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_,? Structure determination of L.-threonine by
neutron diffraction
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i Abstract. The structure of the aminoacid, Ls-threonine [NH! CH(CHOHCH,)COO0-],
' space group P2,2,2,, a=13-630(5), 6=7-753(1), ¢=5-162(2) A, z=4, has been deter-
mined from neutron diffraction data using direct methods. The intensities of 1148
neutron Bragg reflections were measured from a single crystal. The structural para-
meters were refined by the method of least squares using anisotropic temperature factors.
The final R(F2) is 0-068. The structure was also refined from the x-ray data of Shoe-
maker et al (1950 F. Am. Chem. Soc. 72 2328); there is good agreement between the
two sets of heavy atom parameters. The parameters of hydrogen atoms are of course
more precisely determined in our neutron study. The molecular conformation and the
hydrogen bonding scheme are discussed. Weighted average values of bond distances
and angles from 14 aminoacid structures with ionized carboxylic groups studied by
neutron diffraction at Brookheven and Trombay are also presented.

Keywords. Ls-threonine; neutron diffraction; hydrogen bonding; direct methods.

1. Imtroduction

The x-ray diffraction structure determination of Lg-threonine [NH:CH(CHOH.CHs)
COO™] was carried out by Shoemaker et al (1950). In this study, qnly approximate
hydrogen atom positions were found. We undertook the neutron diffraction investi-
gation of this crystal to obtain precise nuclear positions for the hydrogep atoms. This
work is the fifth in a series of such studies on aminoacids and their derivatives in our

laboratory.®

2. Experimental

Single crystals of Ls—threonine were grown by slow evapc?ration from an aqumdw:ls
solution of the compound. The crystals obtained were prisms elongated alonﬁ ,c
¢c-axis with {110} as the side faces. Onc such crystal wtalghmg 12 mg was d osen
for data collection. This was a parallelopiped of dimensions 5-36 % 1-62 l(i\b mm
with the longest dimension along the c-axis. This was mounted on the i%-crn‘fc € ;u,u-
tron diffractometer 3D-FAD (Momin et al 1969) at the CIRUS reactor in 1ro‘gn m}}.
i The intensity data were collected using a neutron b.eam of wa\'elcr%glldl 1-1117? ns,l 3:;1 ;
tained by reflection from the (511) plane of a Ge single crystal. e cell cu
*The other aminoacids so far studied in our laboratory are: L—asparaginc'l-;;o ('Rama:tadc};mnl 9:;2?[
1972), L-glutamic acid-HC (Sequeira et al 1972), L—:lysmc'HClQHgO t( lxnfga;é?g A
L~cysteic acid-H,O (Ramanadham ¢t al 1973) and L-cystine-2HCI (Gupta et a
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were refined by least squares technique from optimised 28 angles of 105 reflections,
randomly distributed in reciprocal space. These refined values, a=13-630(5),
b=7-753(1) and c=5-162(2) A, compare well with the values a=13-611(20), =7-738(8)
and ¢=>5-142(5) A reported by Shoemaker et al (1950). The calculated density with
four molecules in the unit cell comes out to be 1'461 gm cm™ compared to the mea-
sured density of 1-462 gm cm™. The systematic absences confirmed the space group
to be P2,2,2, as determined in the x-ray study.

The lntegrated neutron counts for 1152 Bragg reflectionst consisting of 857 hkl, 211

hkl, 82 hkl and 2kk0, having sin /A <068 A~ were measured in the syrnmetncal
setting of the diffractometer using §—26 coupled step scan mode (0-1°step in 26).
The background was scanned for a minimum of 1° on either side of the peaks. A
standard reflection was recorded after every 15 measurements. The variation in the
intensity of this standard reflection during the 4 months of data collection was within
49,.

Squared observed structure factors were obtained from the integrated intensities
and then corrected for absorption with the calculated linear absorption coefficient
p=2-86 cm™. The transmission factors ranged from 0-612 to 0-789. The symmetry
related reflections were not averaged. 32 reflections were found to be having negative

Fo values. These were omitted in Fourier calculations but included in the least
squares refinement of the structure,

3. Structure determination by tangent formula

Sikka (1969) has shown that the direct methods involving the symbolic addition

and tangent formula techniques (Karle and Karle 1966) are applicable to neutron

diffraction structure determination if the relative scattering power of hydrogen atoms,

o=2Xbs/ 2 bi is less than 30%%. In the case of Ly~threonine o is 269, near the upper
H all atoms

limit set by Sikka. Therefore, it was decided to determine the structure of L¢—

threonine by direct methods as a further test of the applicability of these methods in
neutron diffraction.§

Normalized structure factors, E’s were derived from ]Fo | by the formula
12| =Pl 1)
[e{I)]E
Here ¢ is a factor which takes into account the enhanced !Fo | values for some reflec-
tions due to space group symmetry and (/) is the local average intensity, which was

tFour reflections (322), (144 1), (117 0) and (393) were dropped from the data set as they were mis-
set during the data collection.

iSince this proposal three structures, L-proline'H,O (Verbist et al 1972), L-serine-H,O (Frey et al
1973) and melampodin (Bernal and Wilkins 1972), have been solved by this method from neutron data.
The g values for these structures are 27%,, 26%, and 229%, respectively.

§In order to retain the objectivity of this approach, none of the authors studied the x-ray paper on

Ls~threonine by Shoemaker et a/ (1950) till the structure was solved from neutron data, apart from noting
the crystal data.

— Y.
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Table 1. Set of initial phases for multi-solution tangent formula computations.

! | E | ¢ weight
314 2.628 450 10 o
174 0 2-109 90 10 For ﬁfcmg origin and
1201 2:443 90 10 enantiomorph
620 2:112 180 0837
1620 2:716 180 0:592
08 4 1-758 180 0-515 .
1460 2993 0 0-492 From 2 relation
024 1743 180 0-345
840 1-878 180 0-236
.o 2237 Oor 180 1.0 } For multi-solution
403 1-897 190 10

estimated by the K-plot technique of Karle and Hauptman (1953).* The observed
distribution values of {| E|)=0-85 and (| E*—1 |} =0-75 agree well with the theore-
tical values of 0-89 and 0-74 respectively for the non-centrosymmetric case. The
phases were determined by the multisolution tangent formula method of Germain
and Woolfson (1968). 175 reflections with | E| > 1-3 were used. The starting set of
reflections for generating the different tangent formula phase sets are given in table 1.
These include 3 reflections for fixing the origin and enantiomorph chosen according
to the rules given by Hauptman and Karle (1956), six 2, reflections and two (081)
and (403) which can take 0 or « and /2 or —m/2 respectively as their phase values.
The weighted tangent formula (Germain, Main and Woolfson 1971)

T [f wKwH—KIEKEH—Kl sin (¢x+¢H~K)]

tan ¢y = = = 2
" B [ wawn—x l EyFyx ‘ cos (¢K+¢H—K)] @
was used for calculations.
The weights were chosen as
w = tanh (0'50-1{) for dy 2 2'0
=0 for ay < 2:0 (3)
2
Here o= Erﬁg [| Ey | %(714—.32)*}:‘ and
e S8
all atoms

The weights for the initial sets are given in table 1. For X, reflections, w=2Py—1
where Py is the probability that the sign is correctly determined by the X'y relation.

*Considerable difficulty was encountered in applying the Wilson plot method (Wilson 1942) for ob-
taining the scale factor and the average isotropic temperature factor, This was due to extinction effects
for the low angle data and curving of the linear plot for the high angle data. The latter is due to,
perhaps, sharper decrease in the hydrogen contribution to the high angle reflections as a result of higher
B values and lower scattering amplitude of hydrogen atoms compared to other atoms in the structure.
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Figure 1. Frequency distribution of the
error | ¢o—¢ran ¢ for non-centrosymmetric ____r——L—
reflections in Lg—threonine. Five reflections ‘ . ' ' . N . . .
had errors greater than 90°. Seven out ) 0 030 T3 30 e 70 8g %
of fifty-six centrosymmetric reflections had [Bo- Gruny

errors of 180°,

The set for which the phases of (081) and (403) were 0 and —m/2, gave the highest
figure of merit and an £ map was computed from the phases of this set. In this map,
the five highest peaks which made chemical sense were chosen as nuclear sites. A
structure factor calculation followed by a Fourier synthesis revealed the three remain-
ing heavy atoms. Finally the nine hydrogen atoms were located from a difference
I Fol—| Fe ||

2| Fo

A comparison with the x-ray coordinates showed that we had obtained a set related
to the former by the transformation: }—=x, }—», z—% and that all the atoms were cor-
rectly positioned. Figure 1 shows in histogram form, the distribution of | do— Prax |
for non-centrosymmetric reflections. Here ¢, is phase calculated from the final least
square parameters and ¢ray is the tangent-formula calculated phase. Only 7 out of
56 reflections whose phases were fixed by space group to be 0, 7 and +n/2, were in
error by 180°. The average mean error in phases is 28°. The phase of the (314)
reflection, which was used to fix the enantiomorph was found to have ¢o=—43°.
This means that enantiomorph opposite to that fixed by us was obtained by using
¢ran’s.  This result confirms the observation of Hauptman and Duax (1972) that one
reflection may not be sufficient for choosing the enantiomorph.

Fourier map. The R value ( = ) at this stage was 0-36.

4. Structure refinement

Th.c struc.:turaI parameters obtained in the last section were subjected to a series
of 1sotropic and anisotropic full-matrix least squares refinements. The nuclear scat-
tering lengths used were: on=094, b;=0664, by=0-58 and by=—0-374x10712 ¢m
{ B.aforf 1972). Al 1148 reflections were included in the refinements. The function
minimized was Tw | Fg— | F |2 |2 where w is the weight. In the initial stages, w was
taken to be 1/0/F3) where o(F o) were derived from counting statistics. Near ,the end

wh = |AF? |2 )3 =0-967—0-01802 | F, [24-0-0005644 | o |t 4)
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Table 3. Structure Factor Table based on the refinement of the structure :f Ls—threonine ?sing netrxtr?n
diffraction data. The five sub-columns in each column are 4, £, [, 100 x F§ and 100 X [Fcl respectively.
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Moderate extinction effects were noticed on a comparison of F2’s and | Fe|? (minimum
g N 1 i ‘
FS / \ Fg \2 =0-70). The Zachariasen (1967) extinction correction term was used.

Yy = (1+2x)-'}

— t5)

x =6GOT (6)
NNEFoV ‘

&= "Gn2e @

__ 1 de -
- pdp :

The parameter G was refined along with other structural parameters.

For the anisotropic refinement, the total number of variables was 155 (one scale
factor, G, 51 positional and 102 temperature parameters). This refinement had to
be done in two blocks with 137 parameters varied in any one cycle. The refinement
was assumed to have converged when the shifts in parameters were less than 0-1 of
the estimated deviations. The refined parameters are given in table 2. A list of Fg
and |F¢ ‘2 is shown in table 3. The final value of the extinction parameter G was 0-366
> 10%,  This corresponds to an equivalent mosaic spread of 16 sec of arc in the sample
crystal. The agreement factors between Fg and | F¢ |2 were as follows:

Number of reflections 1148 1022 (Fg > o)
L 2
R(F?) _Z1Fs lchl | 0-068 0-063
SF§
2 2
wR(F?) = [Zw |[FoiFo ] ]% 0-068 0-066
ZwFQ

5. Discussion
5.1. Comparisore with the x-ray structure

In the x-ray study of Ls—threonine, Shoemaker et al (1950) refined the positional para-
meters and a single isotropic temperature factor for the entire molecule. In order to
make a quantitative comparison between the two sets of parameters f_'rom the two
techniques, we carried out further refinement of the structure using 534 x-ray dfxta
listed as observed by Shoemaker et al (1950). The refinement procedure was similar
to that described in section 4. Scattering factors for the hydrogens were tl.losc of
Stewart et al (1965). The weighting scheme was derived from the error analysis to bc

b —0-777+4-626 x 1072 F3+41-017 X 1078 F§ {9}
In the isotropic refinement, the temperature factors of rr}ost of - the hydrogen. atcclm.as
became negative. These were then constrained to the anisotropic values obt’amc ~b11n
our neutron study and an over all temperature factor to take .mto account- any possibie
differences in the x-ray and neutron values of these was vaned: The cxnncnoffz cor-
rection factor G was also included. Upon convergence, the various agrcemcnt[ ;;;csrs
were: R(F)=0-038 (compared to the value 0-112 reported by Shoernakc; 12) answd i',;
R(F?) =0-061 and wR(F?) =0-107. The refined x-ray parameters a{x:e A
table 1. Commparison between the two sets of posu;xonal pararg:te;"s v(:‘ . “:eig'hted
shows a good agreement. Only three, y(N), (O™ and fl( g )ﬁ;i . (0'2 s
differences, [ == Api/o(#i)], where of #i) is the pooled standa.rc{." e;xa o h;avv il
0% x-rays)¥], greater than 2. The temperature factors Birs for 3
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NEUTRON -X-RAY

NEUTRON-X-RAY THERMAL PARAMETERS

FOSITIONAL PARAMETERS

9l
9o

a 1 7 3 ) } 2 3
EXPECTED VALUE EXPECTED VALUE

Figure 2. Half-normal probability plot com-  Figure 3. Half-normal probability plot compari-
parison of positional parameters of non-hydrogen  son of anisotropic thermal parameters of non-
atoms in Lgs—threonine. hydrogen atoms in Lg—threonine.

the x-ray case are systematically larger than those from neutrons. The average dif-
ference between the two sets is equivalent to an isotropic AB of 0-77 A2 Such dif-
ferences between x-ray and neutron temperature factors have also been noted in
aminoacids, L-lysine-HCI-2H,O (Bugayong et al 1972) and L-cysteic acid-H,O
(Ramanadham et al 1973). AB for these structures is 0:91 A2 and 0-21 AZ2 respectively.

Further comparison was done by the halfnormal probability plot method (Abrahams
and Keve 1971). These plots for the positional and temperature parameters dif-
ferences for the heavy atoms are shown in figures 2 and 3. For the later, equivalent
ABii’s corresponding to AB=0-77 A? were first subtracted from the x-ray Bii’s. In
both plots straight lines passing through the origin were obtained showing that the
differences in the two sets are approximately normally distributed. The slopes of the

two lines are 1-16 and 1-40. These correspond to an underestimation of the pooled
a(pi)’s by the same factor.

5.2. Moblecular dimensions

A stereo-view of a molecule of Lethreonine is shown in figure 4. The bond distances
and bond angles for the molecule computed from the final neutron and X-ray co-
ordinates are given in tables 4 and 5. The molecular dimensions for the heavy atoms
from the neutron 2nd x-ray studies are nearly identical except for the CfF —O”! distance
which differs by 4¢. The corresponding C—O distances in the structures of DI.—
serine, L—serineH,O (Frey et al 1973) and 4-hydroxy-L-proline (Koetzle et al 1973)
are 1-403, 1414 and 1413 A respectively, nearer to the neutron value. The Cf —C”2
bond length reported to be abnormally short (1-505 A) by Shoemaker et al (1950) has
now been refined to 1-515 and 1-513 A in the two refinements. The bond distances
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Figure 5. Lg-threonine molecule as seen when one looks
down C*—C# bond.

and angles for the backbone atoms are compared in column 3 of tables 4 and 5 with
the weighted average values from 14 aminoacids with ionised carboxylic group studied
by neutron diffraction at Brookhaven and Trombay. The deviations are the largest
for the distance C*—C¥# and the angle C—C*—C#. The latter is due to considerable
variations in the values of the angle C—C®—C?# in different aminoacids and as Marsh
and Donohue (1967) have noted may be the result of non-bonded contacts involving
side chain atoms.

The threonine molecule exists as a zwitterion in the crystal with C*—NH] group
nearly tetrahedral. The average dimensions of the NH] group are: (N*—Hi)=1-032
A, angle (C°—N—Hi)=110-1° and (Hi—N—H’y=108-8°. The corresponding
weighted average values from other aminoacids are 1-039 A, 110-6° and 108-5°.

The mean dimensions of the methyl group are: (C”2—H’2)=1-095 A,
(CF—-C"*—H"?)=110-9° and (H"2—~C"2—H"%)=108:0°. It can be seen from figure
4 that the thermal motion ellipsoids for the CH, group atoms are larger than others.
This is due to the librational motion of the methyl group about the C# —C”2 axis. A
similar situation exists for the methyl group in the structure of L-alanine (Lehman

et al 1972).
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Table 4. Interatomic distance in Lg-threonine*®

. Weighted average

Bond Description Neutron X-ray valuesk g

C —O 1:237(4)A 1.243(4) A 1-246 A

C — 02 1-258(4) 1-253(4) 1-255

¢*—C 1-539(3) 1-537(4) 1531

C*— N 1-490(3) 1-490(4) 1-487

c*— C# 1-538(3) 1-532(4) 1-524

CF—ONn 1:416(4) 1-431(4)

C8 — (7 1-515(5) 1:513(6)

N — H 1-037(6) 0-98 (4)

N — H? 1-024(6) 0-90 (4)

N — Hs 1-034(6) 0-91 (4)

¢*— H° 1-096(6) 0-96 (4) 1-096

C8 — HE 1:107(7) 103 (4)

071— H*1 0-983(6) 075 (4)

Qre— H?2 1-097(9) 0-95 (5)

C7:— H”22 1:075(10) 1-02 (5)

C72— H?2 1-113(10) 1-02 (5)

*Parameters listed both in tables 4 and 5 are uncorrected for thermal motion. The
standard deviations of the unit cell constants were also included in estimating the stand-
ard deviations of these parameters.

*¥The weighted average values defined as {[? (xi/o? )] / [21:" (o} )]} are based on

the neutron diffraction studies of 14 aminoacid structures studied at Brookhaven and
Trombay.

Table 5. Bond angles in Lg-threonine

Angle description Neutron X-ray ngﬁ};li::;agc
o —C —C"  1163°(3) 116-5°(3) 117-6°
0oz —C —C* 116+4(2) 116-3(3) 1166
o —C —Ot 127-2(3) 127-2(3) 125-7
¢ —C*—N 109-9(2) 110-0(2) 110-2
cC —C*—C# 112:6(2) 112-7(2) 110:9
N —C"—Cf  1089(2) 108-8(2) 110-2
C* —CF —0" 1042(2) 104-2(2)

c* —CfF —q”r 1131(2) 113-6(3)

0" —CB —C”2 110:9(2) 112-2(3)

¢* —N —mt 111-4(4) 108(2)

¢* —N —H 109-8(4) 116(2)

¢* —N —H° 109-2(4) 107(3)

H —N —H? 108-3(5) 105(3)

H —N —H 111:5(5) 116(3)

H: —N —H3 106-6(5) 106(3)

¢ —C* —H" 109-8(4) 110(2) 108-6
N —C* —H* 107-1(4) 108(2) 107-6
CF —C* —H* 108-4(4) 107(2) 1088
C* —QCfF —HF 1080(4) 111(2)

0"t —Cé —HF  109-7(4) 111(2)

¢t — (08 —HF  110-6(6) 106(2)

CP —O”1—H" 112-6(4) 109(3)

Cf —Cr2—H”2 109-2(6) 109(3)

C8 —(C72—H"2 112-0(6) 111(3)

CP  —Cr*—H”3 111-4(6) 113(3)

H?® — Q7*— H”2  109-0(7) 105(4)

H7# — Cr*— H72  106-2(8) 113(4)

H?? — Q”:—H”®  [08-9(8) 106(4)

*Based on the neutron diffraction studies of 14 aminoacid structures studied at
Brookhaven and Trombay.
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Table 6. Torsion angles in Lg—threonine

Angle Description Neutron X-ray
¢t C —-CG*—N—H? 46-17(4) 487023
$* ¢ —Q*—N —H2 166-4{4) 165:3)
é* C —C*~—-N —H3 —771{H) —77{0
#* N —C*—C —Ot —25-8¢3) —~236°%)
& N —Q*—QC —02 155-3(3) 153-8.3;
¥Ht N —C*—CB8—0”1 —55-1(3) —548.3)
xL?2 N —-C*—C8—C72 -175-8(2) —173-8(3;
xH N —G*—Cf—H? 61-5(4) 64:2)
x5t G"—QB8—0O71—HN ~175-8(5) —177{3)
x%%r G*—Ch—C72—H72,1 52-8(6) 583}
¥5h%? C*—C8—Cr2—H72,2 173-7(6) 173(3}
x%HH3 O°—CA—C72—H723 —64:1(6) —68(4)

Figure 6. Stereoscopic picture of molecular packing and hydrogen bonding in the
unit cell of Ls~threonine crystal.

5.3. The molecular conformation

‘The conformation of the molecule is shown in figure 5 and the torsion angles are given
in table 6. The torsion angle labelling is in accordance with the IUPAC-IUB com-
mission on Biochemical Nomenclature (1970). The staggered ethane-type confor-
mation of the threonine molecule about the G*—C* bond found by Slzoemakesr et al
(1950) is confirmed. The hydrogens of the NH] group .(ang.les q?l, ¢ and };f; )'daff;
rotated about C*—N by about 14° in the counter-clockwise dn‘cction from t E'l (;a.
staggered configuration with respect to the substituents on the G i‘ai::ocrin T ;snnz:
parture from the ideal position appears to be due to othe mﬂtience o~ }\1 rog}cn .Ou
ing. The difference between the angles ! and ¢? of 181- shows t a}t tvxehg: thz
C*—C— (0% O?) is planar. The values + 25° for these torsion ang.les show ¢ :;SO e
nitrogen atom is significantly displaced from this plane. The me;h}I group 1s a

the staggered conformation with reference to the groups on the Cf atom.

5.4. Molecular packing and hydrogen bonding

The hydrogen bonding scheme in the crystal .is depicted in the s;erco ldrs::)mtqn c&i’:{:
6) of the packing of the molecules in the unit cell. There are gxr }1{\ n,)r;u ;I'hc
per molecule — three from the NH{ group and one from the o g:s 1!%:& the
hydrogen bond N—H!—O? links the threonine molccu‘lcs to iorn‘}n c 121;’ ;the; o
¢-axis of the crystal. The other three hydrogen bonds b.md these ¢ (;zun lcsg ;1rc Sum-
three dimensional network. All the hydrogen bond distances and angles <
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Table 7. Hydrogen bonding in Lg—Threonine
X—H---Y X—H H-Y XY H—X---Y
N-—H!...O? @0 1:037(6) A 1-900(7)A 2:917(4)A  9-0°(3)
N—H:2...0”" (11) 1-024(6) 2-202(7) 3-124(4) 21-2(3)
—H3. . .02 vy 1-034(6) 1-791(7) 2-794(4) 11-0(4)

O71—H”t, .0 (III) 0-983(6) 1-716(6) 2-660(4) 13-0(3)
Symmetry code for the acceptor atom:

(o) x > 14-2z

(In $—x - bz

(I1I) —3+= 33—y l—z

(v) 1—x —3+y 32—z

marized in table 7. Apart from a hydrogen bond to O (II), the atom H? has a short
intramolecular contact H2—0"? of 2-214 A. The N—H2—0O"! angle is 107:0°. Be-
cause of this unfavourable angle, we do not classify this as a bifurcated hydrogen
bond system although the weak interaction present may explain why the N—H2—O"1
(II) bond is found to be the most bent as well as the longest N—H-+-O hydrogen bond
in the structure.

6. Computer programs used

The computations described in this paper were done on the CDC 3600 and BESM-6
computers. The following programs were used.

No.  Program name Purpose Refference
1. REFINE Setting angles and least  Srikanta and
squares refinement of cell Sequeira 1968
parameters
2. DATARED Data reduction (absorp- Srikanta 1968

tion correction included
as a subroutine)

3. FORDAP Fourier calculations Zalkin 1962

4, TANFMULA Tangent formula calcu-  Sikka 1970
lation of phases

5.  XFLS Least squares program Busing et al 1962*
for structure refinement

6. ORFFE Bond distances and angles Busing et al 1964%*

7. ORTEP Stereo plotting Johnson 1965+

8. TORANG Torsion angles Ramanadham 1970

*The BESM-6 version by H Rajagopal
1The CDG 3600 version by H Rajagopal and A Sequeira

Acknowledgements

The authors thank H. Rajagopal for providing BESM-6 versions of computer pro-

grams and S. N. Momin for maintenance of the 3D-FAD diffractometer during the
data collection.




_:

Structure determination of L~threonine by neutron diffraction 259

References

Abrahams S C and Keve E T 1971 Acta Crystallogr. A 27 157

‘Bacon G E 1972 Adcta Crystallogr. A 28 357

Bernal I and Watkins S F 1972 Science N. Y. 178 1282

Bugayong R R, Sequeira A and Chidambaram R 1972 Acta Crystallogr. B 28 3214

Busing W R, Martin K O and Levy H A 1962 Oak Ridge National Laboratory Report No. TM-305
(with modifications due to W G Hamilton, J A Ibers, C K Johnson, S Srikanta and S K Sikka)

Busing W R, Martin K O and Levy H A 1964 Oak Ridge National Laboratory Report No. TM-306

Frey M N, Koetzle T F, Lehmann M S and Hamilton W G 1973 Acta Crystallogr. B 29 876

Germain G and Woolfson M M 1968 Acta Crystallogr. B 24 91

Germain G, Main P and Woolfson M M 1971 Acta Crystallogr. A 27 368

Gupta S C, Sequeira A and Chidambaram R 1973 Acta Crystallogr. under publication.

Hauptman H and Duax W L 1972 Acta Crystaliogr. A 28 393

Hauptman H and Karle J 1956 Acta Crystallogr. 9 45

IUPAC-IUB Commission on Biochemical Nomenclature 1970 Biochem. 9 3471

Johnson C K 1965 ORTEP report ORNI~3794 ’

Karle J and Karle I L 1966 Acta Crystallogr. 21 849

Karle J and Hauptman H 1953 Acta Crystallogr. 6 473

Koetzle T F, Lehmann M S and Hamilton W C 1973 Acta Crystallogr. B 29 231

Lehmann M S, Koetzle T F and Hamilton W C 1972 ¥. Am. Chem. Soc. 94 2657

Marsh R E and Donochue J 1967 Adwv. Proicin Chem. 22 235

Momin S N, Sequeira A and Chidambaram R 1969 Adbstracts of Seminar on Grystallography, Centre of
Advanced Study in Physics, Madras.

Ramanadham M 1970 Unpublished

Ramanadham M, Sikka S K and Chidambaram R 1972 Acta Crystallogr. B 28 3000

Ramanadham M, Sikka S K and Chidambaram R 1973 Acta Grystaliogr. B 29 2711

Sequeira A, Rajagopal H and Chidambaram R 1972 Acta Crystallogr. B 28 2514

Shoemaker D P, Donohue J, Schomaker V and Corey R B 1950 ¥. Am. Ghem. Soc. 72 2328

Sikka S K 1969 ‘¢ The phase problem in neutron diffraction > Ph.D. thesis, Bombay University

Sikka S K 1970 BARC report No. 491 (BARC, Bombay)

Srikanta S 1968 Unpublished

Srikanta S and Sequeira A 1968 Unpublished

Stewart R F, Davidson E R and Simpson WT 1965 ¥. Chem. Phys. 42 3175

Verbist J J, Lehmann M S, Koetzle T F and Hamilton W G 1972 Nature, Lond. 235 328

Wilson A J C 1942 Nature, Lond. 150 152

Zachariasen W H 1967 Acta Crystallogr. 23 558

Zalkin A 1962 Unpublished

T >




