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Stereochemistry of an Inactive Racemate of Norbormide —

A Selective Rat Toxicant

BO NILSSON

Crystallography Group, Medical Research Council Unit for Molecular Structure Analysis,
University of Goteborg, Géteborg, Sweden

The stereochemistry of an inactive racemate of the selective rat
toxicant norbormide has been determined by X-ray single crystal
analysis of the p-bromobenzyl derivative of the agent. It was shown
to be cis, exo, erythro-norbormide. The conventional over all R index
was 0.121 for 1715 observed independent reflections.

Norbormide is the American Standard Common Name for the active ingre-
dient of the RATicate rat toxicant. It consists of a mixture of stereoisomers
of 5-(a-hydroxy-a-2-pyridylbenzyl)-7-(«-2-pyridylbenzylidene)-5-norbornene-
2,3-dicarboximide, C43Hg;N4O,, (I). The synthesis was made by Mohrbacher
el all? using first the reaction of 2-benzoylpyridine with cyclopentadienyl
sodium in alcohol to give, under certain conditions, «-phenyl-«-[6-phenyl-6-
(2-pyridyl)-2-fulvenyl]-2-pyridinemethanol which then readily reacts with
maleimide to give norbormide:
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Norbormide shows a unique selective toxicity to members of the genus Raffus.!®
The LD;, dose (that is the dose which causes death to 50 9, of the test animals)
is about 10 mg per kg body weight for Rattus norvegicus and Rattus hawaiiensis
and approximately 50 mg/kg for Raftus rattus when administered orally,
whereas the value is roughly 2250 mg/kg for Mus musculus. Among non-rat
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species the hamster is most susceptible, the LD,y dose being 140 mg/kg, while
all other animals tested, including several species of mammals, fish, and fowl,
are still more resistant and as a rule not effected by the highest test dose,
1000 mg/kg orally.

The eight possible racemates of norbormide were isolated by Mohrbacher
et al.® who gave the cis-trans, endo-exo, and erythro-threo definitions for them.
As they are considerably different in toxicity - these authors made a detailed
investigation of their stereochemistry, and managed to assign cis-trans and
endo-exo configurations to all of them.* To allow complete structural assign-
ments we have undertaken X-ray single crystal analyses of the p-bromobenzyl
derivatives of the two racemates designated cis,endo-2-V and cis,exo-2-X,
respectively, in the references cited above. The first of these two is a very
active racemate (oral LD;, dose = 2.1 mg/kg for female white rats 3) and was
shown to be cis, endo, threo-norbormide.® Its determination allowed erythro-
threo assignments to all endo isomers.* The second racemate has very low
activity (oral LD;, dose >100 mg/kg for female white rats®). It has been
subject to a structure analysis described here which will enable erythro-threo
assignments to the exo isomers.

EXPERIMENTAL

Single crystals of the p-bromobenzyl derivative, C,;HN,0,Br, M.W. 680.6, suitable
for X-ray analysis, were provided by McNeil Laboratories Inc. They are colourless,
prismatic and triclinic, spacegroup PI, with the following cell dimensions obtained with
CuK« radiation (1.5418 A) and precession films, uncorrected for shrinkage:

a=1897 + 4 A, b=09.114+ 3 A, ¢c=1085 +5 A
« = 60.6 + 2° B = 86.0 & 4° y = 89.2 + 4°

The cell volume is 1628 4 6 A% and there are two molecules per unit cell. A crystal of
size 0.25 X 0.15 X 0.18 mm, was used to collect data for layers 0—9 around the @ axis
and layers 0—4 around the b axis. Weissenberg multiple film techniques were used
throughout and in all 1762 independent reflections were registered. They were estimated
visually and corrected for Lorentz and polarization factors but not for absorption.

The position of the bromine atom was derived from a sharpened ? three-dimensional
Patterson synthesis. A structure factors calculation — Fourier synthesis — peak scanning
cycle using bromine phases revealed all heavier atoms except three carbons, which
could all the same be included in the list of atoms as they were members of aromatic
rings and the positions of their neighbours were revealed. The oxygens were included as
such but the nitrogens were treated as carbons. Two cycles of block diagonal least squares
refinement of positional and thermal parameters of all atoms lowered the conventional
residual factor R = J || Fo|—|F.|l/>|F, from 0.30 to 0.21. The bromine was refined
with anisotropic vibrational components, all other atoms were refined with isotropic
B values. These B values turned out to be especially low for the atoms of the norbornene
ring and for three more atoms, one of which (B = 0.7 A?) was the imide nitrogen. The
other two atoms belonged to two different aromatic rings and as their B values (0.7 and
0.3 A?) were markedly lower than those of the other aromatic ring atoms (1.2—4.2 A2)
they could be included as nitrogens. The correctness of this assignment was, however,
checked: if they were carbon atoms, the necessary attached hydrogens would come
inacceptably close to other atoms of the molecule. A new block diagonal least squares
refinement cycle gave the nitrogens normal B values. All non-hydrogen atoms were
now refined anisotropically for some cycles, decreasing the over all R value to 0.15.
At this stage 47 strong low-order reflections were omitted as they were thought to suffer
from extinction. The hydrogens in not easily predictable positions, that is the hydrogen
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of the hydroxyl group and the hydrogens bonded to the sp*-hybridized carbons of the
norbornene nucleus, were then obtained from a difference Fourier synthesis and refined
isotropically. The other hydrogens were included in calculated positions, the C—H
distance chosen as 1.09 A, and they were given isotropic B values approximately evaluated
from the vibrations of the carbons to which they are bonded. They were not refined but
recalculated at intervals.

Table 1. Fractional coordinates (with standard deviations) for non-hydrogen atoms.

x y z
Br(l) 0.5454 (1) —0.1899 (2) —0.2258 (2)
o(1) 0.2624 (5) 0.4467 (11) —0.4875 (8)
0(2) 0.3301 (4) 0.4077 (9) —0.0742 (8)
0(3) —0.0035 (4) 0.2254 (7) 0.0817 (7)
N(1) 0.3106 (4) 0.4288 (8) —0.2870 (9)
N(2) 0.3026 (5) —0.0857 (12) 0.0930 (10)
N(3) 0.0843 (4) 0.4437 (9) 0.1044 (8)
c(1) 0.1526 (7) 0.2113 (12) —0.2278 (10)
C(2) 0.1871 (5) 0.3898 (11) —0.2731 (9)
C(3) 0.2145 (6) 0.3629 (10) —0.1259 (9)
C(4) 0.1904 (6) 0.1680 (10) —0.0194 (10)
C(5) 0.1099 (5) 0.1692 (10) —0.0042 (10)
C(6) 0.0871 (5) 0.1940 (12) —0.1286 (10)
C(7) 0.2029 (5) 0.1028 (9) —0.1187 (9)
C(8) 0.2555 (6) 0.4252 (11) —0.3674 (11)
C(9) 0.2898 (7) 0.3931 (11) —0.1516 (10)
C(10) 0.2402 (5) —0.0232 (11) —0.1195 (9)
C(11) 0.2872 (5) —0.1331 (10) —0.0025 (10)
C(12) 0.3461 (8) —0.1919 (20) 0.1974 (13)
C(13) 0.3770 (7) —0.3271 (15) 0.2022 (13)
C(14) 0.3643 (7) —0.3813 (13) 0.1056 (13)
C(15) 0.3208 (7) —0.2790 (13) —0.0017 (12)
C(16) 0.2409 (6) —0.0661 (10) —0.2383 (9)
c(17) 0.1774 (1) —0.1393 (13) —0.2544 (10)
C(18) 0.1749 (6) —0.1731 (11) —0.3637 (11)
C(19) 0.2342 (7) —0.1476 (13) —0.4589 (14)
C(20) 0.2940 (8) —0.0776 (15) —0.4419 (13)
c(21) 0.2672 (6) —0.0358 (13) —0.3286 (11)
C(22) 0.0669 (6) 0.1634 (10) 0.1236 (9)
C(23) 0.0523 (5) —0.0185 (11) 0.2493 (11)
C(24) 0.0016 (7) —0.0431 (15) 0.3525 (13)
C(25) —0.0102 (6) —0.1995 (13) 0.4712 (10)
C(26) 0.0339 (7) —0.3295 (11) 0.4975 (11)
C(27) 0.0888 (7) —0.3043 (12) 0.3967 (11)
C(28) 0.1004 (6) —0.1487 (12) 0.2725 (12)
C(29) 0.1048 (6) 0.2786 (12) 0.1652 (9)
C(30) 0.1583 (5) 0.2247 (11) 0.2566 (10)
c(31) 0.1930 (7) 0.3374 (12) 0.2825 (11)
C(32) 0.1735 (7) 0.4954 (14) 0.2197 (12)
C(33) 0.1149 (6) 0.5505 (11) 0.1345 (11)
C(34) 0.3841 (6) 0.4615 (14) —0.3481 (12)
C(35) 0.4238 (6) 0.3017 (12) —0.3235 (10)
C(36) 0.4285 (6) 0.1730 (13) —0.1862 (13)
C(37) 0.4633 (7) 0.0246 (13) —0.1560 (12)
C(38) 0.4963 (7) 0.0153 (13) —0.2687 (11)
C(39) 0.4932 (6) 0.1381 (13) —0.4051 (12)
C(40) 0.4546 (6) 0.2822 (12) —0.4286 (12)
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The refinement continued for some cycles till the shift/standard deviation quotients
were small — average 0.2 for positional and 0.3 for vibrational parameters and in no
case bigger than 1. A difference synthesis contained no peaks outside the range —0.7
to +0.6 eA-2, The final R index was 0.121, unobserved reflections not taken into account.

Table 2. Mean-square amplitude tensors. Allowance was made for anisotropic vibrations

with

exp —2n2(h?a**U,, + k®**U,, + 1%c**Uy 4 2klb*c*U,s + 2lhc*a*U,, + 2hka*b*U,,).
The tensor elements (A2) multiplied by 10® are given with standard deviations.

Us,

Br(1)
Oo(1)
0(2)
0(3)
N(1)
N(2)
N(3)
C(1)
C(2)
C(3)
C(4)

C(34)
C(35)
C(36)
(37
C(38)
C(39)
C(40)
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Ull

137 (2)
75 (8)
26 (6)
22 (5)

8 (6)
38 (7)
14 (6)

58 (10)
11 (7)
24 (8)

58 (11)
57 (10)
—10 (7)
37 (9)

63
80
45
28
11
60
27
28
24
22
7
19
45
8
20
27
32
12
131
64
35
31
24
43
21
36
55
41
20
29
72
50
20
27
29
39
31
25
48
17
62
33
35
35
40
49
29

US3

84
25
57
44
51
32
15
11
20

(1)
(5)
(5)

UBS

—22
—25
—35
—24
— 6
—20

—11
—23

—13
—47

—23
—19
—12
—14
—16
—50
—37
—17
— 7
—15
—47

- 9
—13
—20
—13
—30
—15
—33
—25
—37
—13
—27

—13
—25
—21

UIll

—10

(1)
(5)
(4)
(4)
(5)
(5)
(4)
(6)

(7)

U12

—47
—11
—23

7
—12
—11
— 4

4

5
—20
-—10
—31
-3
—19
—20
—37
—18
—25

25

60

17

10

11

4
—- 3

6

10
—41
—21
—20
— 6
—60
—16
—13
—20
—38
— 4
—20
—50
—~25
—12
—14
—13
—15

—41
16
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The form-factor curves used are those given in International Tables for X-ray Crystal-
lography, Vol. II1, except the hydrogen curve which is the one calculated for bonded
hydrogen atoms in the hydrogen molecule.® The quantity minimized by the least-squares
programmes is > w (| Fyl—|F¢|)2 The weight w 18 *

1

= l+[ lFO;—-a]’

where the constants a and b are chosen so as to give an approximately equal value of
the minimized quantity for reflections in different intensity regions, in this case 2.5
| Frnin! and 1.7 | Fy,;, |, respectively. The computer used is the Datasaab D21 at this
Institute with an integrated programme system developed here.1%!!

w

Table 3. Fractional coordinates and isotropic temperature factors for the hydrogen atoms.
The first appended number refers to the parent atom. The standard deviations are
given for the five refined hydrogens.

x y z B(Az)
H(34)4 —0.013 (3) 0.324 (6) 0.060 (5) —-3.1 (1.0)
H(11) 0.155 (4) 0.221 (8) —0.351 (7) 04 (1.4)
H(21) 0.137 (6) 0.489 (13) —0.315 (12) 4.6 (2.7)
H(31) 0.193 (4) 0.431 (8) —0.108 (7) —1.0 (L4)
H(41) 0.222 (4) 0.099 (7) 0.088 (7) —12 (L3)
H(61) 0.032 0.200 —0.154 0.8
H(121) 0.356 —0.163 0.281 4.6
H(131) 0.413 —0.397 0.284 4.1
H(141) 0.387 —0.496 0.113 3.8
H(151) 0.312 —0.308 —0.086 3.1
H(171) 0.131 —0.168 —0.179 2.4
H(181) 0.126 —0.221 —0.378 1.8
H(191) 0.233 —0.182 —0.542 4.6
H(201) 0.340 —0.053 —0.515 4.2
H(211) 0.345 0.020 —0.318 2.4
H(241) —0.030 0.062 0.342 3.2
H(251) —0.056 —0.220 0.545 1.8
H(261) 0.026 —0.450 0.5695 3.0
H(271) 0.124 —0.408 0.415 2.7
H(281) 0.145 —0.128 0.196 1.7
H(301) 0.173 0.093 0.308 1.2
H(311) 0.236 0.297 0.354 2.7
H(321) 0.203 0.587 0.234 3.6
H(331) 0.096 0.678 0.095 2.6
H(341) 0.384 0.546 —0.462 2.5
H(342) 0.412 0.522 —0.300 2.6
H(361) 0.404 0.188 —0.099 1.8
H(371) 0.464 —0.080 —0.048 3.1
H(391) 0.519 0.126 —0.493 2.4
H(401) 0.450 0.382 —0.538 2.9

% Refers to hydroxyl proton.

RESULTS AND DISCUSSION

The list of observed and calculated structure factors is voluminous and
therefore omitted here but it may be obtained from this Institute. Positional
and anisotropic vibrational parameters for non-hydrogen atoms are given in
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Tables 1 and 2 and the hydrogen parameters are given in Table 3. Of the
five refined hydrogens four have obtained negative B values during the refine-
ment despite the fact that the scattering curve used is the one for molecularly
bonded hydrogen. Our data are evidently not good enough for a reliable
hydrogen refinement.

A spatial drawing of the molecule is shown in Fig. 1 and a schematic illustra-
tion of the stereochemistry is given in Fig. 2. The results conform with the
structural analysis of the racemate ¢ as regards the cis, exo assignment: the
pyridyl ring C is on the same side of the C(7)=C(10) double bond as the carbinol
group and the imide ring B is exo fused to the norbornene ring. In agreement
with the erythro-threo definition by Mohrbacher ef al. we have made the arbitrary

Fig. 2. Schematic illustration of the stereo-
chemistry.
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Table 4(a). Bond distances (with standard deviations).

Br(1)—C(38) 1.932 A  (0.012) C(18)—C(19) 1.412 (0.018)
0O(1) —C(8) 1.216 (0.015) C(19)—C(20) 1.376 (0.021)
0(3) —C(22) 1.454 (0.013) C(20)—C(21) 1.458 (0.021)
N(1) —C(8) 1.418 (0.016) C(22)—C(23) 1.557 (0.010)
N(1) —C(9) 1,368 (0.015) C(22)—C(29) 1.5634 (0.017)
N(1) —C(34) 1.470 (0.014) C(23)—C(24) 1.355 (0.017)
N(2) —C(11) 1.352 (0.018) C(23)—C(28) 1.418 (0.015)
N(2) —C(12) 1.390 (0.016) C(24)—C(25) 1.381 (0.013)
N(3) —C(29) 1.375 (0.012) C(25)—C(26) 1.362 (0.016)
N(3) —C(33) 1.320 (0.016) C(26)—C(27) 1.390 (0.017)
C(1) —C(2) 1.585 (0.015) C(27)—C(28) 1.402 (0.011)
C(1) —C(6) 1.541 (0.015) C(29)—C(30) 1.380 (0.015)
C(1) —C(7) 1.508 (0.013) C(30)—C(31) 1.375 (0.018)
C(2) —C(3) 1.615 (0.015) C(31)—C(32) 1.315 (0.015)
C(2) —C(8) 1.528 (0.014) C(32)—C(33) 1.420 (0.017)
C(3) —C(4) 1.622 (0.011) C(34)—C(35) 1.541 (0.017)
C(3) —C(9) 1.441 (0.016) C(35)—C(36) 1.379 (0.013)
C(4) —C(5) 1.524 (0.014) C(35)—C(40) 1.332 (0.018)
C(4) —C(7) 1.469 (0.017) C(36)—C(37) 1.393 (0.017)
C(5) —C(6) 1.356 (0.016) C(37)—C(38) 1.373 (0.019)
C(5) —C(22) 1.537 (0.015) C(38)—C(39) 1.353 (0.013)
C(7) —C(10) 1.343 (0.014) C(39)—C(40) 1.412 (0.016)
C(10)—C(11) 1.514 (0.013)

C(10)—C(16) 1.518 (0.016)

C(11)—C(15) 1.462 (0.017) Bonds to refined hydrogens
C(12)—C(13) 1.336 (0.024)

C(13)—C(14) 1.395 (0.023) 0O(3) —H(34) 0.83 (0.05)
C(14)—C(15) 1.397 (0.016) C(1) —H(11) 1.29 (0.08)
C(16)—C(17) 1.446 (0.017) C(2) —H(21) 1.24 (0.11)
C(16)—C(21) 1.333 (0.015) C(3) —H(31) 0.82 (0.08)
C(17)—C(18) 1.367 (0.019) C(4) —H(41) 1.22 (0.07)

Table 4(b). Bond angles (with standard deviations). Angles including calculated, unrefined
hydrogens are not given.

C(22)—0(3) —H(34) 119.9° (4.1) C(4) —C(3) —H(31) 1140 (3.9)
C(8) —N(1) —C(9) 1151 (0.9) C(9) —C(3) —H(31) 113.6 (5.1)
C(8) —N(1) —C(34) 120.2  (1.0) C(3) —C(4) —C(5) 105.0  (0.7)
C(9) —N(1) —C(34) 1247  (1.0) C(3) —C(4) —C(7) 98.5  (0.7)
C(11)—N(2) —C(12) 1162 (1.2) C(3) —C(4) —H(41) 1143 (3.2)
C(29)—N(3) —C(33) 1204  (0.9) C(5) —C(4) —C(7) 102.1  (0.9)
C(2) —C(1) —C(6) 105.2  (0.9) C(5) —C(4) —H(41) 118.2  (3.1)
C(2) —C(1) —C(T) 98.4  (0.9) C(7) —C(4) —H(41) 1161  (3.7)
C(2) —C(1) —H(11)  98.9  (3.0) C(4) —C(5) —C(6) 106.4  (0.9)
C(6) —C(1) —C(7) 99.6  (0.7) C(4) —C(5) —C(22) 1243  (1.0)
C(6) —C(1) —H(11) 128.9 (3.4) C(6) —C(5) —C(22) 128.9  (0.9)
C(7) —C(1) —H(11) 120.8 (3.2) C(1) —C(6) —C(5) 108.0  (0.9)
C(1) —C(2) —C(3) 102.5  (0.6) C(1) —~C(7) —C(4) 99.0  (0.8)
C(1) —C(2) ~C(8) 112.4  (0.9) C(1) —C(7) —C(10)  125.4  (1.0)
C(1) —C(2) —H(21) 1044 (5.6) C(4) —C(7) —C(10) 1354  (0.9)
C(3) —C(2) —C(8) 103.0  (0.8) O(1) —C(8) —N(1)’  126.0  (1.0)
C(3) —C(2) —H(21) 113.3 (6.8) 0(1) —C(8) —C(2) 1278 (L.1)
C(8) —C(2) —H(21) 120.1  (4.6) N(1) —C(8) —C(2) 106.3 (0.9
C(2) —C(3) —C(4) 100.8  (0.8) 0(2) —C(9) —N(1) 1225  (1.0)
C(2) —C(3) —C(9) 105.6  (0.8) 0(2) —C(9) —C(3) 126.9  (L.1)
C(2) —C(3) —H(31) 1065 (5.0) 0(2) —C(9) —H(31) 1114  (2.7)
C(4) —C(3) —C(9) 1147 (0.8) N(1) —C(9) —C(3) 109.9 (1.0
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Table 4(b) cont. C(23)—C(22)—C(29) 1134  (0.8)
C(22)—C(23)—C(24) 118.7  (1.0)

N(1) —C(9y —H(31) 119.0 (2.3) C(22)—C(23)—C(28)  120.6  (0.9)
C(3) —C(9) —H(31) 23.1 (2.4) C(24)—C(23)—C(28) 119.3  (0.8)
C(7) —C(10)—C(11) 1227  (1.0) C(23)—C(24)—C(25) 121.1  (1.2)
C(7) —C(10)—C(16)  123.5  (0.8) C(24)—C(25)—C(26)  121.3 (1.1}
C(11)—C(10)—C(16) 113.8  (0.9) C(25)—C(26)—C(27) 118.3 (0.8}
N(2) —C(11)—C(10)  119.0  (0.9) C(26)—C(27)—C(28)  121.6 (1.1}
N(2) —C(11)~C(15)  120.6  (0.9) C(23)—C(28)—C(27) 117.8 (1.0}
N(2) —C(11)—C(15)  120.1  (1.1) N(3) —C(29)—C(22) 116.9  (0.9)
N(2) —C(12)—C(13) 1245  (1.6) N(3) —C(29)—C(30) 119.9 (1.1}
C(12)—C(13)—C(14) 122.1  (L.2) C(22)—C(29)—C(30)  123.1  (0.9)
C(13)—C(14)—C(15) 1157  (1.2) C(29)—C(30)—C(31)  120.0 (0.9}
C(11)—C(15)—C(14)  120.6  (1.3) C(30)—C(31)—C(32) 1187 (L1}
C(10)—C(16)—C(17)  118.3  (0.9) C(31)—C(32)—C(33) 122.1  (1.3)
C(10)—C(16)—C(21)  122.2  (1.0) N(3) —C(33)—C(32) 118.5  (0.9)
C(17)—C(16)—C(21)  119.5 (1.1 N(1) —C(34)—C(35) 114.0  (0.9)
C(16)—C(17)—C(18)  120.0  (1.0) C(34)—C(35)—C(36) 118.6  (1.1)
C(17)—C(18)—C(19) 1221  (L.2) C(34)—C(35)—C(40) 123.2  (0.8)
C(18)—C(19)—C(20) 116.9  (1.5) C(36)—C(35)—C(40) 1182 (1.0}
C(19)—C(20)—C(21) 1219  (1.2) C(35)—C(36)—C(37) 121.8  (1.3)
C(16)—C(21)—C(20)  119.5  (1.1) C(36)—C(37)—C(38) 117.1  (0.9)
0(3) —C(22)—C(5) 108.7  (0.8) Br(1)—C(38)—C(37) 116.8  (0.7)
0(3) —C(22)—C(23)  103.5  (0.7) Br(1)—C(38)—C(39) 119.9 (1.0}
0(3) —C(22)—C(29) 109.9  (0.8) C(37)—C(38)—C(39) 123.2  (L.1)
C(5) —C(22)—C(23) 113.5  (0.9) C(38)—C(39)—C(40) 116.7 (1.2)
C(5) —C(22)—C(29) 107.7  (0.8) C(35)—C(40)—C(39) 122.9  (0.9)

assignment that if the bond to the phenyl group F is in the plane of the
C(5)=C(6) double bond then the erythro-threo configuration is determined by
the relation of the hydrogen H(41) at C(4) to the hydroxyl group. The Fischer
projection (IT)

Phenyl F

Pyridyl E—-Cl(22)—OH
C(5)
0(7)—&4)—1{(41)
C(3)
(48

of this part of the molecule shows that these elements are erythro to each other,
and the racemate is accordingly cis, exo, erythro-norbormide.

Bond distances and angles, atomic numbering and ring labelling are
given in Fig. 3, and in Table 4 bond distances and angles are given with indi-
vidual standard deviations calculated according to Ahmed and Cruickshank 12
and Darlow 33 They agree within experimental error with those of the previously
examined racemate 2-V in spite of the latter being of a different configuration.
To facilitate a comparison of the norbornene-2,3-dicarboximide nuclei of the
two racemates, the geometry of this part of the 2-V molecule is also shown
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Fig. 3(b). Bond angles’(degrees).
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Fig. 3(c). Geometry of the norbornene-2,3-dicarboximide nucleus in racemate 2-V.

in Fig. 3. Only two bonds to C(3) show appreciable deviation between the two
molecules. It seems as if C(3) is forced in direction towards C(9) in isomer
2-X under investigation. The reason for this is not clear as there are no close
contacts to this atom. A contributing factor, however, might be strain in the
norbornene nucleus. The latter may be regarded as two five-membered rings
sharing three atoms in common. The average valency angle in the saturated
norbornane ring was deduced geometrically by Sim 14 to be about 100° and
in three structures he found about 100.5°. In the present ring system containing
a double bond the average angle is 102.4°, which gives about the same strain.
The bridging atom C(7) is situated 0.72 A from the plane (Al) formed by
C(1), C(4), C(5), and C(6) but 0.85 A from the plane (A2) formed by C(1),
C(2), C(3), and C(4). This causes the angle between the plane (A3) formed by
C(1), C(4), and C(7) and Al to be as large as 131° whereas it is only 119° between
A3 and A2. The reason for this asymmetry is probably steric interactions as
seen in Fig. 4 between the norbornene nucleus and the aromatic rings C and

Fig. 4. Intramolecular contact distances
less than 3.3 A. The encircled letters are
aromatic ring labels. To facilitate recogni-
tion the norbornene-2,3-dicarboximide
nucleus is drawn with heavy lines.
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D which are attached to the bridge via the C(7)=C(10) double bond. Such
steric interaction caused a twist around this double bond in racemate 2-V
whereas the angles / Al A3 and / A2 A3 were both 123°

The imide ring B including the two keto oxygens is planar within 0.06 A.
The nitrogen deviates by only 0.01 A from this plane whereas its deviation
was 0.1 A'in the racemate 2-V. The angle between plane B and plane A2 of
the norbornene nucleus is 119°, somewhat smaller than in endo racemate
2-V where it is 125°, and between B and the p-bromobenzyl group plane 91°.

In the aromatic rings the average C—C distance is 1.385 A with a standard

deviation of 0.029 A. The standard deviation was calculated as ¢ =V > 42]N
where 4 is the deviation of each bond length from the arithmetic mean value
and N is the number of bonds. The average C—N distance is 1.359 A with a
maximum deviation of 0.040 A. The standard deviation from the aromatic
ring planes for the nonhydrogen atoms in or directly bonded to these rings
is 0.025 A, the maximum deviation being 0.081 A for C(23). The angles between
the aromatic ring planes are: /CD = 72°, /CE = 31°, /CF = 67°,
/DE = 82°, /DF = 84°, and / EF = 85°.

The molecular packing viewed down the b axis is shown in Fig. 5 where
short intermolecular distances are also given. The shortest intermolecular

Fig. 5. The molecular packing viewed down the b axis. Intermolecular non-hydrogen atom
distances up to 3.6 A are indicated together with the shortest contact distances to the
bromine atom. The area enclosed by the hatched rectangle is shown in detail in Fig. 6.

Acta Chem. Scand. 22 (1968) No. 2



STEREOCHEMISTRY OF NORBORMIDE 529

K :,“‘~2-;-7.2.._

Fig. 6. The geometry within the plane of

the probably bifurcated hydrogen bond,

stretching from the hydroxyl oxygen to

the ring E nitrogen of both the same mole-

cule and the antipode. Distances in 4,
angles in degrees.

Br—O distance is 3.84 A (30 = 0.02 A) and the shortest Br—C distance is
3.87 A (30 = 0.04 A). The molecules are held together by van der Waals’
forces and, pairwise across centres of symmetry, by hydrogen bonds stretching
from the hydroxyl oxygen of one molecule to the ring E nitrogen of the other.
These hydrogen bonds are probably bifurcated, however, so that they branch
even to the ring E nitrogen of the same molecule. The four atoms involved
in such a bifurcated bond, namely O(3), H(34), N(3), and N(3') are approxi-
mately planar, the maximum deviation from the plane being 0.12 A for
H(34). A detailed study of the geometry within this plane is shown in Fig. 6.
Hydrogen bonds supposed to be bifurcated are reported in a number of cases
but have sometimes had to be revised after neutron diffraction determination
of the proton position.'® In the present case the correctness of the hydroxyl
proton position is somewhat strengthened by the low isotropic B value of this
atom. The intermolecular forces caused by these hydrogen bonds are rather
weak as the donor-acceptor distance is as large as 3.14 A (30 = 0.03 A), not
far from the value 3.3 A which may be assumed to be the limiting H bond
distance for the O—H...N bond.l® In racemate 2-V only an intramolecular
hydrogen bond was possible between the hydroxyl oxygen and the ring E
nitrogen.

The molecular packing is strongly determined by the aromatic rings. There
are no short intermolecular distances between atoms belonging to the nor-
bornene-2,3-dicarboximide nuclei, and just a few between these and aromatic
ring atoms. The aromatic rings mainly pack with perpendicular and, across
centres of symmetry, parallel planes.
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