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INTRODUCTION

The crystal structures of tetrasthylammonium hexabromocntimonate(V),
Y—ethylpyridinium tetrabromoferrete(III), and D-glucono-(1,5)-lactone
were deiermined by single crystal Z-ray diffraction techniques. Tke
nature and imporiance of their solid stete structures will be discussed,
In addition, & new method Tor partial structure evalustion is presented
with experimental results and commsnts regarding its possible limitations
ard extensions,

The crystel structure of (CZHS)4NSbBr6 was solved bty the conventional
hsavy-atom techniqus. The position of the SbBré group was found from the
Patterson and its orientation was used to select the proper choice of
space group. 1he cation atoms were found to be itwo-fold disordered from
the calculated electron densitly mepe. The crysisl siruciwrs of C7H9NEFeBr4
was delermined by Paiterson supsrposiiion technigques, The structure
contains & possible weak N-H=~Br hydrogen bord., The siruciure of the
lactone was cdetermined using a psewdo-eleciron density symmetry mep in
conjunction with the Patterson superposition technique., Ths restraiat ¢?
the planar carbonyl group izposes 2 distoried half-cheir conformation on
the delta-lactone ring system,

The meothods employed in the solution of the sabove stiruvctures illius-
trate the powsr and usefulnsss of the Paiterson function1 in crystailog-
raphy. Sime some familiarity with this funciion is essential to umder-
standing the above methods as well as the method presented for partizl
structure evaiuation, & simple, hypothetical exsmpie is given in Figure 1

and will be used throughout to illustrate the various techniques discussed,
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THE STRUCTURE OF TETRAETHYLAMNMONIUM HEXABROMOANTIMONATE(V)

Introduction

The crystal structure investigation of tetraethylammonium hexabromo-
antimonate(V) was undertaken as part of a series of investigations of
halo—coordinated antimony compounds being performed in this Laboratory.z-9
The synthesis of intensely colored compounds of the type RbeyBrz, where
R represents either an aiiphatic or arcmetic amine, has been known since
1901 when Rosenheim and Stellman' reported the preparation of
(C 5I-I,NH) SbBr Since then a wide variety of such compounds has been
reported: 1 RSbBr, ; RSbBré, RSbBr,,, R SbBrs. R SbBré, 3 SbBr7, R SbBr8,
RZSbBrg. RBSbBré, RBSb Br9; R35b2 117 RBszBr 3Sb Br15’ R_Sb38r14=
R7Sb33r16; and R‘SbBrB-BH.Br. It is believed that the dark color may be
due to the presence of mixed oxidation states of antimony or to some
other type of charge transfer phenomena, A series of intervalence
antimony bromide complexes of varying stoichiemetries has been investi-
gated to relate, if possible, their crystal structures and charge transfer
properties, and to evaluate the effects of cation size, type and stereo-
chemistry on the antimony bromide anion and on the resulting solid state
structure.

The structure of tetraethylammonium salt was undertaken as a result
of preliminary investigations on the physical and chemical properties of
this material and other intensely colored RbeyBrz complexes, The tetra-

ethylarmmonium complex was shown to be unususlly stable in comparison to

the other antimony-bromide complexes studied, being stable in air and



more slowly hydrolyzed in water, :Although the tetraethylammonium complex
is also intensely colored,lz appearing a deep, dark red-brown, the
preliminary X-ray results indicated the stoichiometry was RSbvBr6 with
only four formula units per unit cell, The usual intervalence type charge
transfer could not occur if indeed all the SbBré species present were
equivalent. Also, the saturated cation would not be expected to partici=-

pate in any possible charge transfer path,

Experimental

Crystal data:

Tetpaethylammonium hexabromoantimonate(V), (CzH 5) QNSbBré,

M

479,5, Tetragonal Ilblmd, F(00@) = 1344e, Z = 4,
1877.34°,

b = 8,7008(7), ¢ = 24,797(2)4, T ~ 24°C, V

2

D_ = 2,62 g/ee, D_ = 2.59 g/ce, Yo Ka(h = 0,71074), u = 150.7en™

The (CZHS) 4NSbBr6 salt was prepared by the method of Lawton.u
Microscopic examination revealed the four~fold symmetry of the crystals,
square pyramidal with sharply defined faces, Although the tetraethyl-
ammonium salt was observed to be air stable, crystals were selected and
mounted in thin-walled Lindemann glass capillaries to limit exposure to
the atmesphere. Preliminary Weissenberg and precession photographs
exhibited %mmLaue symetry, indicating a tetragonal space group. The
following systematic absences were observed: hkl whenh+ k+ 1=2n+1
and hhl when 2h + 1 = 4n + 1, The absences are consistent with either
space group Il&lmi or I42d, The unit cell parameters and their standard

T2
deviations were obtained by a least squares fit™~ to twelve independent



reflection angles whose centers were determined by a left-right, top-

“tom beam splitting technique using a previously aligned Hilger-Watts
four circle diffractomster (Mo Ko radiation, A = 0,710694), The observed
density was determined by flotation techniques using ethylene bromide and
1,1,2,2~ tetrabromoethane solutions.

A crystal having approximate dimensions 0,10 x 0,10 x 0.0%m was
mounted on a glass fiber such that the ¢ axis (0.09mm) was nearly coinci-
dent with the spindle axis, Data were collected at roox temperature
utilisdng 2 Hilger-Watis four circle diffractometer equipped with scin-
tillation counter and using Zr-filtered Mo Ka radiation., Within a iwo
theta sphere of 60° a1l data in one full octant were recorded using a
p=26 step scan technique with a teke-off angle of 4. 5°, Symmetric scan
ranges of 1.00° in 2¢ at low two~theta values to 2,20° at the high two
theta limit were used., Statiomary crystal - stationary counter backgzound
measurements were made at the beginning and end of the siep scan, each
measurement being made for one-half the total scan time., The counting rate
used was 0,2048 sec per step of 0,02° in two theta. The rest of the
experimental arrangement used has already been discussed in some detail.lq'
A total of 1535 reflections were measured in this way. Three standard
reflections were observed periodically and these observations indicated
that no decomposition occurred during the data collection.

The intensity daia were also corrected for Lorentz-polarization
effects and for effects due to absorption (p = 150.7 ert), The absorption

16 the maximum and minimmm transmission

corre»c*tion15 was made using ABCOR;
factors were 0,414 arnd 0,322, respectively. The estimated error in each

intensity was calculated by
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Jo(1)]% = Jo, + ©5 + (0,037)% + (0,05¢)% + (0.080)2 /4%

where CT' CB' CR and A are the total count, background count, net

count and transmission factor, respectively. The equivalent values of
F‘i were then averaged., The estimated standard deviation in each
structure factor was calculated from the mean deviation in intensity by
ths method of finite differences.l7 The reciprocals of the structure
factor variances were used &s weights in the least-squares refinemsnt,
Based on the measuremenis of symmetry extinct data, it was decided that
only those reflections with I > 26(I) would be considered observed, The

results reported are based on the remaining 276 independent reflections,

Solution and Refinement

The structure was solved by conventional heavy atom techniques.l8

With only four forrmula units per unit cell, the antimony and nitrogen
atoms must lie in special positions having either mm (I4lmd) or & (I&md)
site symmet=y. The orientation of the hexabromoantimonate(V) group was
obtained from 2 three-dimensional Patterson mep and indicated that the
Space group was I#lmd. These heavy atom positions were then refined
isotropically by full mairix least-squares techniques using a modified
version of OR FL319 to a conventiocnal discrepancy factor of

R = L(F i -iF ji) /ZIE|= 0.081 and a weighted R-factor of

Ry, = (Le(IF { -IF_1)%/EulF_1?)% = 0.194. The remsining noniydrogen
atoms were found by an electron density map ca.lcu.‘x,a.‘l:ion.20

A tetraethylammonium group has two preferred orientations, the

swaestika configuration or a trans arrangement., Although found in a



trans arrangement, the inner carbon atoms do not lie on the mirror

plares and are two-fold disordered., These inner carbons were refined with
half occupancy in a general sixteen-fold position, The outer carbons
appeared to lie on the mirror planes and were treated as ordered and
resirained to these mirror planes. Subsequent refinement using aniso-
tropic thermal parameters for only the heavy atoms lowered the R-factor
to 0,042 and R= 0¢ 044,

The relativistic Hartree-Fock X-ray scatiering factors for neutral
atoms of Doyle and 'I‘m-nerZ]' were used with those of antimory and bromine
modified for the real ard imaginary parts of anomalous dispersion.'22
Based on the agreement of the large structure factors, no extinction
correction was necessary, A final electron density difference map
showed no peak heights greater than 0.36-/1‘5’.3 . The final standard deviation
for an observation of unit weight (E:wazl (NO-NV)j% where A =IF°| -tif ,
NC is ths number of obserwvations (276) arnd NV is the number of wvariables
(38)) was 0,95 electrons, During the final cycle the largest shift in
ary parameter was less than 0,01 times its own e.s.d. The final positional
and thermal parameiers are given in Table 1, along with their standard
deviations as derived from the inverse matrix of the final least-squares
cycle, In Figure 2 are listed the magnitudes of the observed and
calculated structure factors in electrons x 10, The computer drawings
shown throughout the text were made using OR 'I'EP.23 Distances ard angles
with standard deviations were calculated using the variance-covariance

matrix from the final least-squares cycle and OR FFE program.%



Table 1, Final atomic posit.ionala and thermal parametersb and their standard errors® for (C2H5)4NSbBr

6

Atom Position x y z B or Bll 822 533 512 513 523
Sb ta o:d o o 87(5)  117(6)  13(1) 0O 0 o
Br(1) 8b O* 0.,2034(7) 0,0732(2) 244(12) 217(11) 22(1) O* 0* -29(3)
Br(2) b 0 ~0,2057(6)  =0,0734(2) 135(8)  155(8)  20(1) O 0 -16(2)
Br(3)  8b  0.2040(%) O ~0,0027(3) 92(6) 175(7)  21) o -13(3) o
N 4a 0 0 0.4333(16)  4,0(9)
C(L)  Bb  0.2158(52) O 0s3666(17)  5.9(10)
c(2) 8o 0.2170(47) O 0.5064(23)  5.5(10)
c(3)® 16c 0,1005(64)  0,1185(62)  0.3976(18)  4,1(11)
C(#)  16C  0,0999(63) -0,0995(70)  0.4684(21)  5,0(11)

a PR . . . .
Positional parameters are in fractional unit cell coordinates.

L
bb's x 10 ; The form of the anisotropic temperature factor is

expf = (byyh” + Bk” + By

2 , -
37+ 2b bk + 2p)shL + 2p231_<_;_)_/.

®Estimated standard deviations are given in parentheses for the least significant figures,

dAsterisk (*} denotes an atomic parameter fixed by symmetry.

®Atoms C(3, and C(L) are disordered and were refined with half occupancy.
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Description and Discussion of the Structure

The crystal structure of tetraethylemmonium hexabromoantimonzte(V)
is shown in Figure 3. Bond distances and angles of interest are given in
Table 2 and Figure 4, The SbvBr; ion has crystallographic C, symmetry,
but is somewhat distorted from 0h symmetry., The most significant
deviation involves the Br(3)-Sb-Br(3)' angle which is 177.0(3)°, This
slight distortion can be ascribed to packing effects since the closest
approach between anions is 3.584(5)A along the 2 direction (Br(3) —-—Br(B);)
which is significantly shorter than the 3.93. sum of the van der Waals
ra.dii.25 The average Sb-Br bond length is 2.549( 5)5. before correction
for thermal motion and 2.565(5);; when corrected assuming a riding model.
These averages are in good agreement with those previously reported.7
The tetrasthylammonium ion has the trans configuration in which the ethyl
groups lie on intersecting mirror planes (CZv symmetry) as required by
this space group. However, the inner carbon atoms do not lie on the
mirror planes and are therefore disordered with apparent D2h symmetry,
as shown in Figure 4, Disorder within the swastika configuration of the
tetraethylammonium ion has also been reported.26 The long bond lengths
indicate that the light atom positions are not well defined and reflect
both the disorder and the heavy atom nature of this problem,

The crystal structure (Figure 3) can be viewed as an efficient
packing arrangement of the rather spherical hexabromoantimonate(V) anions
and of the somewhat equal size but slightly flattened tetraethylammonium
cations, The similar sizes of these two large, rather diffuse ions

contribute to crystal stability, The usual type of intervalence charge
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Table 2., Selected interatomic bond distances and angles for (C2H5) 4NSbBrZ

Atoms Distance(4) Atoms Angle(°)
So-Br(1) 2,536(5) Br(1)-Sb-Br(1)" 88.5(3)
Sb-Br(2) 2,553(5) Br(1)-Sb=Br(2)" 91.2(1)
Sb=Br(3) 2,559(%) Br(1)=Sb=Br(3) 91.1(1)
Br(1)—Br(1) " 3, 540(12) Br(2)-Sb-Br(2)* 8940(3)
Br(1)—EBr(2) 3.636(5) Br(2)=Sb=Br(3) 88.9(1)
Br(1)--Br(3) 34636(5) Br(1)-Sb-Br(2) 179.8(5)
Br(2)--Er(2)"' 3¢579(10) Br(3)=Sb=Br(3)"' 177.0(3)
Br(2)=-Br(3) 3¢581(5)

C(3)=N-C(4) 112(3)

Br(3)—2r{3)} 34585 5)

Br(1)-—-Br(2)}, 4,053(6) cO o) 19503
C(3)=N-C(3)" 113(%)

N=C(3) 1.62(5) C(3) *=N=C(&4) 105(3)

N=C (&) 1.51(5) C(4)=N=C(4)* 109(5)

c(3)C(1) 1.63(6)

oo . N=C(3)=C(1) 101(3)
N=C(&)=C(2) 33¢4)

Atonms Distance(4)®

Sb-Br(1) 2,561(5)

Sb-Br(2) 24 564(5)

Sb-Br(3) 2,570(4)

®Primed atoms refer to the symmstry related atom in the group
(Figure 4). Other symmetry operations referred to are:
i) 1+x,3, % ii) x, 1/2+y, 1/4 + 2,

bIntera‘bomic distance corrected for thermsl motion using a riding
model where second atom is assumed to ride on first.
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transfer cannot occur in this structure. The structure consists of only
one kind of SbBr6 species, has a saturated cation, and has only the one
bromine---bromine contact (Br(})-—-Br(B);, 3.58&) which is less than the
sut of the van der Waals radii, This distance does not appear to be short
enough to account for any type of interspecies change transfer interaction
since the Br(3)--Br(2) and Br(3)--Br(l) intra-ion distances are 3.58 and
3.64&, respoctively., Therefore, the intense color of this complex probably
results from normal charge transfer of the intraspecies ligand-to-metal

type, involving transitions between molecular orbitals of the SbvBr6

species,
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THE STRUCTURE OF 4-ETHYLPYRIDINIUM TETRABROMOFERRATE(III)

Introduction

The crystal structure study of 4=-ethylpyridinium tetrabromoferrate(III)
was urdertaken after it asccidentally appeared as a byproduct during a
series of investigations of bromo-coordinated entimony compourds being
performed in this laboratory. The true composition was determined from
the crystal structure analysis and also by an electron microprobe anklysis
of the crystal used in data collection. The crystal structure amalysis of
the tetrabromoferrate(III) compound was completed because of the general

instability of iron(III) bromides and the lack of crystal structure data

rogarding the FeBr“_ group.

Experimental

Crystal data:

4-Ethylpyridinium tetrabromoferrate(III), C7H9N'rﬁ-‘eBr4,

M = 483,65, Monoclinic lelc, F(000) = 900e, Z = 4,

14,1673(11), ¢ = 13.0414(16)4, B = 84,19(1)°,

2027 g/cc, Mo Ka (l = O.?lO?i),/.l = 135;8 cm.l.

7.7068(8), b

a

V = 1416,64°7, D

Single crystals of C7E19NHFoBr4 were obtained accidentally from
contaminatlion introduced into a vessel where the corresponding antimony
bromide salt was being prepered. Of the two crystalline forms present,
crystals of what later weredetermined to be the tetrabromoferrate(III)

salt were selected because its crystal habit was more suitable for Z-ray
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analysis, the other crystals having one very short dimension., The true
composition was later determined from the ‘crystal structure analysis and
an electron microprobe analysis,

The compound has subsequently been prepared by adding 4—ethyl-
pyridine to & solution of iron and B‘r2 dissolved in hot concentrated
hydrobromic acid. In this preparation a deep red-black crystalline solid
forms very slowly upon cooling., (An alternate preparation of similar
tetrahaloferrate ions has been reported by Clausen and Good.27) Pre-
cession photographs of these crystals are identical to those obtained
from the crystal used in data collection, These photographs exhibited 2/m
Lave symmetry with the following systematic absences: OkO when k =2n+ 1
and hOl when 1 = 2n + 1. These extinctions uniquely specify the mono-
clinic space group P21/c. The unit cell parameters and their standard
deviations were obtainad by a least-squares fitlB to 13 indeperdent
reflection angles whose centers were obtained by careful aligrment of the
crystal on a General Electric single crystal orienter using a 1° take-off
angle ard Cr Kal radiation (A = 2.289623).

A crystal of approximate dimensions 0,14 x 0.15 x 0,35 mm was
mounted in a 0,2 mm thin-walled Lindemann glass capillary with the ¢
axis (0.35 mm) parallel to the phi axis and used for data collection,

Data were taken at room temperature (T ~ 240) utilizing a fully automated
Hilger-Watts four circle diffractometer equipped with scintillation
counter. Mo Kax (A = 0,7107A) radiation was used with balanced (Zr-Y)
filters to obtain intensity and individual background readings. The

8-2¢ step scan technigque with e 1\'—.5° teke=cff angle was used to recoxd 1751

reflections within a 26 sphere of 50° (siné/A = 0.59541). 4 variable
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scan range was employed of 50 steps plus 2 per deg 6 at a counting rate
of 0.,2048 sec per step of 0,01 deg in €., As'a general check on electronic
and crystal stability, the intensities of three standard reflections were
remeasured periodicelly during the date collection, Comparison of thess
values indicaived that no decomposition had occurred,

The intensity date were also corrected for Lorentz-polarigation
effects and for effects dee to absorption ().& = 135,8 cm—l) . The
absorption com'ection15 was made using the program A.BCQRlé; the maximum
and minimm transmission factors were 0.215 and 0,196, respectively., Ths
estimated srror in each initensity msasurement was calculated by

[(1]? = [op + C5 + (0.057)% + (0,200,)% + (0.05C;) %7 /4%
where CT’ CB’ CR and & are the total count, background count, net count
and the transmission factor, respectively, The estimzted standard
deviation of each structure factor was calculated from the estimated
errors the intersity using the method of finite differemces of
Williams and Rundl .17 The reciprocals of the structure factor variances
were used as ihs weights during the refinement, Based on the measurement
of sy=mmetry extinct reflections, it was decided that only those reflections
for which I > 30(I) would be considered observed, The results reported

below are based on the 762 remaining observed reflections.

Solution and Refinement

The observed Patterson was difficult to interpret because of pre-
conceived notions regarding the distances and geometry expected for

antimony-bromide polyhedra. 4 series of single superpositicns
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then carried out >t using general peaks on a sharpened Patterson.32 (An
example of the Patterson superposition technique is given in Figure 5.)
Comparison of the resulting maps revealed an MXu, heavy atom group of
tetrahedral geomstry. These coordinates were input as an S’::Bz-4 group
with fixed thermal paramsters and refined by a full matrix leust-squares
procedure minimizing the function Zu(IF | - IF_|)%. Examination of the

resulting electron density map revealed all non-hydrogen atom positions,

Isotropic refinement resulted in a conventionzl R factor (R

(Z(HFOI - IFCH))/Z!FOI) of 0,185 and a weighted R factor R
(Zu(lF, | = 15 DZ/EdF 17 of 0,223,

The multiplier of the metal atom was next allowed to vary while the
scale and its thermal parameters remained fixsd, The multiplier varied
from 1,00 to 0,53, lowering the discrepancy factor to R = 0,156, This
implied that the central metal atom was smaller than an antimony, atomic
number =~ 27, in agreement with the shorter M-Br distances found. An
electron microprobe analysis of the crystal used for data collection
confirmed the absence of antimony and indicated the presemce of iron and
bromine. Preliminary treatment of the data was then repeated as described
earlier using the new absorption coefficient. Subsequent refinement
based on FeBr4 proceeded smoothly, and with anisotropic thermal perem-
eters for all non-hydrogen atoms converged to a discrepancy factor of
R = 0,056 and R = 0.089,

Unusually large thermal ellipsoids were obtained for the ethyl
carbons, and a least-squares plane analysis of the pyridinium ring atoms
revealed deviations as largs as 0.05-‘.‘;. It was thereiore decided to use

rigid body refinement for the rang and adjacent atoms. The C-N bond
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length was taken as 1.340:‘: and the four C-C lengths as 1.3%44 each.33

This decreased the number of variables from 118 to 62, and refinement
converged to a discrepancy factor of R = 0,001 and a weighted discrepancy
factor of R = 0,09. A final electron density difference map showed no
peak heights greater than O.be/A.

The relativistic Hartree-Fock X-ray scattering factors for neutral
atoms of Doyle ard 'I'urner21 were used, with those or iron and bromine
being modified for the real and imaginary parts of anomalous dispersion.22
The scattering factor used for hydrogen was the contracted form of
Stewart, Davidson, ard Simpson.% Based on the agreement of the large
structure factors, no extinction correction was necessary. The final
positional and thermal parameters and their standard errors as derived
from the inverse matrix of the final least-squares cycle are given in
Table 3. Positional coordinates of the group atoms are listed in Table #.

The final valuss of the observed and calculated structure factors (x10)

are listed in Figure 6,

Description of the Structure

The tetrabromoferrate(III) group describes & slightly distorted
tetrahedron with bond distances ranging from 2.309 to 2.3454 and bond
angles of 107.,7 to 110,9°, the averages being 2.326A azd 109.5°, This
average Fe-Br distance becomes 2.347;1 (rangs 2,328 to 2.362.&) when the
interatomic distances are corrected for thermal motion, using a riding
model approximation, The shortest bromine---bromine contact within the

.
group 3is 3,764, A11 bond distances and angles of interest are listed in



Table 3. Final positional and thermal parameters for C?Hgm-l}“e}h-“a

Atonm x y ) By B B” Bro BU 322
Fe 0.3045(4)  0,2003(2)  0,0646(3) 181(7) 61(2) 59(3) 2(3) -20(3) 3(2)
Br(l)  0.3562(4) 0,1058(2) 0.0138(2) 363(8)  60(2) 92(3) 21(3)  -13(%)  =3(2)
Br(2) 0.0310(4) 0,3096(3) 0,0259(2) 222(7) 123(3)  97(3) 56(3)  =33(3) ~5(2)
Br(3)  0.5212(4) 0,3567(3) =0.0163(3) 317(8) 108(3) 92(3) ~66(4) ~6(4) 13(2)
Be(#)  0.3148(4)  0.2673(2)  0,2435(2)  304(7)  103(2)  52(2) =24(3)  <18(3)  -3(2)

C(8) 1.1980(60) 0,6012(49) 0,3054(37) 568(148) W43(89) 200(57) ~217(97) -132(70) ~160(60)

astandard errors of the coprdinates and the 13 and thelr standard errors are x 10“. The B 13 are
defined by

T = oxp[~(h” By, + K° By, + 1° Byg *+ 2hk By, + 201 B4 + 2)d By,)7.

e



Table 4, Group paramsters for C7H9N.FII"eBrL.ra

o = 0.6708(21) p = 8.91(35)
Yo = 043869(13) 6 = -45.63(83)
2, = 0.2868(15) e = 39,77(86)
Group 3 = 3.96(35)A%

Atom X -y z
N(1) 0.,6708 043869 0.2868
ci{2) 0.6928 0.,4563 0,2168
c(3) 0.8419 0.5123 0,2023
C(4) 0.,9764 0.4957 042638
c(5) 0.9557 0.4239 043369
C(6) 0.8013 0.3719 03453
c(7) 1.,1442 045555 0.2512
H(1) 0. 5564 03462 0.2953
H{2) 0,5897 0.4700 0.1685
H(3) 0.8530 0.5674% 0,1447
H(5) 1.0569 0.4088 0,3861
H(6) 0.,7872 0.3164 0.,4023

%The group was defined in the Xy plane of the orthogonal
coordinate system with the two fold axis along x; NN
and 2z refer to the group origin and p, © and P are the
rotation angles in degrees as defined by Scheringer.,

The fixed individual thermal parameters assigned group atoms
Were 3.5, 845 and 6,04 for the ring atoms, C(7) and
hydrogens, respectively,
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Table 5 (also see Figure 7). The ring atoms of the 4-ethylpyridinium
cation were fixed in the rigid body refinement. The unusually short
C(7)=C(8) distance obtained in the ethyl group is 2 result of the large
thermal parameters associated with those atoms, Using the anisotropic
thermal parameters obtained from the earlier refinement, this distance
adjusts to 1, 511 when a riding model is assumed. The high thermal
motion of the cation can be attributed to the size of its cavity.

A unit cell dérawing of 4-ethylpyridinium tetrabromoferrate(III) is
shown in Figure 8, The Fequ_ tetrahedra are nearly aligned with their
three-fold axes almost coincident in the ¢ direction. The closest
bromine-—-bromine distance in this direction is 4,004, which is greater
than the sum of the van der Waals radii of 3.904.2° The shortest inter-
atomic bromine---bromine distance is 3.7u? involving Br(l) across a
center of symmetry., One significantly short hydrogené-bromim distance
involving H(1) and Br(4) of 2,3k is present. The Fe-Br(4)—E(1) and
Br(&4)-—-H(1)-N(1) angles are 115 and 157°, respectively, The Fe-Br(4)
bond distance is also slightly longer than the other Fe-Br distances,
This N-E-—Br(%#) hydrogen bond>>">’ may contribute to the slight ion

deformation and the crystal stability of this compound,
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Table 5« Interatomic distances and angles in C739NHFeBr4

a) FeBru anion

Fe-Br(l)
Fe=Er(2)
Fe=3r(3)
Fe-Br(4)
Br(l)-Er(4)
Br(2)-Br(3)

a(A)
2.309(4)
2.324(4)
2.326(4)
2:345(4)

3.757(4)
3.821(4&)

b) C.HNE cation

79

C-N
c-C
N-H
C-H
c(4)=(7)
c(7)-C(8)

¢c) Other

Br{4)--H(1)
Br(4)--N(1)
Br(l)--Br(l)i
Br(1+)—--Br(l)ii

1,340
1.3%%
1.050
1,080
1.540
1,073

24330
34321
34724(5)
3.958(4)

corr,
24328(4)
24357(4)
2.35L(4)
2.362(4)

angle

Br(l)-Fe-BEr(2)
Br(1l) -Fe=Br(3)
Br(1l)~Fe=Er(4)
Br(2)-Fe-Br(3)
Br(2) -Fe=Br(4)
Br(3) -Fe-Br(4)

C(6)-N(1)C(2)
N(1)-C(2)-C(3)
N(1)-C(6)-C(5)
C{2)-C(3)-C(4)
C(6)-C(5)=C(4)
C(3)-C(H)C(5)
C(4)-C(7)-C(8)

Br(4)-H(1)-N(1)
Fe-Br(4)-E(1)
Fe-Br(4)-N(1)

®
110.9(2)
109.3(2)
107.7(2)
110.5(2)
109.0(2)
109.4(2)

117.0
123,7
123,7
118,5
118.5
118.5
129.6

156.9
114,7
107.6

aSymmetry operations referred to are:
ii) x, 1/2-y, 1/2 + z,

i) x,

Yy Z



Figure 7, A formula unit of Y4-ethylpyridinium tetrabromoferrate(ITT)
showing presence of N-H---Br hydrogen bond
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THE CRYSTAL AND MOLECULAR STRUCTURE OF D-GLUCONO-(1,5)=LACTONE

Introduction

An accurate structural investigation of D-glucono-(1,5)-lactone was
undertaken because aldonolactones are inhibitors of glycosidases and
other enzymes of carbohydrate metabolisme. All non-hydrogen positions

were determined by 2id of a symmetry map used in conjunction with the

Patterson superposition technique. This method is illustrated in Figure 9,
We feel that this method, or a modification of it, is generally applicable

for moderately sized molecules,

Experimental

Crystal data:

CéH.loOb, M = 178,14, Orthorhombic P21 2121,
12,332(2), and c= 7-5“4(1)Ao
10623/001 Z =4, F(000) = 376,

Mo Ka(A = 0.71074), J = 1.60 en L,

a=7.8%(1), b

\ 729.2A3, Dc

Suitable crystals were obtained by recrystallizing commercially
available glucono-b-lactone from a saturated DMF (dimethylformamide)
solution allowed to evaporate slowly., The colorless crystals grew with
b perpendicular to and & and ¢ along the diagonals of the broad face.
Precession and Weissenberg photographs exhibited mmm Lauve symmetry with
alternate extinctions along the axes indicating the orthorhembic space

group P21 2121. The unit cell parameters and their stamdard deviations
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superpositions using peaks A and A'
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were obtained by a least-squares fit13 to 1% independent refiection
angles whose centers were determined by left-right, top-bottom beam
splitting on a previously aligned Hilger-Watts four—circle diffractometer
(Mo Ka radiation). Any error in the instrumental zero was eliminated by
centering the reflection at both +26 and =26,

A crystel of dimensions 0.24 x 0,20 x 0,12 mn was mounted on a glass
fiber with b along the spindle axis for data collection., Intensity data
were taken a2t room temperature (24°C) using & fully automated Hilger-watts
four-circle diffractometer equipped with scintillation counter and inter-
faced with an SDS-910 computer in a real time mode, Two equivalent
octants of data were taken using Zr-filtered Mo Ka radiation within a 6
sphere of 35°(sin8/k = 0,8071). The 6-29 step-scan technique, 0.0lolstep
counting for 0,409 sec/step, was employed with & take-off angle of 4,5°,
To improve the efficiency of the data collection process, variable step
sympstric scan ranges were used, The number of steps used for a particular
reflection was 50 + 2 per degree 6, Individual backgrounds were obtained
from stationary crystal-stationary counter measursments for one-half the
total scan time at each end of the scan.

The intensities of three standard reflections were measured period-
ically during the data collection, Monitoring options based on these
standard counts were employed to maintain crystal aligmment and to stop
the data collection process if the standard counts fell below statistically
allowed fluctuations, A total of 3762 reflections were recorded in this
manner,

The intensity data were corrected for Lorentz-polarization effects.,

Because of the small linear absorption coefficient, no absorption
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correction was made, The minimmm and maximum transmission factors were
0,96 and 0,98, respsctively. Because absorption was negligible, the
consistency of equivalent data was easily checked., Those equiwvalent
reflections differing by more than 50 = SJC-; wore retaken., This affected
some 150 reflections., The individual values of Fi from the equivalent
octants were then averaged to yield 1851 independent F- values, Standard
deviations in the intensities were estimated from the average total counts
ard beckground waluss by

[o(1]7% = cp + €y + (0,05%C0)% + (0.05%C)%,
Of the 1851 independent reflections, 974 had F}Z.?‘O(I}. Thess were used
in the initial stages of refinement, The estimated standard deviation in
each structure factor was calculated from the mean deviation in intensity
by the method of finite differences. ’ The reciprocals of the structure
factor variances were used as weights in ihs lsast squares refinement,
When all atom positions were located, final weighted least-squares

refinement was completed using all of the indepsndent reflection data,

Solution and Refinement

The observed data were used to compute an unsharpened Patterson map.
The resulting map contained many bread, overlapping peaks which made it
unsuitable for superposition techniques. To reduce the peak width,
sharpened coefficient532 were computed by
s 12 0 —2 2, 42
1Poal © = [IFpq |/ (A) exp [(2B-B')sin“e/A" 7

()
turs factor, and B' is & variable used Vo minimize rippiing resuiting
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from sharpening, Estimates of the overall temperaturs amd scale factors
wore obtainad from a Wilson plo‘l:.38 A sharpened Patterson map of good
resolution was obtained using 2B=3' = 2.0;12.

Examination of the sharpened Pstterson map, and initial super-
position28-31 attempts producad no realistic model; therefore a symmetry
ma.p39-"6 was next calculated, Peaks only occur on the symmetry map at
those electron density positions which are consistent with the Harker
peaksm of the Patterson map, The value assignsd to each point of the
symmetry map was obtained by taking the minimum of the values of the
associated points on the three Harker planes, In order that no information
on these planes be discarded, the maximum value at the point and the
four other points immediately surrounding it in the plans was taken before
carrying out the minimm procedure, A section of the symmetry map
computed in this way is shown in Figure 10, Sirce no origin has been
specified, not 1 but 64 images of the unit cell appear on this map due to
the orthorhombic symmetry. However, to isolate one image, it is possible
to select a peak from the symmetry map and superimpose the sharpened
Patterson on this and its symmetry related points, This procedure is
Just one of the superposition techniques possible using a symmetry map,
After a couple of unpromising choices, a single peak was selected and a
set of four symmetry map--Patterson map superpositicns was carried out
(Figure 11). Analysis of the resulting map showed that there were orly
32 consistent, independent peaks remsining., A second peak was chosen
from what appeared to be the same image and another set of four such

superpositions was carried out (Figure 12). Analyzing the resultant map
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and correlating it with the first reduced the number of possible peak
positions to 18 with a fragment of the molecule now readily observable,
A third peak was chosen from the visible fragment and another set of
superpositions made., Correlation of the three maps easily resolved the
previous ambiguities, locating all carbon and oxygen positions.

Three cycles of full-matrix least-squares refinement of these heavy
atom positional and isotropic thermal perameters gave & conventional
discrepancy factor R = ZIIFOI - !Fcl! /ZIFOI = 0,109 and a weighted R-factor
R, = [}'..e(IFOI - IFCI)Z/Z..JFJ 2_7% = 0,133 for the 974 observed reflections.
The scattering factors used for carbon ard oxygen were those of Doyle and
Turner.’* A difference electron density map at this stage showsd that all
the non-hydrogen atoms had been accounted for, but that some anisotropic
motion was evident. Anisotropic refinement of all heavy atom positions
for two additional cycles lowered the discrepancy factor to R = 0,071
and R = 0,090, The following difference electron density map clearly
indicated the positions of all hydrogens bound to carbon. These positions
were input lowering the agreement factor to 0,057, but some of the
isotropic thermal parameters went negative, This was attributed to the
use of the isolated hydrogen atom scattering factor, leading tc an
undesirable interaction betwsen the thermal parameter and the asphsrical
electiron density distribution for bound hydrogen, as described by Jensen
and S11.*rx.iarraﬂl.i.nga.m.45 Using the contracted hydrogen atom scattering factor
of Stewart, Davidson and Simpson,% positive isotropic thermal parameters
were derived, All remaining hydrogen atom positions were obtained from
subsequent Gifference electron density maps. Final values of R and Ry

of 0,046 ard 0,051, respactively, were obtained for the 974 observed
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reflections. At this point two final cycles of weighted least-squares
refinement of all pazameters were run using all 1851 independent
reflections recorded, the results being R = 0,095 and R, = 0,049, No
appreciable shifts occurred, A final electron density difference map
snowed no peak heights greater than 0.30/1?&3 . A statistical analysis of
wAZ [where A% = (lFol - 171 )2_7 as a function of scattering angle and
magnitude of Fo yielded a nearly straight line indicating the relative
weighting scheme used was reasonable, The final value of [Z'uaz/ (No-¥V) _/ g
was 1,11,

In Table 6 are listed the final positional and thermel parameters
of the heavy atoms along with their standard deviations. In Table 7 are
the refined positional and isotropic thermal parameters and their
standard deviations for the hydrogen atoms., Standard deviations given
were obtained from the inverse matrix of the final least-squares refinement
cycle., A list of all 1851 fmdepex;dent recorded and calculated structure
amplitudes (x10) is found in Figure 13, An indication of the directions
and root-mean-square amplitudes of vibration for the non-~hydrogen atoms
is provided by Figure 14, The bond lengths and bond angles with standard
deviations are given in Table 8 and Figure 15, The best least-squares
plane through the é-lactone carbonyl group was calculated from the final
positional parameters. The equation of the least-squares plane and the

displacement of the heavy atoms from this plane are given in Table 9,

Description of the Structure

The planarity of the carbonyl group imparis 2 distorted halfchair



Table 6, Final heavy atom atomic coordinates and thermal parameters for D-glucono-(l,s)-lactonoa

Atom

x y i P11 P2z P33 P12 Byg P
c(1) 0,2071(4) 0,2214(2) 0.4968(3) 99(%) 44(2) 74(4) ~4(2) o(4) 3(2)
C(2) 0,1911(3) 041294(2) 0.6312(3) 82(4) 30(1) 86(4) 3(2) 2(4) 2(2)
c(3) 0,1067(3) 0,1632(2) 0.8022(3) 81(4) 36(1) 69(4) 6(2) 8(4) 9(2)
C(4)  0,1868(4) 0,2678(2)  0.8653(3) 9%(4) 30(2) 67(4) 6(2) 1(3) H2)
c(5) 0.1586(4) 0.3581(2) 0.7304(3) 100(4) 36(1) 68(4) 7(2) -0(4) 4(2)
C(6) 042550(3) 0.4599(2) 047670(4) 111(4) 33(2) 78(4) -2(2) -1(3) -0(2)
0(1) 0.2238(3) 0.2023(2) 0.3407(2) 220(5) 56(2) 72(3) -16(2) 16(3) -0(2)
0(2)  0,1041(3)  0.,0415(1)  045520(2) 122(4) 35(1)  118(3) ~3(2) 7(3) ~-12(2)
0(3) 0.1304(3) 0,0782(2) 0.9267(3) 135(4) 38(1) 98(3) 15(2) 24(3)  22(2)
o) 0,1097(3) 0.3061(2) 1.0248(2) 192(5) 47(1) 71(3) 8(2) 19(3) 0(2)
0(5) 0.2100(3) 043233(1) 045521(2) 219(2) 37(1) 60(3) -13(2) 8(3) 3(2)
0(6) 0.4331(3) 0,4429(2) 0.7852(3) 103(4) 69(2) 102(4) -9(2) ~6(3) 9(2)

8Standard errors of the coordinates and the B

defined byt T = exp[=(h’By, + KBy, + 1B + 2his,, + 2hlp,  + 2Kk18,7) 7.

13 and their standard errors are x 104. The bij are
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Table 7. Refined hydrogen atom parameters
Atom x y 2 B(2%)
H(2) 0.308(3) 0,108(2) 0.65%(3) 1.4(5)
H(3) ~0.013(3) 0.172(2) 0.785(3) 1.2(5)
H(4) 04308(3) 0.261(2) 0.879(3) 2,1(6)
H(5) 0¢ 044K 3) 0.373(2) 0.728(4) 2,1(6)
H(6A) 04218(4) 0,488(2) 0..877(4) 2.8(6)
H(6B) 00235(3) 00 514(2) 0,680(3) 1.3(5)
H(2*) 0.162(%) ~0.002(2) 0 509(4) 3.9(8)
H(3'") 0.077(5) 0,089(3) 1.000(5) 5¢0(10)
H(4*) 04147(4) 0.277(2) 1.100(4) 2.8(8)
H(6') 0.473(4) 0.433(3) 0.696(5) 442(9)
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Table 8. Interatomic distances and a.nglesa in D=glucono-(1,5)~lactone

a) distances (K) e.5.de = 0,0034

C(1)=C(2) 1.527 c(1)-0(1) 1,208
C(2)=(3) 1,508 c(1)-0(5) 1.324
C(3)=C(4) 1.512 C(2)-0(2) 1,414
C(&)=C(5) 1.525 C(3)=0(3) 1.419
C(5)=C(6) 1.491 C(4)=0(4) 1.427

c(5)-0(5) 1.468
C(6)-0(6) 1,418

b) angles (°) e.s.d, = 0.2°

C(2)=C(1)-0(1) 120.7 C(3)=C(#)C(5) 110.7
Cc(2)=Cc(1)=-0(5) 116.8 C(3)=C(&)-0(&) 111.9
0(1)=C(1)-0(5) 1194 C(5)C(L)-0(L) 105.1
C(1)=C(2)<C(3) 113.5 C(&)=C(5)=C(6) 114,7
C(1)~C(2)=0(2) 109.2 C(4)=C(5)=0{(5) 111.0
C(3)=C(2)=-0(2) 111.2 C(6)=C(5)=0(5) 106.1
C(2)=C(3)=C(4) 108.8 C(5)=0(5)=C(1) 124,1
C(2)~C(3)-0(3) 107.8 C(5)=C(6)-0(€) 113.1

c(#)=c(3)-0(3) 111.5

#3e0 Figure 15 for distances and angles associated with hydrogen
positionss e.s.d, are 0.033 and 2°.
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Table 9, Least-squares plane

Description (*)
c(1), c(2), 0o(1), 0o(5)

Squation relative to &, b, ¢
0,9941X - 0,0372Y + 0,1021Z - 1,910 = 0O

Distance from plane (ﬂ)

c(1)* -0.016 o(1)*
c(2)* 0.065 0(2)
c(3) -0.536 0(3)
c(4) 0,088 o)
c(5) -0.277 o(5)*

c(6) 0.456 0(6)
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conformation to the ring of the D-gluccno=(1l,5)-lactons molecule., The

CH20H and OH groups occupy the most equatorial positions possible as
shown in Figure 1%, The bond distances and angles are given in Table 8
and Figure 15 and in generally good agreement with those reported in the
literature, The average C-C and C-OH distances are 1.5l and 1,42k,
respectively, compared to 1,52 and 1.421 reported in the neutron diffrac-
tion study of a-D--g:Lust:ose.l"6 The C(5)=0(5) distance is significantly
longer, however, being 1.471;. The C(1)=0(1) and C(1)-0(5) distances are
1.21 ard 1.324, typical of the distances found in normal esters, Pesks
at 1740 and 1225 cm™! in the infrared spectrmm (Figure 16) substantiate
this comparison. The angles about C(1) are all nearly 120° in accordance
with the expected sp° hybridization, The only other angles which differ
appreciably from the tetrzhedral angle of 109,5° are C(1)-0(5)-C(5) and
C(4)=C(5)=C(6), the former being 124°, substantially larger than the
114° found in a-D-glucose,

The conformation of six-msmbered rings involving a planar group has
been studied by Hathieson.u'? Either a boat or a half-chair conformation
is possible with a planar restraint on four of the six ring atoms, The
planarity of the C-E-O-C group is associated with the valence bord

0]
contribution of the resonance form C-C=3'-C. From geometrical considerations
L}

0
it was suggested that rings containing the carbon-carbon double bond would

assume the half-chair confoz'm.‘t..'mn“8 while those containing the lactone

group would asswze & beat confor::xai:ic:n.49 The conformation of &-lactones
50
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planarity of the lactone group but suggested both the boat and half-
chair conformations satisfy this condition in the é-lactones,

For glucono-b-lactone the lactone group carbcn C(5) is 0.283. out of
the best least squares carbonyl plane formed by atoms C(1), 0(1), c(2),
and 0(5) which are planar within 0.02}: (Table 9)« This non-planarity of
the lactone group has also been reported by Jeffreyﬁ for certain y-
lactones. For ring systems where the base atoms are not coplanar, the
ring is best characterized by its dihedral angles,P. Using the ring of
cyclohexane (P = 5%.5°) as a reference, a molecule may be termed
"flattened™ or "puckered,” depending upon whether P is less than or
greater than 54.50.52 Comparison of the dihedral angles of various chair
forms given in Table 10 indicates that the ring conformation of D-glucono-
(1,5)=lactone can be best described as a distorted half-chair, The
*puckering” distortions are caused by the short bomds C(1)=0(5) and
0(5)=C(5) (short compared to a C~C single bond), while the large
C(5)=0(5)=C(1) angle allows for some “flattening.” The requirements for
minimm configuration energy are met by lowering C(5) out of and C(4)
nearer to the carbonyl plane resulting in a distorted half-=chair conforma-
tion,

The crystal structure of D-giucono-(1l,5)-lactone is shown in
Figure 17. As indicated from the equation of the best least-squares
plane, “.® normal of the plane is nearly parallel with the x~direction.
The molecular packing in the crystal is largely dictated by intermolecular
hkydrogen bonds., There is also some oraering of the lactone dipoles in
the x-direction, although the approximate separation of a/2 = 3.% is so

rge that this effect is probably minor., The infrared spsctrum conta



Table 10, Dihedral anglesa &)

Compound P(1,2) ¥ (2,3) P (3,4) P (4,5) P (5:6) P _(6,1)
(1) “%ao 24,8(3) 4743(3) 61.7(2) 50.9(3) 28,2(3) 15.2(4)
b 6
b 5
(2) yxl 17,2 50,2 69,0 52,7 23,5 4,2
L 6
5
(3)° %{\ 43,6(8) 54.8(7) 60,9(6) 56.3(7) 48,3(8) 140,8(8)
o]

8The dihedral angle, P, for a sixfold symmetric molecule with internal bond angles, 8, i1s given
by

cosP= - cos®/(1 + cosd) .
For cyclohexane (6 = 111,5°), P = 54,5°,

PFrom pentachlorocyclohexene, Pasternak (1951).“8

®From 4,4~diphenylcyclohexanone, Lambert, et al, (1969).52
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a broad absorption band below 3500 cm ™+ instead of between 3500 ard 3700
en ™t expected for unbound 0-H groups, This is in agreement with the
{-ray resuits which indicate a complete system of hydrogen bords propa-
gating three-dimensionally as shown in Figure 18, The 0--0 lengths range
from 2.68 to 2,884 in good agreement with a plot of stretching frequency
vs, the 0--0 distance given by Nakamoto, Margoshes, and Rv.md.‘!.e.5 3 The
O-H groups bound to carbons C(2), C(3), and C(6) participate in two
hydrogen bords, acting as a donor in one and acceptor in another. The
C(4) 0-H group acts only -as a donor in a hydrogen bond involving an 0(1)
atom of an identically oriented molecule at a unit cell translation in
the z-direction, Each molecule is hydrogen bornded to eight surrounding
neighbors., The appropriate distances and angies are given in Table 11,
It should be remembered that the angles given are based on the rather
short O-H distances obtained by refining the X-ray data, Note that the

H==-Y-M angles somewhat approximate that expected for a distorted tetra-

hedral angle.

Discussion

Inhibition studies of glycosidases have shown that the corresponding
é-aldonolactones are generally more efficient inhibitors than are the
Y-lactones.su »55 Certain polyols have also been found by Kelemen and
Whelanjé?:o inhibit glucosidases, the mest effective having a configuration
similar to glucose between C(3) and C(6), Glucose also inhibits gluco-
sidase activity, but Heyworth and Walker57 reported that the ensyme has

~ ~aa -~ < + T v <
or gluccss comparcsd tc the gluccne=f-lacticns,
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Table 11,

Hydrogen bonds® in D-glucono-(1,5)-lactone

Bord

X-H-=-Y-M

0(2)pH(2* Jr==0(3)y 117 yyy
O(INH(3 Jr=-0(6)y 170 (6) y 1
O H(%! hr=-0(1) 1y50(1) 1y
0(6)FH(6* )pr=-0(2) 1, C(2) 1y

Distance (&)

X-H Hem=Y p G

0.78(3)  1.98(3)  2.720(3)
0.71(3)  2.01(4)  2,680(3)
0.,73(3)  2,12(3)  2.849(3)
0.76(3)  2.,15(4)  2.882(3)

Angle (°)
XeHemoY  He~-Y-M
160(3) 132(1)
157(%)  131(1)
171(3)  136(1)
162(3) 119(1)

%Refer to Figure 18 for symmetry operation codes and stereogram of hydrogen bonding.

A9



Leabe.ck58 has recently reaffirmed that the specificity amd high
affinity of the lactone for the enzyme probably arises from the conforma-
tional simijarities between the lactone and the transition state of the
normal substrate, Leaback also concluded that the high affinity of
glycosidases for the corresponding o-lactones 3is not a consequence of the
lactone group itself, but of some property which it conferred to the ring,

t was postulated that the transition state involved an oxy-carbonium ion
in a half-chair pyranose ring. This half-chair conformation was also
expected for the S-lactone ring. The results of this investigation provide
detailed structural information about this important inhibitor and

estabiish the stable conformation of ths glucose half-~chair ring.
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A METHOD FOR PARTIAL STRUCTURE EVALUATION

Introduction

The crystallographer has at his disposal today a number of techniques
to obtain trial structures, including direct methods such as symbolic
addition59 as well as such indirect onses as Patterson superposition
techniques and others discussed in the preceding chapters. (For noncen-
trosymmetric crystalséo’61 a partial structure rather than a complete one
is most often obtained from the symbolic addition phase determination
procedure,) However, using any of these techniques with reasonably complex
structures, the investigator usually finds that a number of decisions must
be made regarding peaks on resultant maps as to whether or not such peaks
really belong in the structure or are just spurious, The usual crystal=-
lographic discrepancy index or R factor, R = (ENFOI=IFS 11 )/LIF% is often
of little help in this regard except to indicate when nearly all atoms
have been placed in reasonably correct positions. A much more valuable
function would be one which could be used to test a structural fragment of
any size--a type of discriminator function which could be used to test
whether each atom or group of atoms as they are added in turn appear to be
correct, Such a function would enable the investigator to test structural
fragments obtained from the interpretation of the Patterson function, tenta=-
tive atom positions to be used in superposition procedures, the various
peaks appearing in an electron density map incompletely phased with too
small a Iragment, or the seti of peaks occurring in an E-map computed from

one of several possible sign combinstions.
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The Discriminator Function

One of the tests that can be used to evaluate the correctness of a

structure is to compare the agreement between the calculated and observed
39,40

Patterson functions. The method of vector wverification does this in
chocking that the vector set resulting from a tentative atom position is
actwually present in the observed Patierson. In fact, minimizing the
quantity (P° - Pc)2 is similar to a least-squares refinement based on inten-
sitiés.

For a correct arrangement of n atoms, for every peak in P;, the calcul-
ated Patterson of a fragment of n atoms, there must be a corresponding peak
in the observed Patterson, P°. Theoretically, there would be no areas in
the difference Patterson which would be negative., Thus a necessary condi-
tion that the atoms in the fragment are correctly placed is that

s; = [1p° - Piidv
be a minimum, (An absolute value rather than a square function is used
since a Patterson function commonly contains multiple peaks.) For a correct
fragment there should be no negative regions in the difference Patterson.
We can therefore ignore the absolute value in evaluating the integral and
the expected minimum value can thus be readily calculated for any choice
of the n fragment, If there are N atoms in the unit cell and n atoms in
the selected fragment,
s° = (z\z 12 - (2,2 = 550002 - 7°(000)%
n i i N n
That 1is, Sg would be equal to the sum over all Z]._Z'j interactions between all

atoms in the unit cell minus the sum over all Zizj interactions between

atoms in the n fragment., Since the theoretical.-value of S can be defined
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ard evaluated for a correct arrangement of atoms in the fragment, it is
thus possible to define a discriminator index which allows an investigator
to test whether a particular atom or fragment is incorrect. The discrim-

inator index can be defined as
As® - as®
as®

D=

where ASc is the theoretical change expected in S when atoms are in correct
positions, and 45° is the actaal change in S that is observed. Thus if
n - n* atoms are added to & small fregment of n' atoms that have been
placed correctly, the expected decrease in S is given by

as® =50 - s7 = F;(OOO)Z - 1?;.(000)2 .
If these additional atoms are &lso placed in correct positions, the observed

change in S,

(o)

o _
as®=s?, - s

will be approximately equal to 25°, Thus for a correct addition to the n'
atom fragment, a D value of approximately zero would be expected. If,
however, the n - n' atoms are placed in random positions and the Patterson
peaks are reasonably sharp, it would be expected that the valus of s: will
nearly equal that of s;., thataS® &~ 0,00; thus D ~ 1,00,

The starting fregment may be chosen from the result of superpositions,
from an electron density map computed from an initial set of phases deter-
mined from direct methods, or by any other available method, Note that no
assumptions have been made regarding the size of the fragment considered;
thus, it is theoreticaliy possible to use the discriminator function to
test each adom of the esymmetric unit es it is added even in the very early

stages of solution where the R factor is most insensitive, In fact, one
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would usually begin with n' = 0 to test the starting fragment upon which
to builid., The method therefore extends the idea of vector werification by
considering the size and shape of a peak as well as its location and also
provides an index to Jjudge the results,

The importance of the size and shape of a peak as well as its position
when using the discriminator function for partial structure evaluation is
illustrated in Figure 19 using the hypothetical carbon monoxide example,
4s shown, integration of a single peak in electron density space (a) equals
the Zi value associated with that peak and integration over the entire unit
cell gives the sum of all Zi or the FN(OOO) value for the structure. Inte-
gration of a single peak in Patterson space (b) eguals the ZiZ 3 value of
the atoms whose interatomic vector corresponds to that Patterson peak
position, while integration over the entire unit cell equals the sum of all
Ziz;j interactions or the value of FN(OOO)Z for the structure. Now consider
testing an oxygen starting fragment, using the possible coordinates deter-
mined from the peaks on the Harker section at v = 1/2, The calculated
Pattersons for the oxygen in its correct position (c¢) and in the carbon's
position (d) both integrate to the value of F;(OOO)Z; however, the values of
the integrals over the absolute value of the corresponding difference
Pattersons (e,f) are quite different., For the correct oxygen position the
corresponding O-0 peaks are present in both maps so the discriminator
index is 0.00. However, in the case where the oxXygen is improperly placed
in the carbon position, the peaks inthe observed and calculated maps do
not match in size and the D index is 0.44, The D index would have been
substantiaiiy higher had an incorrect position for an atom been tested,

although there will always be some fit because of the origin peak.
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Experimental

The method was tested by taking advantage of existing programs which
could be easily modified to do the necessary computations, A modified
version of OR FLS was used to compute the calculated structure factors,
It was, of course, necessary to use a complete set of data, including the
unobserved and the F(0U0) reflections, placing all data on the absolute
scale, However, it has been found in practice that for most cases,
sufficiently accurate scale factor and thermal parameters can be obtained
from & Wilson plot, The data set containing the F°'s and F°'s was passed
to a second program where sharpened coefficients were computed by

F;kl 2 - ¢ ngl /k)? exp[(2B-B*)sin%6/a% 7

where f = ij/ZZj, B is the overall isotropic temperature factor, and B'
is a variable used to minimize rippling due to non-termination of series
effects, The use of a sharpensd Patterscon is often desirabls, particulsrly
in light or equal atom cases, to improve the sensitivity to make a low D
index not only a necessary but also a sufficient condition for the
correctness of the partial structure being tested. The measured intensity
of all unobserved reflections was set to zero to avoid introducing mag-
nified errors after sharpening., The difference coefficients were then
passed to the ALFFDP (Ames Lab Fast Fourier Difference Patterson) program
where the numerical approximation for S at roughly 1/45 resolution and D
index for a monoclinic map of 32 x 32 x 32 grid size can be computed in
less than 20 sec, This procedure, although simple to use and modify to
each particular case, does restrict one to a point by point method for
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Results

To explore the applicability of the discriminator function, it was
tested extensively on D-glucono-(1,5)-lactone, which crystallizes in the
orthorhombic space group P212121 with Z = 4, The structure was solved by
symmetry map--Patterson map superpositions. For this case, sharpened
data (2B-B' = 2.0&2) were used with fixed estimates for the scale factor
and thermal parameters (k = 1.70, B = 2.5&2). The necessary condition
that S be a minimum for a correct fragment was tested by building up a
fragment of the gluconolactone molecule., Since there are four equivalent
positions, the size of the fragment increases by four for each new atom
added, The starting point was taken as the integral over the absolute
value of a sharpened Patterson, the value obtained being approximately
4% greater than the 141,376e° theoretically expected (F(000) = 376e).

In Table 12 are shown the results obizined for increasing the size of the
fragment one atom/molecule at a time, The notation used in this amnd
subsequent tables includes the n' fragment, which is the assumed correct
fragment, with the +nth atoms being those tested., Note that although

only the unique atoms of the asymmetric unit are listed, the fragments also
include the symmetry related atoms, In every case low D values were
obtained, indicating good agreement with the observed Patterson., Note

that the magnitude of aS° increases rapidly with the size of the fragment

tested.
In order for the discriminator to be useful, it is necessary that

2 minimm value of S be not only a necessary but also, in practice, a
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Table 12, Discriminator values for correct fragments

c

(o}

n' Fragment® +nth  AS 52 D R

- - - 147042 - -

- 01 1024 145%69  ~0.05 0.75
01, 05 3072 143135 0.08 0.68
01,05, c1 3648 13993 0.13 0.64
01,05,C1, Cs 4800 13557 0.08 0.61
01 - C1,C5, C4 5952 130151 0.09 0.58
01 - C5,C4, c3 7104 123236 0,03 0054
01 - C4,C3, c2 8256 115614 0.08 0.51
o1 - €3,c2, cé 08 107112 0,10 0,48
o1 - C2,C6, 02 14336 93830 0,07 0.43
01 - C6,02, 03 16384 79058 0.10 0437
01 - 02,03, o4 18432 63542 0.16 0430
oL - 03,04, 06 20480 46325 0.16 0.18

&Carbons and oXygens are numbered consscutively from the

carbonyl group.
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The results obtained when incorrect peak positions were tested are shown
in Takle 13, In general, these positions were selected from peeks remaining
on a map obtained from a set of four symmetry map--Patterson map superposi-
tions, and thus partial fitting of the observed Patterson would be
expected., These values are all éignificantly higher than those in Table 12,
Also note that the difference in D values for a given n' fragment is much
more noticeable than the corresponding changes in the R-factors, particu-
larly for the small fragment sizes. Thus it would be very difficult to
distinguish between these positions using the usual R factor.

The results shown in Tables 12 and 13 were obtained using least-
squares fitted positional parameters for the various atoms in the correct
fragment, The sensitivities of S and the discriminatcr index D to exact
positioning are shown in Table 14, Note that minimizing S corresponds to
improving the trial position of the atom added to the fregment while
again the R-factor is relatively insemsitive, Since the values obtained
are dependent on the size of the peaks in the sharpened Patterson, one
might well expect that the degree of sensitivity could be adjusted by
modifying the thermal coefficient used in computing the sharpened
coefficients. Indeed this is the case, as shown in Table 15, As
expectec, reducing the thermal parameter results in broader peaks that
are more easily fitted, and increasing the thermal perameter results in
sharper peaks with increased sensitivity, Note, however, that with
correct positioning the D valuss are similarly low for either degree of
sharpening,

In all the results presented thus far, a fixed scale factor was used

which was close to the final least-squares scale factor, Since in practice
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Table 13, Discriminator velues for incorrect fragment additions

n' Fragment +nth D R
01, ox? 0.82 0.72
01,05, o* 0.68 0.64
01,05,C1, c* 0.52 0.64
" c* 0,47 0.62
" c* 0,40 0.62
" o* 0.71 0.63
" o* 0.59 0.61
01 - C1,05, c* 0,42 0459
01 - C5,C4, c* G450 0.5
01 - C4,C2, c* 0.49 0.53
01 - 03,04 o* 1.24 0.36

YAsterisk indicates atom positicn selected from different
spurious peaks on resultant superposition map.
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Table 14, Sensitivity to correct positioning

(n' Fragment--01,05,C1,; + nth--03)

Displa.cement(ﬁ) D R
0.0 0.03 0.59
0.118 0.10 0459
0.185 0.19 0.60
0.370 0.37 0.61
0,113 0.08 0.59
0.226 0.18 0.5%
04339 Ce29 0.60

Table 15. Deperdence of sensitivity on thermal
coefficient used in sharpening

(n* Fragment--0l - 05,C%,; + nth--C3)

=3

b

Displacement(A) D D R
046 0.02 0,00 004
0.123 0.03 0.07 0o 54
0,246 0,06 0.28 0.55
04370 0.13 0052 0.56
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scale factors can not usually be estimated to much better than 10%
accuracy, in Table 16 are additional values of S and D computed with
slightly erroneous scale factors, Comparing these results and those in
Table 12, it is noticed that although the value of S varies appreciably,
the D factors are very similar, low D values being obtained for correct
additions to the starting fragment and high D values being obtained for
incorrect additions in both cases.

The first results obtained during an actual structural determination
were on 1,l-dimethyl-2,5-diphenyl-l=-silacyclopentadiene photo-dimer
(silole dimer)62 which erystallizes in space group Pl with Z = 2, This
molecule contains 36 carbons and 2 silicons plus hydrogens, F(000) = 560e,

The results shown in Table 17 were obtained using sharpened data (28 - B =

2) and fixed estimates for the scale factor and thermal parameters

1.04
(k = 4.35, BSi = 3.0&2, BC = 4.052). The linear fit of the Wilson plot
obtained in this case was extremely poor. The variation of S with scale
factor was therefore examined to attempt to obtain a more reasonable
estimate of the scale factor, the rationale being that the integral over
the absolute value of the observed Patterson will increase rapidly when
k is too small (structure factor amplitudes too large), but will decrease
only very slightly as k becomes too large. The results are plotted in
Figure 20. The value of 4,35 was chosen from the plot and the value of
the starting integral obtained using this scale factor was only a percent
higher than the 313,60062 theoretically expected. The silicon positions
were obtained from a sharpened Patterson and then tested with the
discriminator giving a low D index of -0,02, A silicon phased electron

density map was next computed which contained many extra peaks. These
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Table 16, Sensitivity to improper scaling of FOrs

n' Fragment  +nth s? D R s° D R

- - 151624 - - 144412 - -

- o1 150632 0.03 0.7% 143487 0,10 0.71

01, 05 147667 0,03  0.66 140680 0,09 0,64
01,05, c1 144516  0.14%  0.64 137533 0.1% 0.62
01,05,C1, Cc5 140282 0.12  0.62 133085 ©€.07 0.59

Cl - C1,C35, C4 134830 0,08 0.5 127479 0.06 0,5

01 - C5,C4, C3 128093 G.05 0.55 120500 0.02 0,53

01,05,C1, c* 142219  0.52  0.61 134925 0,46 0460
ol - C5,C4, c* 132328 0.65 0.56 124567 0.59 0455
&% = 1.60,

°¢ = 1,80.
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Table 17, Discriminator results on silole dimera

c

n' Fragment +nth aS S, D R
- - — 316743 - -
- Si1,5i2 3136 313549 -0.02 0,62

Si1,5i2, c1 1488 312135 0.05 0.61
" C5 " 312132 .05 0.62
" 35 " 312121 0404 0,62
" C* " 313369 C.88 0,62
" c* " 312705 0.43 0,62
" C1,C5,C35 5328 315518 -0,02 0459

Sil - €35, C7 2352 313176 000 0458
" c8 " 313162 ~0.00 0,58
" C9 " 313247 0,03 0459
" C26* " 313664 0.21 059
C* " 313945 0.33 0.59
" c*,C7,C8,C9 13136 306311 0.17 0.57
" €13,C14,C15,C16 " 304709 0.03 0,57

4Carbon coordinates were taken from the silicon phased electron density map.
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Silole dimer
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Figure 20, Variation of the integral over the absolute value of the

observed Patterson as a function of scale factor
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positions were tested in turn?with low D values being obtained for what
later turned out to be cormect atom positions and higher D values obtained
for incorrect positions. Note again thet the R-factor is relatively
insensitive for fragments of this size making it difficult to distinguish
these positions,

The discriminator was next used in conjunction with the structural
investigation of CsBSI'JZClg63 which crystallizes in space group Pnma with
Z = 4%, The Patterson of this structure was somewhat unusual in that all
peaks occurred at coordinates which were multiples of 1/4 in v, and
maltiples of 1/12 in u and wo The integral over the absolute value of the
observed Patterson was computed and found to be nearly double that
theoretically expected for four formula units per cell. As this seemed
unreasonable in light of the previous results, a scale faclor was deter-
mined using the method described for the silole dimer, Although the scale
factor obtained in this manner gave a reasonable value for the integral, it
was obvious from the percentage reduction in the origin peak of the first
difference Patterson that this value of k was too large. It was now
apparent that the problem of the too large integral values was due to large
rippling in the backgrourd caused by the unusual symmetry and heavy atom
nature of this problem, It was therefore decided to examine the wvariation
of the integral over the origin peak as a function of scale factor. The
shortest bond distance exvected in C535b2019 was greater than 2.5;, so the
integration of the origin peak was carried out to a radius of appro:imately
1lA. The results obtained are plotted in Figure 21. The value of 0,242
chosen from the plot compares favorably with k = 0.248 obtained later by

least-squares refinement of the correct model structure. A single differ-



71

100 ¢ -
CSBSbZCLg
St =) Poigin 4T
r=g 718
90 L
80 L
™
[+2]
c"\’\
o 70 L 2
—~ <
X ‘Zi
)
60 |
5 L
% —
. J L 4 L
0.20 0.25 0.30 0.35 0.40
least squares scale factor k
Figure 21, Variation of the integral over the origin peak as a function

of scale factor



)
N

ence Patterson was computed w.sing this scale factor. Examination of the

resulting map eliminated from consideration two of the three sets of special

positions in which the heavy atoms were expected to lie. The structure was

then solved by direct methods and confirmed that all heavy atoms lie on the

mirror planes as required by this third remaining set of special positions.
The problems encountered in the C538b2C19 structure led to further

testing of the method on the inorganic compound AgZCrOu,éw which also
crystallizes in space group Pnma, 2 = 4, and F(000) = é00e. This structure
contains both heavy and light atoms with the heavy atoms occupying special
positions., This structure can be and was solved in a straight forward
manner by analyzing the Patterson., However, it is a good test case since
it is similar to the C535b2019 problem but represents quite a different
type of problem from the all light atom, rather low symmetry problems of
the lactone and silole dimer., The results obtained are given in Table 18,
The first set of data was obtained using fixed estimates for the scale
factor and thermal parameters, but now using unsharpened data, The integral
was still high, but by only about 5 percent. Note that for such structures
where there are relatively few independent heavy atoms the R-factor is
fairly sensitive to correct additions to the fragment., However, the point
to be made is that the discriminator is also sensitive and should remain
sensitive so as to work equally well for those problems involving a large
number of heavy atoms where the R-factor would again be insensitive, The
last three values given in the table were obtained using sharpened data,

In this case, the value of the integral had increased markedly due to

sharpening, but again the D values are still low for correct additions to

the fragment.
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Table 18, Discriminator results on silver chromate

n' Fragment +nth ast sg D R
- -- - 374705 - --
_— Agl 35344 337825 -0,04 0.65
- Ag* " 350877 0.33 0.75
Agl, Ag2 106032 227593 -0,04 0041
Agl,Ag2, Cr 81408 149202 0.04 0.22
" Cr* " 213507 0.83 Co42
- -— — 436478 - -
- Agl,Ag2 141376 290541 -0.03 0.41
Agl,Ag2, - Cr BLLOB 210240 0,01 0.22
Agl,Ag2,Cr, 01 31232 118712 0,02 0.2
" 02 " 121414 0.11 0.21
" O* " 141913 077 0.22
" 03 64512 94705 0.15 0420
" 01,02,03 137216 48309 0e26 0.16

" O, 0%,0* " : 80379 0,50 0422
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‘The structure determination of the quinoline antimony bromide complex
Ll - 1y [ — b5 —~ g~ - l' -t' £
(RabBrb'RsrB, P2./n, 4 = 2) represents the last type of application for
which results have been obtained thus far. The positions of the heavy atom

SbBr, and 5r3 groups were readily determined from the Patterson map.

&
However, the electron density map produced with the neavy atom phasing
contained many spurious peaks., These positions were then tested with the
discriminator, with D values less than 0,19 being obtained for what later
were determined to be correct atom positions and D values greater than
0,41 for what later were determined to be incorrect atom positions. The
results were obtained with unsharpened data using fixed thermal parameters
and the scale factor obtained from the heavy atom refinement. Again, the

improved sensitivity of the discriminator index compared to the usual

R-factor to distinguish correct from incorrect additions to the fragment

was apparent,.

Discussion

The method just described for partial structure evaluation is theoret-
ically sound; however, it is the severity of the problems encountered in
practice that determine its usefulness, and these will now be discussed
along with some suggestions for surmounting, or at least minimizing, their
effects, The first problem one encounters is that of obtaining a complete
set of properly scaled structure factor data. A complete set of data
implies all independent intensity data measured out to the sinf/A limit
feasible for the particular crystal and instrument plus the F{000) reflec-

tion., Calculation of the latter requires only a knowledge of the
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stoichiometry ard number of formuia units per cell, but it is important that
it, or at least a close estimate of it, be included in the data set., The
problem of proper scaling is usually more difficult; however, it would

seem that a reasonable estimate, i.e., within 104, is all that is necessary.
With a good set of intensity data, satisfactory estimates for nearly equal
atom problems without too much unusual molecular or crystallographic
symmetry can be obtained from a Wilson plot. (The difficulty in the silole
dimer problem was due to some inaccurate diffractometer data,) If the
Wilson plot deviates badly from & linear fit, then the method used for the
C533b2C19 problem can probably provide a workable estimate, The accuracy
of the thermal parameters assigned in ccmputing the calculated structure
factors also does not seem to be foo much of a problem, a Wilson plot wvalue
or a comron sense average based on the iyps of structure axd degree ol fall
off of intensiity data with siné/A being sufficient,

The decision whether or not to use sharpened data, and then how much
thermal sh;rpening should be used, varies with each problem, Sharpened
coefficients are used to improve the resolution of the peaks occurring in
the maps so that a2 low D index is both a necessary and sufficient condition
for correct additions to the fragment. In general, if the scale factor is
known to within 10%, one should probably sharpen as -much as possible but
still avoid the problem of rippling effects. Problems with rippling have
thus far been found only with heavy atom - lighter atom type problems. In
these cases, the use of alternate sharpening technigues, e.g., derivative
sharpening, or the use of origin removal may help., A4lso, for most of these

cases one is primarily concerned in using the method only to obtain the

heavy atom fragment which can then be used to phase an electron density



76

map calculation., For these heavy atom - heavy atom interactions, sharpening
is usnally unnecessary anyway. However, sharpening affects resolution and
resolution determines how accurately the trial atom coordinates can be
determined from the maps. Although more accurate coordinates are obtain-
atle from sharpened maps, the discriminator index is also now more sensitive
to correct positioning. This would suggest computing a D map once a small
initial fragment has been found to locate z2ll other possible atom positions
and thus avoid the problem of accurately determining trial coordinates,
The method of factorization and the storage of reuseable terms, e.g., the
core part of the calculated structure factor, along with possible short-
cuts in generating the calculated map and in computing the integral approx-
imation, could greatly improve the efficiency of the calculation for such
an array of terms over the point by point method currently used. Such a
calculation would still involve large amounts of computer time; however,
the calculations are simple and could be easily performed in a background
mode by a slave instrumental computer during off hours, overnights and on
weekends, when the usage is down,

There are alternate applications which seem feasible but have not yet
been tried, The equations could be modified to permit calculation of a
D irdex for use in orienting a known rigid group. The integration of the
difference Patterson about the origin should prove more reliable than other
methods based on checking for the presence of the various vector sets., The
discriminator can not only be programmed to evaluate peaks occurring in
resultant maps including E maps obtained by direct methods, but also to

then determine the best consistent set of peaks from those having low

individual D values,
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The primary difficulty of the method is in maintaining both the
necessary and sufficient conditions for the larger problems where the unit
cell size and number of atoms per cell increases., The density of peaks in
Patterson space increases with Nz but the volume only increases with I,
For large problems the peak density can become so high that, due to over-

lap, the background level of the Patterson might correspond to several
single peak heights, In such a case it would not be difficult to fit any
kind of fragment to the observed Patterson, a low D value being obtained
in all instances. If the density of peaks is not too high, increased
sharpening may be sufficient., For many of the larger problems, there is
usually a large part of the entire molecule which has been previously
determined, The use of these large fragments should alsc exiterd the size
limitation for the method. An alternate approach to the problem of high
peak densities is to work at decreasing the peak density before the inte-
grals are evaluated and the discriminator index calculated. This reduction
in the number of peaks occurring in the map is readily accomplished by the
Patterson superposition techniques. For example, consider the case of only
a2 single superposition using the vector formed by the tentative atom
position and one of its symmetry related counterparts. The value of the

integral over the resultant map, S' for a correct choice of the nth atom

would be
5 N _
v = = - 3
S IPsup v = 2Z_/ XZi Z_ |/ + spurious peaks .,

If a fragment of n-1 atom are assumed correct, then the calculated map for
the addition of the nth atom would be

Sc = ch iv = 2Z T'f«].-.
sup k- <

™

o

i-
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The value of the integral over the difference superposition map, S, would

be

N
= © - 'Dc - \ 3 A
S IlPsup ‘sup‘dv = ZZn(. Z' Z;) + spurious peaks «
i=n+l

wow defining
o
AS  =S'-S,

we can define the discriminator index

05 - as®
=2 A8

which has the same meaning as previously., This is just one example of how

the density of peaks in the maps can be reduced to extend the size of
problems that can be considered. Other variations are equally valid; how=-
ever, the integral approximations may become less accurate as additional
superpositions are used., The key principle of the discriminator is to use
all the information available about the size and shape of a peak as well
as its location coupled with the symmetry information of the space group.
This principle can be applied to any meaningful map to provide a quanti-

tative method for partial structure evaluation.
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RESEARCH PROPOSALS

The following research proposals concern suggestions for further
work in those research areas related to the investigations reported in this
thesis, No attempt is made to detail the experimental attack nor has an

exhaustive examination of the literature been made regarding these

proposals.
IIT.

(1) The preperation of a simple RSb™""Br, complex would be of
interest to determine if this complex is also intensely colored.
This would require a trivalent cation, preferably organic in
nature and about the same size as the expected SbBr63- species,
€e go ZT(CHB)3N(CZH4):72N(CH3)23+. An accurate structural inves-
tigation of this complex would also be of interest to determine
the nature and symmetry of the antimony bromide species and to
check for any unusual bromine-bromine var der Waals contacts, In
addition, a thorough study of the reflectance spectra of the
various types of solid antimony bromide salts would be of interest
to gain a better understanding of the nature of these compounds
and to try and correlate these spectra with the variety of
stoichiometries and antimony bromide species that have been
obtained. It would also be worthwhile to look for possible
changes in the reflectance spectra or structures of these complexes
et different temperatures, Finally, it is felt that a semiem-
pirical treatment of the bornding of the antimony halides should
be carried out as soon as computationally feasible to better

wderstand the nature and variety of these complexes,
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(2) The importance of the heavier halogens as acceptors in hydrogen
bonds has not been extensively investigated. Most of the liter-
ature available on these less common types of hydrogen bonds
concerns infrared spectra of amine hydrohalides. Due to the
continued theoretical interest in the hydrogen bond and because
of the important effects hydrogen bonds have in determining the
solid state stiructure of many compounds, it is felt that an
accurate single crystal X-ray or neutron investigation, perhaps
at low temperatures, of a system similar to that of C?HgﬂﬁFeBru
would be of interest to obtain accurate information on bond
distances and angles for these systems.,

(3) The results obtained from the structural investigation of D-
glucono-(1,5)-lactone have led to much discussion. In particular,
the C(1) - 0(5) distance and non-planarity of the lactone group
are regarded as atypical by some investigators. Accurate struc-
tural investigations of similar lactone structures would be of
interest to compare the corresponding dimensions and conformational
details,

(4) It is felt that further work with the discriminetor applying some
of the ideas suggested in the body of this thesis could develop
& method of peak evaluation which would be a valuable complemen-

tary tool for most common methods of solutions currently employed.
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