J. Cryst. Mol. Struct. (1971), 1, 199-212

Studies in molecular structure, symmetry and conformation I

CRYSTAL AND MOLECULAR STRUCTURE OF 1-AMINOCYCLOOCTANE
CARBOXYLIC ACID HYDROBROMIDE*

T. SRIKRISHNAN AND R. SRINIVASAN

Centre of Advanced Study in Physics, University of Madras, Madras-25, India
AND
R. ZaND

Biophysics Research Division, University of Michigan, Ann Arbor, U.S. A.

(Received 7 September 1970)

Abstract

Crystals of 1-aminocyclooctanecarboxylic acid hydrobromide are orthorhombic, with a = 26-026,
b =7-087, ¢c =6-149, Z =4 and space group P2,2;2,. The structure was solved in projections by
direct methods and later refined with three-dimensional data using a full-matrix least-squares
treatment. All hydrogen atoms were located from a difference Fourier and the final R factor for the
1128 observed reflections was 8-62 %;. The molecules are held together by a series of hydrogen bonds
in a three-dimensional network. A detailed discussion of the intramolecular and the intermolecular
features of the structure is presented. The cyclooctane ring is found to exist in the boat-chair
conformation.

Introduction

X-ray structural investigations of the cycloalkanes and their derivatives have been undertaken in
this laboratory with a view to obtaining precise structural and conformational features of the ring
systems. The compounds used for investigations were mainly 1-aminocycloalkanecarboxylic acid
derivatives with five to eight atoms in the cycloalkane ring. Detailed, systematic X-ray studies of
these common ring systems do not appear to have been made, although medium and larger ring
systems have been studied (Dunitz & Venkatesan, 1961; Dunitz & Mayer, 1965; Brown, 1966;
Miiller, 1933; Bryan & Dunitz, 1960).1 Recently, the cycloalkane ring system has been the subject
of considerable theoretical investigation, and different groups of workers have elucidated the
structure and conformation of these molecules from energy considerations. Also, by investigating
such aminocarboxylic acid derivatives, valuable information is obtained for structural and con-
formational correlation with simple amino acids and peptides which have been studied thoroughly
and systematically in this laboratory (Ramachandran, 1962; Ramachandran es al, 1963;
Sasisekharan, 1962; Ramachandran & Lakshminarayanan, 1966).

In this paper, we report the crystal and molecular structure of 1-aminocyclooctanecarboxylic
acid hydrobromide, (I). X-ray studies of the other members of this cycloalkane series will be reported

* Contribution No. 304 from the Centre of Advanced Study in Physics, University of Madras, Madras-25,
India.
T For a recent review article on the conformation of medium rings, see Dunitz (1968).
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separately: the structures of 1-aminocycloheptanecarboxylic acid hydrobromide and 1-amino-
cyclohexanecarboxylic acid hydrochloride are presented in this journal; the structure of 1-amino-
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cyclopentane carboxylic acid hydrobromide has been reported (Chacko ez al., 1967 ; Chandrasekharan
et al., 1968).

Experimental

Crystals of CoH,3NO,Br suitable for X-ray studies were obtained by slow evaporation of an aqueous
solution at room temperature. The crystals were very thin needles. Preliminary oscillation and
rotation photographs taken with Cu K« radiation showed that the crystals belonged to the
orthorhombic system. The unit cell dimensions, space group and other data of this compound were
obtained from Weissenberg and precession photographs. The systematic absences were found to be
00 absent for A =2n + 1; 0k0 absent for & = 2n + 1; 00/ absent for [ =2n + 1.

The unit cell parameters and other crystal data are as follows: a = 26-026 £ 0-022, b = 7-087 4+
0-009, ¢ = 6149 £ 0-012 A; V=1133 A%; Z=4; D, =1-473 g cm~ (floatation in a mixture of
bromoform and benzene); D, = 1-453 g ecm™>; FW = 251-8; 1 (Cu Ka) =52 cm™'; space group
P2,2,2,.

Collection of intensity data. Three-dimensional intensity data were collected by the multiple film
equi-inclination Weissenberg technique; two crystals were used to collect the data. A needle of
dimensions 0-65 x 0-15 x 0-2 mm? was used to record the levels 4kl, I = 0 to 5, and a second crystal of
dimensions 0:95 x 0-25 x 0-30 mm?® was used to record the levels #k/, k =0 to 6. Nickel-filtered
Cu K« radiation was used throughout. The intensities were measured visually with a calibrated set of
intensities recorded from the same specimen, and were corrected for Lorentz and polarization
factors and spot shape (Phillips, 1962). The intensities were placed on the absolute scale by layer-wise
Wilson plots (Wilson, 1942). The intensities of about 870 reflexions with the 5 axis mounting and
about 910 reflexions with the ¢ axis mounting were estimated. In the initial stages of structure
determination, an average of the two intensities was taken for reflexions which were measured
twice, once in each mounting. During the final stages, accurate intensities were obtained by a cor-
relation of the intensity data about two axes after correcting for the absorption effects which will be
reported in a later section. The scale and the temperature factors were initially obtained from Wilson
plots, but later refined by the least-squares method.

Determination of the structure

A two-dimensional Patterson function using the 4k0 reflexions gave the x and y coordinates of the
bromine atoms. The R factor defined by R = X||F,| — |F.|l/>|F,| was found to be 47-6%,. From the
h0![ Patterson function, the x and z coordinates of the bromine atoms were found ; the R factor for the
bromine for the A0/ projection was found to be 48 9. From the coordinates of the bromine in the two
projections, and also taking into account the relative shift of the origin found from the projection
(Buerger, 1959), the three-dimensional coordinates were fixed uniquely. The R factor using the
bromine atom in the structure factor calculation was 46-8 ¢, for the three-dimensional data. Since
the y and z coordinates for the bromine are special, the bromine contributes to reflexions of the type
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h-+k-+1=2n only, and consequently the bromine-phased three-dimensional Fourier had a
spurious centring effect and the number of peaks in the Fourier was doubled. To overcome this, it
was decided to attack the structure in the (hk0) and (#0/) centrosymmetric projections by direct
methods,

Application of the direct method for sign determination in the 440 projection

It is well known from the results of various workers (Sayre, 1952 ; Cochran, 1952; Zachariasen, 1952;
Hughes, 1953 ; Hauptman & Karle, 1953; Cochran & Woolfson, 1955) that the signs of the reflexions
H, H and H + H’ are related by

S(H').S(H £+ H) ~ S(H) (1)

where the symbol ~ means ‘probably equal’ and H represents skl The probability of the sign
relation holding good can be estimated, and it is well known that the probability has a high value
when the magnitudes of the unitary structure factors involved in the triplet relation are large. The
above relation was used to connect reflexions for which signs were already known from the contri-
bution of the heavy atom with those of the unknown signs, and thereby signs of reflexions for which
bromine did not contribute were deduced. The symmetry of the #kQ projection is pgg, and there are
four groups of reflections: (a) EE, (b) OO, (c) OE, and (d) EO, where EO means 4 even k odd, and so
on. The signs of reflections of groups (a) and (b) are known, and were fused to determine those of
groups (c) and (d). At first the unitary structure factors were calculated using the relation

_|FhkO)| [ 3£
[UhkO)] = 57, [@] @
° ,‘ /2
| 25
1/2 2 E
0O — 2

. M |

Fig. 1(a). Bromine-phased ¢ axis Fourier projection. The point marked 4 is a spurious centre of
inversion. (b) As for (a) but with a few additional signs for # + k = 2z + 1 determined
by direct methods. Contours are at arbitrary intervals.
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where |F(7k0)| is the structure amplitude, <I> is a local average intensity and f; is the scattering
factor of the jth atom. The factor in brackets gives the necessary correction to the temperature
factor. The contribution from the bromine atoms were subtracted from the |F(#%0)| values for the
reflexions of the type % + k even. Out of 95 reflexions belonging to this group, about 25 reflexions
whose | U| values were greater than 0-2 were chosen as the basic set of known signs for propagation.
Based on the sign of the reflexion 560 as -+, we arrived at the signs of the following reflexions: 14,50 +;
16,50 +; 23,60 —; 26,30 —; 25,40 —; 21,40 +; 24,50 + and 940 +. The Fourier syntheses performed
with the /2 + k even reflexions alone and with the above nine reflexions added to this group are shown
in Figs. 1(a) and 1(b), respectively. Although the spurious symmetry was not broken completely, it
may be noticed that some of the peaks [e.g. 4 and Bin Fig. 1(b)]have higher densities than their mates
[4” and B’ in Fig. 1(b)]. This effect was most pronounced for peak A, and even this partial breaking
of pseudo-symmetry was sufficient to fit a model. It is interesting to mention here that peak A later
turned out to be the amino nitrogen atom. By a comparison of the peak heights in the Fourier maps,
and choosing among the inversion pairs the ones which had higher density, a possible model was
fitted, and the R factor was 31-7%. After four cycles of refinement on an IBM 1620, the R factor fell
to 19-3%,.

Analysis of the b axis projection Fourier. In a similar manner, the b axis projection Fourier also had
a spurious symmetry, because bromine contributes to only the % -+ even group of reflexions. Since
the model had been refined to 19-3%; in the other projection, it was thought unnecessary to repeat
the sign determination procedure in this projection. With the knowledge of the common x coordinates
a possible model was fitted in this projection and the R factor for the model was 42 % for the 40/ data.
After four cycles of refinement, it fell to 22.6 9.

Fig. 2. Composite diagram of the final difference Fourier synthesis viewed along c axis, showing
the hydrogen atoms. Contours are at 0-1 ¢/A2 with the initial contours at 0-2 e/A3.
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The projection refinements were stopped at this stage. Some of the atoms had fairly large
temperature factors, indicating that appreciable adjustments might be required. The projection
coordinates were the starting point for the three-dimensional refinement.

Refinement of the structure

From the coordinates of the molecule in the two projections, an initial three-dimensional model was
fitted. The R factor for the model was 39-6 %;; after two cycles of refinement with isotropic temperature
factors using the LALS program on the CDC 3600, the R factor fell to 22-9 °,.At this stage a
difference Fourier was computed, and corrections made in the coordinates of atoms C(1}, C(3), C(4)
C(5), C(7), C(8) and C(9) led to an R factor of 19-7%. Two more cycles of refinement with isotropic
parameters for all the atoms reduced the R factor to 14:6%. The temperature factors for all atoms
had stabilized at this stage and two more cycles of refinement with anisotropic thermal parameters
for the bromine atom only gave R =11-9%,.

A difference Fourier revealed all hydrogen atoms; the composite map viewed down the ¢ axis is
shown in Fig. 2. Around the amino nitrogen there were three peaks, indicating that the nitrogen is
protonated. The densities of the hydrogen atoms varied from 0-4 to 0-8 ¢/A?. The R factor after
inclusion of all the hydrogen atoms was 11-3%.

At this stage the temperature factors of all the atoms except C(1) were satisfactory, its value being
0-6 A2, Tt was felt that this could probably be due to the fact that the intensity data were not corrected
for absorption effects. As was mentioned earlier, one of the crystals used had a uR ~ 1:6, and hence
it was decided to correct for this and thus improve the data. The wR for the other crystal used in data
collection was only 0-7 ,and hence absorption was neglected in this case. The intensity data collected
about two axes were correlated by the method of Rollett and Sparks (1960). The function minimized
was > 5°(Fg?)? — s,/(Fgb)?, where 5, and s;® were the scale factors observed in the two cases and

H

1/4

1

Fig. 3. Composite diagram of the final electron density function viewed along the ¢ axis.
Contours are at intervals of 2 e/A3. For bromine, the contour intervals are arbitrary.
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| Fp®l? and | Fi®|* were the observed intensities; the superscripts » and ¢ refer to the axis about which
the data were collected. With the hydrogen atoms and an ionic correction for the bromine atom, two

Table 1(a). Positional and thermal parameters of the
non-hydrogen atoms; esd (x10%) are given in
parentheses

Atom X ¥y z

0oQ) 0-2223(3)  0-5334(13)  0-0234(16)
o) 0-1451(4)  0-6734(15)  0-0318(20)
(1) 0-1786(5)  0-5383(19)  0-0870(20)
) 0-1566(4)  0-3969(13)  0-2462(20)
c3) 0-1115(4)  0-2917(18)  0-1385(28)
Cc(4) 0-0877(5)  0-1168(22)  0-2548(21)
c5) 0-0594(5)  0-1498(23)  0-4646(28)
(6 0-0240(5)  0-3305(23)  0-4764(26)
() 0-0457(5)  0-4972(26)  0-5810(26)
C@®) 0-0926(5)  0-6117(20)  0-4781(22)
) 0-1444(5)  0-4926(20)  0-4695(20)
N(1) 0-1999(3)  0-2521(14)  0-2824(15)
Br 0-3074(0)  —0-0066(2) 0-2576(2)

more cycles of refinement with the correlated intensities reduced the R factor to 9-6 %{. Finally, two
more cycles of refinement with anisotropic thermal vibrations for all the non-hydrogen atoms (with
hydrogen included in the calculated structure factor only) gave R =38-629%,. The final electron
density viewed down the ¢ axis is shown in Fig. 3.

The coordinates of the atoms, their standard deviations and anisotropic thermal parameters are
given in Tables 1(a) and 1(b), and the positions of the hydrogen atoms are given in Table 1(c).

Table 1(b). Positional and thermal parameters of the non-hydrogen atoms, esd (x10*) are given in parentheses

Atom By, B, Bs; By B3 By
0@2)  00009(1)  0-0158(22)  0-0273(28)  0-0004(9) 0-0029(10) 0-0249(43)
o) 0-0020(2) 0-0227(26) 0-0352(36) 0-0054(11) 0-0066(15) 0-0380(55)
c) 0-0009(2) 0-0160(31) 0-0133(27) 0-0019(4) —0-0018(11) 0-0035(5)
C2) 0-0008(1) 0-0052(0) 0-0107(22) 0-0000(7) 0-0001(1) —0-0034(5)
CG3)  000092)  00175(27)  0-0126(38)  0-0007(1) ~0:0015(2) —0:0035(8)
C@ 0-0008(2) 0-0198(31) 0-0295(32) —0-0024(13) —0-0001(13) -0-0121(37)
C(S) 0-0011(2) 0-0178(38) 0-0402(48) —0-0041(14) 0-0036(18) —0-0063(8)
C6)  0-0008(2)  0033236)  0-0279(43)  0-0014(14) 0-0045(16) 0-0102(7)
C( 0-0012(2) 0-0193(36) 0-0272(43) 0-0039(19) 0-0015(15) 0-0039(10)
C(8) 0-0015(2) 0-0126(28) 0-0172(33) 0-0015(1) —0-0010(1) 0-0079(6)
C(9) 0-0014(2) 0-0070(22) 0-0174(29) 0-0001(13) —0:0024(9) —0-0037(6)
N(1) 0-0009(1) 0-0137(20) 0-0120(23) 0-0013(9) —0-0009(1) 0-0079(38)
Br 0-0015(1) 0-0153(3) 0-0197(4) 0-0022(1) —0:0016(2) —0-0101(8)

The thermal parameters are of the form:

exp-(Bi1 #? + Byy k? + By31% + By hk + B hl -+ By ki)
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Table 1(c). Positions (deduced) for the hydrogen
atoms. Isotropic temperature factor of
B =2 A2 was assumed for all hydrogens

Atom Bonded x y z
to

H(1) N(@) 019 0-166 0-400
HQ) NQ1) 0215 0-200 0-133
H3) N{1) 0225 0-366 0-300
H&) o1y 0170 0-733 0-100
HG31) C3) 0088 0-433 0-100
H(32) C3) 0120 0-250 0-029
H@) C@ 0120 0-033 0-267
H@42) C@ 0066 0-033 0-150
HGI)  C(5) 0086 0-150 0-590
H(2)  C(5) 0033 0-050 0-467
H(6l) C6) ~—0013 0-320 0-550
H(®62) C6) 0025 0-375 0-333
H(7) C() 0060 0-450 0-733
HT2) C7) 0015 0-583 0-600
HE) C® 0100 0-700 0-600
HE2) CB) 0083 0-640 0-317
HO1) CO) 0133 0-400 0-567
HO2) CO) 0167 0-575 0-533

Discussion of the structure

(a) Bond lengths. The bond lengths and bond angles in the molecule are given in Table 2 and also
in Fig. 4. The average C—C bond length in the ring is 1-549 A and is in good agreement with the mean
value of 1543 A assigned by Bixon & Lifson (1967) from theoretical studies on the conformation
of the cyclooctane ring. The corresponding value found in cis-cyclooctane-1,2-dicarboxylic acid
(Burgi & Dunitz, 1968) is 1:530 A, in trans-cyclooctane-1,2-dicarboxylic acid, 1:531 A (Dobler ez al.,
1966), and in spiro-3,6-dicyclooctylidene-1,2,4,5-tetraoxacyclohexane (Groth, 1967), 1-531 A.

Table 2. Bond lengths and bond angles observed in the molecule;
esd are given in parentheses

Bond Length (A) Bond Angle (deg)

C()—O0(1) 1335170  O()—C(1)—O0Q2)  1237%(1-1)
C(1)—0Q) 1:205(15)  O(M)—C(1)—C(2)  113-0(1-3)
C(1)—C@) 151316)  OQ)—C(1)—CQ)  123-3(1-3)
C(2)—C3) 154007) C()—CR)—CG3)  109-3(1-1)
C(3)—C(4) 1-560(19)  CQ)—C(3)—C@)  119-4(1-2)
CA@—C(5) 1:50321)  C(3)—C@)—C(5)  117-6(1-4)
C(5)—C(6) 157922)  CA—C(5)—C(6)  116-8(1-5)
C(6)—C(D 14458(22)  C(5)—C(6)—C(7)  116:8(1-5)
C(1—C(8) 159721)  C6)—C(N—C®)  122:1(1-6)
C@®)—C(9) 1-59219)  C(—C(8)—C©®)  113-0(1-4)
C(9—C(2) 1-564(16)  C8)—CO—C2)  1155(1-3)
C(2)—N(1) 1-54214)  C(O—CQ)—CB3)  1157(11)

C(O—C(2)—N(1)  108-1(1-1)

N()—CQ)—C(1)  104-9(1-1)
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(These compounds are abbreviated hereafter as the cis compound, the frans compound and the
dimeric compound, respectively.) The average value of C—C distance in #-alkanes is 1-533 +0-:002 A
(Bartell & Kohl, 1963). The only bond that appears rather short is C(6)—C(7), which is 1-458 A.

Fig. 4(a). Observed bond lengths. (b). Observed bond angles.

This is just outside the 3 ¢ level and it is not possible to say conclusively that it is significantly short.
The C(7)—C(8) distance is 1-597 A and the C(8)—C(9) is 1:593 A. Although these are slightly larger
than the average, they are within the 3 o level.

The amino group is protonated and exists as N*Hs. The C—N distance is 1-542 A. Tt is interesting
to note that this is larger than the average C—N distance found in amino acids, which is 1-487 A
(Marsh & Donohue, 1967). The larger values of C—N distance have been observed also in other
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cycloalkane derivatives examined in this laboratory. For example in 1-aminocyclohexane hydro-
chloride, the C—N distance is 1-527 A, in 1-aminocycloheptane hydrobromide monohydrate it is
1-544 A (Chacko et al., 1970) and in 1-aminocyclopentane hydrobromide it is 1-51 A (Chandrasek-
haran et al., 1968).

(b) The carboxyl group. This exists as —CO,H. The C=0 and the C—O distances are 1-204 and
1-339 A, respectively. The corresponding values in the cis compound are 1-225 and 1-305 A and in the
trans compound are 1-230 and 1-30 A. A similar feature is observed in 1-aminocycloheptane hydro-
bromide and in 1-aminocyclohexane hydrochloride where the carboxyl group is not ionized (Chacko
et al., 1970).

(c) Bond angles. The bond angles in this structure are given in Table 2 and Fig. 4. The average
C—C—C bond angle in the ring is 117-1° while the corresponding values in the cis, trans and dimeric
compounds are 116:8°, 116-0° and 116-5°, respectively. The theoretical value predicted by Bixon and
Lifson is 115°. The bond angles actually vary from 113 to 122°, Similar variations were also found in
the related compounds. In the cis compound they vary from 114 to 120°; in the trans compound from
113 to 118° and in the dimeric compound from 115 to 119°, respectively. These variations, however,
are within the 3 o level of the bond angle errors and may not therefore be considered as significant.

(d) Bond lengths and angles involving covalently bonded hydrogen. As was mentioned earlier, the
hydrogen atoms had been deduced from a difference Fourier at R = 11-99. The bond distances
X—H and angles X,—X,—H are given in Table 3. The mean C—H and N—H distances are 1-02

Table 3. Intramolecular hydrogen bond distances and angles

Bond Distance (A) (C—X—H) Angle (deg.) (H—X—H) Angle (deg.)
N(DH—H) 0-97 C(2)—N1)—HD) 87 H(1)—N(1)—H(2) 97
N(1)—HQR) 1-06 C(2)—N(1)—H(2) 112 H@2)—N(1)—H(®3) 121
N(1)—H@®3) 1-04 C(2)—N(1)—H(3) 108 H(LH—N1)—H@®) 124
C(3)—H@31) 1-19 C(2)—C@3)—H@31) 93 H(32)—C(3)—H@ED 98
C(3)—H((32) 1-09 C(2)—C(3)—H(32) 112 H42)—C(4)—H341) 98
C(4)—H(41) 1-03 C4)—C(3)—H(31) 123 H(52)—C(5)—N(@E1D 117
C(4)—H(42) 1-03 C(4)—C(3)—H(32) 107 H(62)—C(6)—H(61) 116
C(5)—H(1) 1-04 C(3)—C(4)—H(41) 99 H(72)—C(7)—H(71) 111
C(5)—H(52) 0-98 C(3)—C(4)—H@42) 112 H(82)—C(8)—H(81) 129
C(6)—H(61) 1-06 C(5)—C(4)—H#1) 115 H(92)—C(9)—H(91) 111
C(6)—H(62) 0-93 C(5)—C(4)—H(42) 111
C(H—H71 1-06 C(4)—C(5)—H(51) 107
C(T)—-H(72) 1-02 C(4)—C(5)—H(52) 103
C(8)—H(81) 0-99 C(6)—C(5)—H(51) 110
C(8)—H(82) 1-04 C(6)—C(5)—H(52) 100
C(9)—H(®1) 0-93 C(5)—C(6)—H(61) 119
C(9)—H(92) 0-91 C(5)—C(6)—H(62) 102
O(1)—H(4) 1-12 C(7)—C(6)—H(61) 102
Mean C(1)—C(6)—H(62) 97
C—H 1-02 C(6)—C(H—H(71) 105
N—H 1-03 C(6)—C(7)—H(72) 103

C(8)—C(N—H(71) 103
C(®)—C(7)—H(72) 110
C(7)—C(8)—H(81) 99
C(7)—C(8)—H(82) 107
C(9)—C(8)—H(81) 101
C(9)—C(3)—H(82) 105
C(8)—C(9)—H(91) 108
C(8)—C(9)—H(92) 121
C(1)—C(9)—H(©O1D) 95
C()—CO)—H(92) 100

15
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and 1-03 A, respectively. Since no refinement of the hydrogen positions were attempted, a detailed
discussion of these bond lengths and angles is not worthwhile.

Table 4. Deviations of the atoms from the
respective least-squares planes for the
cyclooctane ring and carboxyl group

Cyclooctane ring Carboxyl group
I Ty [ — — - ]
Atom Deviation Atom Deviation

@A) &)

C(©2) 011 C@2) 0-00

C(3) —0-44 C(1) —0-01

C(4) —-0-93 o(1) 0-00

C(5) 014 0Q) 0-01

C(6) -0-59 N(1) —0-07

C7) 0-00

C(8) 0-01

(%) 0-90

(e) Other intramolecular features. The cyclooctane ring is puckered. Tt is possible to define a mean
plane for the atoms in the ting and the maximum deviation of the atoms from this plane is £0-9 A.
The equation of the plane is given by

0-5592.X — 0-2048 Y + 0-8034Z = 2-8092

where X, Y and Z are given in A. The deviations of the atoms from this plane are given in Table 4.
They are in fair agreement with the values given for this conformation by Bixon & Lifson (1967).
The carboxyl group is planar. The equation to the plane of the carboxyl group is

0-2990X + 0-5639Y + 0:7698Z = 3-9665

The amino nitrogen is almost in the plane of the carboxyl group, its deviation being only 0-007 A.
This feature is also observed in 1-aminocyclopentane hydrochloride, where the deviation of nitrogen
is 0-01 A from the plane of the carboxyl group (Chandrasekharan ef al., 1968). The deviations of the
atoms from the least-squares plane are given in Table 4.

Table 5. Observed torsional angles of rotation around the C—C
bonds in the cyclooctane ring, and the theoretical values of

Bixon & Lifson (1967)
Angle Observed Standard Theoretical
(deg.) deviation* (deg.)
(deg.)
C(H—CQ)—C(3)—C4) 2965 14 296
CQ)—C(3)—C(4)—C(5) 672 1-6 64
C(3)—C4)—C(5)—C(6) 40-5 1-8 46
C(4)—C(5)—C(6)—C(7) 261-9 16 255
C(5)—C(6)—C(7)—C(8) 672 19 70
C(6)—C(—C(8)—C(9) 294-6 1-8 288
C(7H—C(8)—C(9)—C(1) 979 1-3 106
C(®)—C(9H—C(1H)—C(2) 3136 1-4 316

* This was calculated using the expression given by Huber-Buser
& Dunitz (1961).
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(f) Torsion angles of rotation around the C—C bond in the octane ring. The torsion angles of
rotation around the C—C bond in the cyclooctane ring is given in Table 5, together with their standard
deviations calculated using the expression given by Huber-Buser & Dunitz (1961). These are in good
agreement with those in the cis, frans and dimeric compounds, in which the cyclooctane ring is in
the same conformation. The cyclooctane ring in all these compounds exists in the boat-chair con-

C@, N0

c

~
ca ~ \\‘2\6>

Fig. 5. Environment of N(1).

formation. The theoretical values of Bixon & Lifson (1967) are in good agreement with the experimen-
tal values and these are also given in Table 5.

(g) Hydrogen bonding and molecular packing. The crystal structure is stabilised by a three-dimen-
sional network of hydrogen bonds. There are four hydrogen atoms in the molecule which may be
expected to take part in intermolecular hydrogen bonding. Three hydrogen bonds from the amino

Table 6. Hydrogen bond distances and angles

Donor Acceptor N---A H--*A C—N---A N—H--A H-N--A
C(2)—N({1)—H(1)---BrY 367A 275A 115-0° 158-9° 15-2°
C—N(D)—H(2)---Br** 3-41 2:48 987 145-1 253
C(2)—N(1)—H@3)---0)" 2-93 2:07 103-4 1384 27-9
C(1)—O0(1)—H(4)---Br! 3-15 2:21 159-1 148-4 31-8

Symmetry code:
() x,y, 2 Mi-x1+73+z
(1]) x,1+y,z (Vi)%—x,f,z—%
@) x,y,14+z i) £, 3 +y,+—z

V) 3—x,7,4+z  (viil) L+ x, 9,z
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nitrogen N(1) are to two bromine atoms and one oxygen atom, with distances N(1)—H- - ‘Br'¥ = 3-41
A, N()—H:--Br*' = 3:67 A and N(1)—H---O(2)" = 2:92 A. The H—-N(1)-- - X angles with X = Br'v,
Bri! and O(2)" are 15, 25 and 27°, respectively. The hydrogen atoms attached to N(1) take up a
staggered conformation with respect to C(1), C(3) and C(9), as may be seen from Fig. 5. The hydrogen

Table 7. Intermolecular non-bonded distances less than 4 A

Atom  Atom Distance Atom Atom Distance

A& A)
ot C(4)it 374 Brt Cc)v 3-74
C(8)! Cc)t 3-84 NQO) C()v 3-96
C(8)t Cc)t 3-91 o)t o) 3-43
Cc(N? OoQ)it 3-99 Brt oy 3-81
C(8)t O(1)itt 3-69 Bri C(1)y 391
C(9)! O(1)i 3-68 oQ) Ccv 3-62
C) o)t 3.97 0O2)! CO)" 3-49
C9)y C(1)it 391 O2)! C(1)" 3-76
oQ) oQy’ 3:43 C(4)t C(6)"H 3-82

The numbers given in brackets refer to the symmetry code (see
Table 6).

atom attached to O(1) is hydrogen bonded with Br, the O—H: - -Br distance being 315 A. The hydro-
gen bond distances and angles are given in Table 6 and the non-bonded distances less than 4 A are
given in Table 7; there are no unusually short contacts. A view of the structure projected down the ¢
axis is shown in Fig. 6.

4 om 14
c@ o [\
9O
A@) NS ;
AU
¢ Ca /)Z”‘;\p
Cte) e o
/
!
/

N
15 i
4y ! /

Fig. 6. Structure viewed down the ¢ axis. Hydrogen bonds are shown by dashed lines.

Conformational features

(a) Carboxyl group. The conformational features of the amino acids, as already mentioned in the
introduction, have been studied extensively in our laboratory. The notation followed is that of
Edsall et al. (1966). The angles ¢, and i, describe the disposition of the two C—O bonds of the
carboxyl group and measure the clockwise notation of the two C—O bonds about the C—C’ bond
with respect to the C—N bond. The two angles are usually found to be around 0 and 180°, respectively.
In this structure, the values are 355 and 178-3°, respectively,

(b) Cyclooctane ring. The possible conformations which the cyclooctane ring can take up have
been predicted theoretically by a number of workers (Allinger, 1959, 1968 ; Hendrickson, 1961, 1963,
1964; Wiberg, 1965; Pauncz & Ginsberg, 1960; Bixon & Lifson, 1967). The expected bond lengths,
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bond angles, the torsion angles around the C—C bond in the ring and the deviations of the atoms in
the cyclooctane ring from the mean least-squares plane for all the conformations have also been
given.

The cyclooctane ring in this structure exists in the boat-chair conformation of Hendrickson (1964),
which is also conformation I of Bixon & Lifson (1967). The predicted torsion angles for this con-
formation agree well with the observed values (Table 5). This conformation of the cyclooctane ring
is also found in the cis, trans and the dimeric compounds. A detailed comparative study of the
conformational features of common ring systems are under investigation and will be reported
independently.

Our thanks are due to Dr K. Venkatesan for valuable discussions and to Professor G. N.
Ramachandran for his keen interest. The refinement of the structure was carried out at first using the
G. A. Mair’s program for IBM 1620 and later using the full-matrix least-squares program (Program
LALS) of Gantzel, Sparks and Trueblood, modified by Braenden, Zalkin and by Lundgren and
Liminga in Uppsala for CDC 3600. The authors would like to record their thanks to these individuals
for making their programs available. Thanks are due also to the authorities of the Tata Institute of
Fundamental Research, Bombay and the Fundamental Engineering Research Establishment,
Madras for making available computer facilities. One of us (T.S.) is grateful to the University of
Madras and the Council of Scientific and Industrial Research, India for financial assistance. This
work was supported in part by a grant to R. Zand from the National Institute of Neurological
Diseases and Stroke, National Institutes of Health.
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