as much as six times the estimated
standard deviation. The bond between C(6) and Br
with a length of 1:990 A appears to be normal*. All
other bond distances appear to be normal.

Torsional angles

Important torsional angles calculated for this mole-
cule are listed in Table 3. The 44 bond causes the tor-
sional angle 8(4,5) to assume practically an eclipsed
configuration; 6(4,5) is +0-7° (estimated standard de-
viation is 0-6°). The torsional angle 8(3,4) with a value
of +3-7° is also influenced by the 44 bond in addition
to the double bond between C(3) and O(3). These two
double bonds also affect the two torsional angles 6(2,3)
and 6(5,10) in the A4 ring, whose values are +21-9° and
—28-7° respectively, less than half the value for the
symmetrically staggered configuration. Angles 6(5,10)
and (5,6) reveal the transmitted distortion in the
B ring caused primarily by the bromine atom. These
two angles; with values of +33-8° and —36-9° respec-
tively, are just about midway between the values for
the eclipsed and the symmetrically staggered configu-
rations. The torsional angles in the C ring are those
expected for the symmetrically staggered configuration,
indicating that the C ring is virtually strain-free. In the
D ring 6(15,16) is +9-2° and 6(16,17) is + 18-8°,
whereas in the ideal half-chair conformation of cyclo-
pentane, 6(15,16) is equal to 6(16,17), and is approx-
imately +16° (Brutcher & Leopold, 1966).

* Though a value of 1-937+0-003 is listed in Interna-
tional Tables (1962), values between 1-990 and 2:005 A have
been obtained in nine out of twelve instances in our work on
the structures of brominated steroids. In only three instances
is the length smaller than 1-995 A.

CRYSTAL AND MOLECULAR STRUCTURE OF 68-BROMOPROGESTERONE

When viewed from the top, as in Fig. 3(@), the methyl
group attached to C(10) is rotated anti-clockwise by
about 18° from the symmetrically staggered configu-
ration. This rotation keeps the non-bonded atoms Br
and H(19B) at a reasonable distance from one another,
namely, 3-10 A or just about the normal van der Waals
distance. The methyl group attached to C(13) is almost
in the symmetrically staggered configuration, as shown

(»

Fig.2. Interatomic distances (a), and angles (b), in the steroid
molecule. Standard deviations are given in parentheses for
the distances, and are the range 0-4-0-5° for angles.

Table 3. Torsion angles in the steroid nucleus

6(A-B) is the torsion angle about the 4-B bond, in which the other two atoms required to define the angle are those attached
. to either end of the bond and are in the ring in question. -

A ring B ring
Bond 6(A-B) Bond 6(A-B)
C(1)-C2) —507 C(5)-C(6) —369
C(2)-C(3) 219 C(6)-C(7) 47-6
C(3)-C(4) 37 C(NH-C@B) —5717
C(4)-C(5) 0-7 C(8)-C(9) 560
C(5)-CQ10) —28-7 C(9)-C(10) —43-4
C(1)-C(10)  52:6 C(5)-C(10)  33-8

C ring D ring

Bond 6(4-B) Bond 6(4-B)
C(8)—C(9) —54:5 C(13)-C(14) 45-2
C(9)—C(1D) 540 C(14)-C(15) —34-2
C(11)-C(12) 55-5 C(15)-C(16) 9-2
C(12)-C(13) 567 C(16)-C(17) 18-8
C(13)-C(14) —60-9 C(13)-C(17) —389
C(8)—C(14) 60-2
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in Fig.3(b). In this case, four of the torsional angles
conform closely to the 60° value of the symmetrically
staggered configuration. The other two angles 17,13
18, H(18A4)]and 8[17,13, 18, H(18C)], however, with val-
ues of +71-7°and — 52-0, deviate from that which is ex-
pected for the symmetrically staggered configuration.
This has been caused by C(17), which, being a part of a
five membered ring, is pulled further toward C(14),
resulting in an increase of 6{17,13,18,H(184)] and a
decrease of 0[17,13,18H(18C)]. The methyl group at-
tached to C(20) has an approximately symmetrically
staggered configuration with respect to C(17) (rotated

(b)

Fig.3. Two perspective views of the molecule, including the
50% probability thermal ellipsoids of the non-hydrogen
atoms.
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by approximately 10° from the symmetrically staggered
configuration, apparently due to the interaction be-
tween the methyl group attached to C(20) and the one
attached to C(13)].

Least squares planes

Tables 4,5 and 6 show respectively the equations of
the least-squares plancs through various portions of
the molecule, the perpendicular distances of atoms
from these planes, and the dihedral angles. The A4 ring
is highly distorted because of the double bond between
C(4) and C(5). The six atoms C(3), C(4), C(5), C(6),
(10), and H(4) are coplanar to within 0-004 A compared
to the estimated standard deviation in their positions
of about 0006 A for carbon atoms and larger for hy-
drogen atoms. Rings B and C are chair shaped. The
44 bond has transmitted a certain amount of distortion
to the B-ring as well. The atom C(5) is pulled closer to
the mean plane of the B ring and is at a distance of
0-097 A compared to the value of 0-256 A in a strain
free cyclohexane ring. As a result of C(5) coming nearer
to the mean plane of the B ring, the atom C(8), situated
on the opposite side of the B ring, is slightly pushed
away from that plane and is at a distance of 0-283 A
from it. The rings C and D appear to be normal and
are little affected by the distortions in rings 4 and B.
The D ring is a distorted half-chair. As compared with
the conformation of the D ring in 2f3,3a-dichloro-5o-
cholestane (Brutcher & Leopold, 1966), 114,120-di-
bromo-3a,9-epoxy cholanic acid methyl ester (Gopala-
krishna, Cooper & Norton, 1969)and 114,124-dibromo-
3a,9-epoxycholanic acid methyl ester (Gopalakrishna,
et al. 1969), where it is also a distorted half-chair, the
D-ring in the present steroid is more distorted. The
four atoms C(17), C(20), C(21), and O(20) in the side
chain of the molecule, lie exactly in a plane. All the
ring system junctions are trans fused. The two methyl
group bonds, C(10)-C(19) and C(13)-C(18), are not
parallel, but are inclined at an angle of 17-8° to each
other.

Table 4. Least-squares planes through the atoms
The planes are of the form /IX+mY+nZ=p, where X, Y, Z and p are in A units relative to the crystal axes.

Plane Atoms included
Al C(2), C(3), C(4)

A2 (1), C(2), C(4), C(5)
A3B1 C(1), C(5), C(6), C(10)
B2 C(6), C(7), C(9), C(10)
B3C1 C(7), C(8), C(9), C(11)
C2 C(8), C(11), C(12), C(14)
C3Dl  C(12), C(13), C(14), C(15)
D2 C(13), C(15), C(16), C(17)
D3 C(14), C(15), C(16), C(17)
A C(1), C(2), C(3), C(4), C(5), C(10)

B C(5), C(6), C(7), C(8), C(9), C(10)

C C(8), C(9), C(11), C(12), C(13), C(14)
D C(13), C(14), C(15), C(16), C(17)

E C(17), C(20), C(21), O(20)

F C(10), C(13), C(18), C(19)

G C(3), C(4), C(5), C(6), C(10)
C(1)-C(17)

/ m n p
0-9706 —0-2262 —-0-0324 8-8202
0-9141 —0-4044 0-0297 8-3635
0-9856 0-1671 0-0244 11-0848
0-7310 —0-6608 ~-0-1704 3-8899
0-9907 0-1204 —0-0635 11-6086
0-7108 —0-6828 ~0:1691 2-8793
0-9894 0-0587 ~0-1331 11-9750
0-7199 —0-6643 -0-2013 2-3203
0-8860 —0-4637 ~0-0023 7-6597
0-9691 —0-2441 0-0359 9:3573
0-8726 —0-4628 ~0-1562 6-4047
0-8941 —0-4264 ~0-1372 6:9462
0-8362 —-0-5103 ~0-2008 52277
0-9961 0-0772 0-0419 14-3213

—0-0692 —0-1431 0-9873 3-2801
0-9785 —0-1668 —0-1218 87929
0-9096 —0-4051 —0-0923 7-6474
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Table 5. Perpendicular distances of atoms (A) from the least squares planes

B3C1

C(1H)-C(17)

G

C3D1 D2 D3

C2

B2

A3Bl1

CRYSTAL AND MOLECULAR STRUCTURE OF 68-BROMOPROGESTERONE
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Table 6. Dihedral angles

Plane 1 Plane 2 Angle
Al A2 12-5°
A2 A3B1 335
A3B1 B2 52-7
B2 B3C1 49-1
B3C1 C2 50-8
Cc2 C3D1 467
C3D1 D2 456
C3D1 D3 31-8
A B 17-6
B C 27
C D 69
D E 383
A C(H)-CcUumn 28-2
B C(1)-C(17) 25
C C(1)-Cc(17) 62
D C()-C1n 36
E C(1)-Cc(17y 294
F C()-Ca7 955

Dihedral angles

The mean plane of the 4 ring makes an angle of
17-6° with that of the B ring. The mean planes of the
B and C rings have a dihedral angle of only 2-7°, and
the dihedral angle between C and D is 6:9°. The plane
containing the three atoms of the side chain and ca7
is inclined to the mean plane of the nucleus at an angle
of 29-4°, The inclination of the A ring to the mean plane
of the main nucleus is 28:2°, that of the Bring 2-5°, that
of the C-ring 6-2°, and that of the D ring is 3-6°. These
angular relationships show that the three ring systems
B,C, and D are almost parallel to each other, whereas
the A ring is inclined by about 20° to the rest of the
nucleus.

The length of the nucleus of the steroid molecule,
calculated as the distance between C(3) and C(16), is
8:998 A, and is similar to the lengths of the nuclei of
other steroids considered thus far (Norton, 1965).

Molecular packing

Fig. 4(a) and (b) show two axial projections of the
crystal structure. There are only thirteen inter-mole-
cular contacts shorter than 4-0 A when hydrogen atoms
are ignored. These are listed in Table 7. Out of these,
three are between the bromine atom of one molecule
and the atoms of the side chain of the neighboring
molecule, and another six contacts are between 0@3)
of one molecule and the atoms C(2), C(4), C(17), C(19),
C(20), and C(21) of the neighbouring molecules. The
contact between the bromine atom and O(20) has an
unusually short distance of 3-191 A and is the shortest
contact in this structure when hydrogen atoms are
ignored. The molecules are packed such that their mean
planes are nearly perpendicualar to the (001) plane and,
as a result, molecules related by the c-screw axis are
parallel to each other.

The authors are grateful to Mr C.T.Lu and Mrs
C.DeVine who were responsible for the collection and
initial preparation of the intensity data.
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This investigation was supported by Public Health Table 7. Intermolecular contacts less than 4-0 A between
Service Research Grant CA06183 from the National carbon and heavier atoms
Chancer Institute.

Atom 1 Atom 2 Position* Distance
Br C(1) 1/001 3-805 (5) A
y | Br C(2) 1/001 3993 (5)
. [ol Br C(20) 2/110 3-763 (5)
s P Br c(21) 2/110 3-679 (5)
Br 0(20) 2/110 3-191 (4)
L 0(3) C(2) 2/100 3-576 (6)
0(3) C(4) 2/10T 3-439 (6)
~ o(3) c(7) 3/701 3.787 (8)
0(3) C(20) 3/101 3-820 (6)
; ,_=<.\ 0(3) Cc(21) 3/T01 3-326 (6)
0(20) C(19) 2/110 3:803 (6)
C(1) C(6) 1/001 3:856 (7)
& C(12) C(15) 1/00T 3975 (7)
* Equivalent position nomenclature: 3/T01 is taken to mean
that the second atom mentioned in the intermolecular distance
P=— a — 1 is at equivalent position 3, translated —1, 0 and 1 unit cells in
T 1 4 %( the a,?) and ¢ diliections respectively. The equivalent positions
| | are 1=(x,7,2); 2= (=X, 5,3 +2); 3=(G+x,3—1,2).
(@)
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The crystal structure of potassium mercuric tribromide monohydrate has been determined by X-ray
diffraction techniques. The structure consists of four molecules linked by hydrogen bonds and van der
Waals forces, in a unit cell of Cmc2; symmetry, and of dimensions a=4-37, b=16-87 and ¢=10-14 A.
The mercury atom is surrounded by four bromine atoms in an irregular tetrahedron. The bromine atoms
at x=1% and — % are shared, resulting in a zigzag chain of Br—Hg-Br-Hg atoms along the a axis. The
other bromine atoms are held by hydrogen bonds of the water molecule.

. became interested in the crystal structure of potassium
In . . . . .
troduction mercuric tribromide monohydrate. Unit-cell dimen-
While making a survey of the literature for structures sions were determined by Herak, Manojlivic & Malcis
having hydrogen bonded bromine atoms, the authors (1963) but no complete structure analysis has yet been



