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Tetraethylammonium hexabromoantimonate(V) has been prepared and its ..., -

1l
Z = 4, Mo Ko radiation) determined by three-dimensional X-ray analysis. The

crystal struciute'(tetragonal, I4.md, a = b = 8,7008(7), ¢ = 24.797(3)R,

structure was solved by Patterson and Fourier methods and refined'by full
matrix least-squares %echniques to a discrepancy-index, R = 0.042 for the 276
independent reflecti&ns used in the analysis. The structure consists of
slightly distorted ociahed:&l SbvBrg anions and (Czﬁs)uuf cationsAwhich are
two-fold disordered about inté?secting mirror planes. The average Sb-Br
distance corrected for thermal motion is 2.565(5)&.' The only close Br---Br
van der Waals contact is along the a axis, 3.584&. The similar sizes of the
tetrasthylammonium and the more spherical hexabromoantimonate(V) ions permit
efficient packing which ‘contributes to the stability of this compound.
Single crystals of U-éthylpyridinium tetrabromoférrate(III) have been
prepared, and their crystal structure (monoclinic, P2 /c, a = 7.7068(8),

b = 14,1673(11), ¢ = 13.0414(16)A, § = 84,19(1)%, Z = 4, Mo Ka radiation)
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determihed.by three-dimensional X-ray anéiysis. The structuré:was solved By'
superpoéition and Fourier mathods and refined to a final residual R of
0.061 for the 762 observed reflections used in the analysis. The Febr,,
tetrahedra are nearly aligned with their three-fold axes almost coincident
.in the g;direétion.' Thg‘average Fe;Br disfance is 2.326&. “Thg structure is
in part'stabiiized by the presence of a weak N-H---Br hydrogen bond. |
.The crystal structure of D-glucono-(l,s)-lactone (orthorhombic,

P212121; a =‘7;838(1), b =A12.332(2), c = 7.544(1)3, Z = 4; Cu Ka radiation)-
was solved using Patterson map--symmetry map superposition techniques.. Full-
“matrix weighted least-squares refinement gave a final.agreement'factor of
R = 0,046 for 97u‘§bserved reflections recorded by countef mathOAS; The
»1restrainthf‘thé planar carbonyl group impdses a distorted half-chair con-
formation én'the 6-lactone ring system. Extensive intermolecular hydrééenn
bpnding occurs throughout the crystal.

| A method has beeﬁ developed for evéluaiiﬁg the cofrectness of a partial
structﬁre/using a diécriminator iﬂdex whose value dépends'on S, the integral
ovéf the absolute value of.the difference between the observed andicalculated
Patterson functions. The method extends the idea of vector verification by
considering the size and shape of a peak as well as itS location and provides
an’ index to judge the results. A necessary condition that atoms of an n atom
fragment are correctly placed is that Sz be a minimuﬁ. This expected
gin#mum value can be readily calculated for any choice of the n fragment.
It'is thus possible to défine a discriminator index which allows the

-investigator to test whether a particular:atom or fragment is incorréct.

~
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INTRODUCTION

The crystal sf.ruk:turos of tetmet}wlamdnim'hoxabromoantimomu(w ,

U—oﬂvlpyﬁdinium tetrabromoferrate(IIl), and D-gli:bo:xa-’-(l 5) -hctom
were determ&nod by singlo crystal X-ray diffraction techniques, The

nature and importance of their solid sta‘be structures will be discussed,
In addition, a new msthod for part:ml structure evaluation is presented
with experimental results and comments regarding its possible limitations
and értensioﬁs. ‘ ‘

The crystal structure of (CZHS) “NSbBr6 was solved by the conventional
heavy-atom technique, The position of the SbBry group was found from the

Patterson and its orientation was used to select the proper choice of

. space group,  The cation atoms were found to bs two-fold disordered from

the ci.-lculatéd- electron density map., The crystal structure of C HoNHFeBr,,

. was determined by Patﬂors;on superposition techniques., The structure -

contains a possible weak N~H-~Br hydrogen bond. The strticture 'of the -
lactone was determined using a p&euio-electron density symmetry map in
conjunction with the Patterson superposition techniqus., Ths restraint of

the planar carbonyl group imposes a distorted half-chair confc;mntion on

the delta-lactone ring éystom.

The methods employed in the solution of the above structures illus-
trats the power and usefulness of the Patterson fnncf.ionl in crystallog-
rephy. Since somes fmn:uiarity with this f\mction is . essential to under-
standing the above methods as well as the mthod ptresented for partial
s@mcturo ovaluation, simple, hypothetical emple is given in Figure 1

and will be used throughout to illustrate the various techniques discussed,
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Figure 1.

Polymeric CO

Monoclinic le; 2=2

| e X3HT)
x c (/5 1/6, 2)
L o Gls a6

(Q)

The (a) electron density and (b) Patterson maps for the
hypothetical polymeric carbon monoxide example. The
Patterson function is an autocorrelation function of
electron density with maxima correspondlng to all
interatomic vectors

[}
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THE STRUCTURE OF TETRAETHYLAMMONIUM HEXABROMQANTIMONATE(V)

Introduction

-~ The cfysta.l structure investigation of tetraethylammonium hexabromo- -
'antiménate(V) was undertaken as part of a series of investigations of
halo—coordinated antimony compounds being performed in this Laboratory.z-
The synthesis of intensely colored compounds of the. type RbeyBr ! where

R represents either an aliphatic or aromat;ic amine, has been known since

1901 when Rosenheim and Stellman'® reported the preparation of

(C 5H5NH) 2S‘t:'Br7. Since them a wide variety of such compounds has been
N |

reported: 11 RSbBr,; RSbBrgs RSbBr,s R,Sbbr,) R)Sbrj RySbBr.s R,Sbbry)

RZSbB’r9: RB:SbBr6 ;‘ R3Sb23r9' R3$b2Br11; RBSbZBrIZ' RBszBr-1 5 R5Sb3Br14;
R7Sb3Br16; and B‘SbBrB-BHBr.' It is beiievod that the dark color.my be
due to the presence of mixed oxidation states of antimony or to some’
other type of charge transfér phenomena, A series of :’mterlvale.nce
antimony bromide complexes of vary:mg 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, A '

The structure of batraet}vlamopilm salt was undertaken as a. result
of preliminaryA investigations on the physical and chemical properties of
this xqaf)erial and other intensely colored Rbe};Brz complexes, The tetra-
ethylammonium complex was shown to be unusually stable in comparison to

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

»



more slo_ﬁly .byd.rolyzed in water., Although the tetraet}wlaﬁ‘monimﬂ complex"
is also intensely <.folored,12 appearing a deep, dark red‘-brom{the‘ -
_;Sml;mixmry X-ray results indicated the stqichionietry was RSbvBré with
only four formula units per unit cell., The usual intervalence type charge
transfer cou.J.‘dA not occur if indeed all the S4bBr6 species present were
e:quivalent. Also, the saturated cation would not be ‘expe_cte;i to partici-

~ pate in any possible charge transfer path.

Experimental
S . |
‘Crystal datas
Tetrasthylammonium hexabromoantimonate(V), (02 5) NSbBré,

M = 479,5, Tetragonal Ik md, F(OOG) = 13M4e, Z = 4,

= 24, ?9?(2)A T.~ 24°C, V = 1877,347,

(e]

a
. Dm = 2.6é g/ec, 'Dc = 2,59 g/ce, Mo Ka(x = 0. ?lO?A),,u = 150, 7cm

b = 8,7008(7),

~ The (C yNSbBr' salt was prepared by the method of Lawton.u

He)
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 atable, orystals wore seleotod and
mounted in thin-walled Lindemann glass caplllaries to limit exposure to
the atnnsphere. Preliminary Weissenberg and precession photographs
exhibited %ranaue symmetry, indicaLtir;g a tetragonal space group. | The
following systematic absences were observed: lkl whenh+k+ 1=2n+ 1
and hhl when 2h + 1 = 4n + 1, Thé absences are consistent with. either
space group I4.md or I42d, The unit cell parameters and their standard

1
deviations were obtained by a I_Least"squar‘es fit13 to twelve independent
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reflection ongloo whose centers were determined by alleft—right, top-

bottom beam splitting tochniqua using'a'proviously aligned Hilger-Watts

four circle diffractometer (Mo Ka radiation, A = O, 71069&). Tho observod
density was determined by flotation techniquss using ethylena bromide and
1,1,2,2- ‘tetrabromoethane solutions,

" A crystal having approximate dimensions 0.10 x 0,10 x 0,09mm was
mounted on a glass fiber such that the ¢ axis (0,09mm) was nearly coinci-

dent with'the spindle axis, Data were collected at room temperature

' utilising a Hilger-Watts four circle diffractometer equipped with scine-

tillation counter and using Zr-filtered Mo Ka radiation, Within a two
theta sphere of 60° all data in one full octant were recorded using a -
8-206 step scan technique with a take-off angle of 4.50. 'Synmotric scan -

ranges of 1.00° in'26 at low two-theta values to 2.20° at the high two

»Athota‘limit were used, Stationary crystal - stationary counter background

measurements were made at the beginning and end of the step scan, each
measurement being mado-for one~half the total scan time, Tho counting rate
used was 0,2048 sec per step of 0.62o in two thota._ The rest of-the
experimental arrangement used has already been discussed in’some detail.ly
A total of 1535 reflections were measured in this way, Th;ee standard
reflections were observed periodically and theéo observations indicated
that no decomposition occurred during the data collection. |

The intensity data were also corrected for Lorentz-polarization

effects and for effects dus to absorption (y = 1507 cm ). The absorption

6

corroction15 was mede using ABCOR;l the maximum and minimum transmission

factors were 0.414 and 0,322, respectively, The estimated error in each

intensity was calculated by
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(1) = o + ¢y + (0,007 + (0,057 + (0,0uc,) 2T /4%

where Cp, Cy, Cpand A are the total count, background count, net

count and tfansmission factor, respectively. The equivalent values of -
F2 were then averaged., The estimated standard deviation in each
structure factor was calculated from the mean deviation in intensity hy |
the method of finite differences. 17 The reciprocals of the structure

factor variances were used as weights in the least-squares refinemsnt, "

Based on the measurements of symmetry extinct data, it was decided that

only those reflections with I > 20(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.18

With only four formula units per unit cell, the antimony and nitrogen
atoms must 1ie in special positions Aavingeither' rm (Ialmd') or & (Ilmd)
site symmetr&. The orientation of the hexabromoantimonate(V) group was
obtained from a three-dlmensional Patterson map and indicated that the
space group was Iuimd. These heavy atom positions were then refined
isotropically by full matrix Least-squares techniques using a modified
version of OR FLS19 to a conventional diserepancy factor of-

= Z(HFol-ch")/Zﬂgl= 0,081 and a weighted R~factor of

= (Z(IF | =IF1)%/ZlF 1%)% = 0.19%. The remaining nonkydrogen
atoms were found by an electron density map calculation.2C
A tetraethylammonium group has two preferred orientations. the

swastika configuration or a trans arrangement. Although found in a



- trans arranéementv the inner carbon atoms do not lie on the mirror -
" planes and are two-fold disordered These inner carbons were refined with
half‘ocCupaney in a general sixteen-fold position, The outer carbone '
appeared'toilie_onithe mifror planes and were treated as ordered and
restraihed te these mirror'élanes. Subsequentgrefinement ﬁsihg aniso-
tropic thermal parameters for only the heavy atoms lowered the R-factor
to 0,042 and R = 0, 044 _ . 4

The relativistic Hartree-Fock X-rey scattering fectors for neutral
atoms of Doyle and Turner21 were used with those of antimony and bromime -
ﬁodified fer‘the real and imaginary parts of anomalous dispereioh.zz“ |
Based on the agreemeht of the large structure factors; no extinction
~correction was necessary. A final electroh density difference map
showed no peak heights greater than O.Be-/KB.' The final standard devietion
for an:observation of unit weight (Zium?/(NO;NV):7%luhere.A.=|F°| -IFclyx
NO is the number of observations (276) and NV is the number .of variables
(38)) was 0495 electrons.‘ During the finel cycle the largest shift in
any parameter was less than 0,01 times its own e.s.d. The final positional
and. thermal parameters are given in Table 1, along with their standard
daviations as derived from the inverse matrix of the final loast-squares
cycle, In Figure 2 are listed the magnitudes of the observed and
caleulated structure'factore in eleetrons x 10, The cemputer drawings
shown throughout the text were made using OR TEP.23 Distanees and angles
with standard deviations were calculated using the variance-covariance

matrix. from the final least—squares cycle and OR FFE program, 2"



Table 1, Final atomic posii;ionala and. thermal parametbfsb and their standard errorsc for (02H5)4NSbB

i
-

Te

Atom Position

X

y

2

B or Bil

B2z

B

Pz P13 By

33

sb 4 01 0" o g7(5) 176) 1@ o o o
Br(1) 8t o: 0.203%(7)  0.0732(2)  2412) 217(11) 221) O 0 -29(3)
Br(2). 8 0 -0.2057(6)  -0.073¥(2) = 135(8) 155(8) . 20(1) O O  -16(2)
Br(3) 8b  0.2940(%) 0 ~0,0027(3) 97(6) 175(7) 241} o -13(3) O
N ba 0 o 0.4333(16)  4.0(9)

c(l) 8  0.2158(52) 0o 0.3666(17)  5.9(10)

c(2) 8b  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(4)  16¢  0,0999(63) 0.4684(21)  5,0(11)

=0,0995(70)

#positional parameters are in fractional unit cell coordinates,

bS's X 10“; The form of the anisotropic temperature factor is '
exp] = (81 h° + Byok” + B1% + 25 b + 28 5hl + 26,000 7.

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

dAsterisk i*) denotes an atonic parameter fixed by symmetry,

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

| The crystal ‘'structure of tetraethylammonium hexabromoantimonate(V)
is shown in Figure 3. Bond distances and angles of interest are given in
Table .2 and Figure 4, TheASbvBrg ion has erystallographic C, symmetry,
but is somewhat .distorted from O, 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)1 along the a direction (Br(3)-—Br(3);_)
which is significantly shorter than the 3.93 sum of the van der Waals
radii.25 The average Sb-Br ‘bond length is 2.5‘*9(5)L before coz_'rection
for thermal motion and 2.565(5);t vhen corrected assuming a riding model,
These averages are in good agreement with those previously reportgd.7
The tetraethylammonium ion has the trans configuration in which the ethyl
groups lie on intersecting mirror planes (CZV synmetr;y) as required by'
this space group, However, the inner carbon atoms do not{ lie on the
mirror planes arnd are therefore disordered with apparent D2h symmetry, ‘
as shown in Figure 4, Disorder within the swastika configuration of the

25 The long bond lengths

tetraethylammonium ion has also been reported,
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 mtunw tetraethylanmonium
cations, The similar sizes of these two large, rather diffuse ions

contribute to crystal stability, The usual type of intervalence charge



Figure 3.

L. o
UNIT CELL OF (CoRgl yN SBBRg UNIT CELL OF CoHg) N S88Rg

Stereogram of the unit cell showing pack:mg of the (C
units; the hydrogens are not shown

He)

NSbBr6
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UNIT CELL OF (CpHg)yN SBBRg .

UNIT CELL OF (CoHg)

Figure 3 (continued) Cross eyes to view stereogram



12

Tablé 2o Sélocf.ed interatonmic bond distances aml, anglés for (C2H5) QNSbBrZ

Atons Distance(d) | Atoms Angle(°)
Sb-Br(1) 2,536(5) Br(1)-Sb-Br(1)" - 88.5(3)
. Sb-Br(2) 12,553(5) Br(1)-Sb=Br(2) * 91.2(1)
Sb-Br(3) | 2,559(8) ' Br(1) =Sb=Br(3) 91.1(1)
Br(L—Br(L)*  3.580(12) Br(2)-Sb-Br(2)*  89,0(3)
Br(1)=-Br(2)* 3.636(5) Br(2) ‘Sb"Bl‘(B) 88.,9(1)
Br(1)=-Br(3) . 34636(5). Br(1)=Sb-Br(2) 179.8(5)
Br(2)=-Br(2)’ 3.579(10)  Br(3)-Sb-Br(3)° 17740(3)
Br(2)—Br(3) - 3.581(5) S
Br(3) —B#(3)" 3458 5) C(3)-H-C{%) nz3
Br(l)--Br(z)"L 4,053(6) C(3)=N-C(4)* ~ 105(3)
. , C(3)-N=C(3)* ~  113(4)
- N=C(3) 1.62(5) . C(3)*-N-C(4) 105(3)
N-C(%) 1.51(5) C)-NC(H)*  109(5)
Cc(3)-C(1) 1.63(6) -
() =<(2) 1.64(7) N-C(3)-C(1) 101(3)
N-C(4)=C(2) 11364)
Atoms Distance (ﬂ)b. :
. SbeBr(1) 2,561(5)
 SbeBr(2) | 2.564(5)
Sb-Br(3) 2,570(%)

8Primed atoms refer to the symmetry related atom in the group
. (Figure 4), Other symmetry operations referred to are:
! 1) 1+x, 5 % i1) x, 1/2+y, 1/4 + %,

bIntera.tom.c distance corrected for thermal motion using a riding

model where second atom is assumed to ride on first.



Figure 4, Ions present in (czmj) uNSbBréz

a) SbBré-; b) . (C2H5)41q+, and c) disordered form of ,(C'2H5)4N*

€T .‘
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ﬁransfer éannot ocsur in ﬁhis structune. The structure consists of only
one kind of SbBr6 species, has a saturated cation, and has only the one
_ brom;ne—-fbrqmine contact (Br(3)--Br(3)i, 3.58A) whicb‘is 1ess tnan the
sum of tne:van der.wsalslradii, This'distande-does'nof appear t6.bebshort
_enough'to accoﬁnt fonAany type of interspecies 6hange £ransfer interaction
-since the Br(3)-Br(2) and Br(3)--Br(1l) intra-ion distances are 3,58 and
3 64A respectively, - Therefore, the intense color of this ‘complex probably
'results_from normal changé transfer of the intraspecies ligand -to-metal
type, involving transitions between molecular orbitals of the Sb7Bry

species.
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THE STRUCTURE OF 4-ETHYLPYRIDINIUM TETRABROMOFERRATE(IIT)

Introduction

* 'The crystal structure study of 4~ethylpyridinium tetrabromoferrate(III)
was iu;xiex;té.ken Afte: it accidentally appeared as a byproduct during a '
series of investigations of bromo—coordinated antimony compounds being
performed in this laboratory., The true composition was determined from
the‘c'r.v'ysthl structure amlysis and also by an electron microprobe analysis
of the crystal used in data collection. Tfm ctystal st.ructnre amlysis of
tho tetrabromofemte(III) conpound was comple‘bed becauso of the general
instability of iron(III) bromides and t.he lack of crystal structuro data

regarding the FoBru group.

Experimei}tal
Crystal datas
4—Et}w1pyridinium tet.rabromofomt.e(III) C7H9NHFoBru. o

: M = 483,65, Monoclinic P21/c F(000) = 900e, Z = u
‘a = 7.7068(8), b = 14.,1673(11), g,= 1300414(16)A. B = 8#.19(1)9.
v ‘=’ 1416‘.&3, Dc = 2,27 g/cc, Mo Ka (A = 0;7107&),)4 = 155.8 cm“l.

' ' Singie crystals of 0739‘8!{1“93#“ were obtained acéidehtaily from
cc;nbaminatidn introduced into a vessel where the corresponding antimony
bromide salt was being prepared, Of the two crystalline forms present,
erystals of what later weredetermined to be the tetrabromoferrate(ITI)

salt were selected because its crystal habit was more suitable for X-ray
]

.
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analysis, the other crystals having one very short dimension, The true
coﬁwéifion was later determined from the crystal structure analysis and
an electron microprobe analysis, |

The compound has subsequently beem prepared by adding Lb-et)wl-
pyridine to a solution of iron and Br, dissolved in hot concentrated
hydéobromic acia. In this preparation a deep red-black crystalline solid
fom very slowly upon cooling, (An #lbornate preparation of similar
tetrahaloferrate ions has been reported by Clausen and Good.2?) Pre-
cossion photographs of these crystals are identical to those obgained
from the crystal used in data collection., These photographs exhibited 2/m
Laue 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 PZl/c. The unit cell parameters and their standard
deviations were obtained by a least-squares fitn to 13 independent
reflection angles whose centers were obtained by careful aligmment of the
crystal on a General Electric single crystal oriex;xter using & 1° take-off
angle and Cr Koy radiation (= 2.28962&).

A crystal of approximate dil;zansions 0,14 x 0,15 x 0,35 mm was
mounﬁed 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 ~ 24°) utilizing a fully automated
Hilger-Watts four circle diffractometer equipped with scintillation
counter., Mo Ka (A = O.?lO?X) radiation was used with balanced (Zr'-X)
filters to obtain intensity and individual background readings., The

6-26 step scan technique with a 4,5° take~off angl§ was ps§d to record 1751

reflections within a 26 sphere of 50° (sin6/A = 0.5954°1). A variable
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scan range was em‘pioye& of S0 steps plus 2 per deg 6 at a count;ng rate
of 0,2048 sec per step of 0,01 deg in 6, As-a general‘check 'on electronic
ard crystal stability, the intensities of three standard reflections were
remeasured periodically during the data colloction. Comparison of these
values indicated thlt no decomposition had occurred. |

Tho intensity data were also corrected for Lorentz-polarization
effects and for effects due to absorption ()A = 135,8 cm ). The

5 was made using the program ABCQRl‘éa the maximum

absorption cox'rect:i.on1
and minimmm transmission factors were 0.215 and 0,196, respectively. The
.estimated error in each intensity measuremsnt was calculated by

[o(1])? = [o, + ¢y + (0,057 + (0.1005)% + (0.05c) /a2
where Cps Cgs Cp and & are the total count, background count, net count
and the transmission factor, respectively, The estimated standard
dey:lati‘on of each structure factor was calculated from the estimated
| errors in the intensity using the method of finite ‘differences of
Williams and Rundle.)? The reciprocals of the stroctﬁre factor variances
were used as the weights during the refinement, Based on the measurement
o: symmetry extinct reflections, it was dec:lded that only those reflections
for which I > 30(I) -would be considored. 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 geomstry expected for

antimony-bromide polyhedra, A series of single superpositionszs'Bo was
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then carried out?l using gémral paaks on a sharpened Patter_son.‘?z " (An
example of the Patterson superposition technique is given in Figure 5.)
‘Comp'arim'm of tﬁé resulting maps revealed an MX, heavy atom group of
| tetrahedral geomstry. ' le;e coordinates were input as an SbBr“ group
with fixed tharmal ‘Inarq.mters and refined by a full matrix least-squares
procedure minimizing the function Iu(IF| -_chl)z. ‘Examination of the

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

Isotropic refinement resulted in a conventional R factor (R

(Z(IIF | - IF ID)/ZIF_|) of 0,185 and & weighted R factor R,
EuIF 1 = 1F DZ/EAF12)? of 0.223, |

The multiplier of the metal atom was next allomd to vary while the
scale and its ‘thermal parameteﬁrs remained fixed, The xmltiplier.variod
from 1,00 to 0,53, lowering the discrepancy factor to R'= 0,15, This
implied that the central metal atom was smaller Ithan an antimony, atomic
number r 27, in agreement with the shorter M-Br distances fpunﬂ, An
electron micropi'obe analysis of the crystal used for data collection |
confirmed the absence of antimony and indicated the presence of iron and
bromine, Preliminary treatment of the data was. then repeated as described
earlier using the new absorption cooffioignt. .SubaQuont refinement
‘hased on Feéru prpceeded‘ smoothly, and with anisotropic 4thenlnal parem-- -
eters | for all non-hydrogen atoms converged to a discrepancy factor of
R = OO56andR—0089. | |

Unusually large thermsl ellipsoids were obtained for the ethyl
carbons, arnd a least-squares plane analysis' of the pyridinjium ri.ng st_,oms
revealed deviations as large as 0.05;.. It was therefore decided to use

_ rigid body refinement for the ring and adjacent atoms, The C-N bond
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(a)

(c) . (d)

Figure 5, (a) Electron density map, (b) Patterson map, (c) Results of
single superposition on peak A with structure and its inverse
shown, and (d) Double superposition using peaks A and B
yielding resultant structure
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. e e
length was taken as 1,340A and the four C-C lengths as 1.3%%4 each.33

This decreased ﬁhe number of variables from 118 to 62, and refinement
convérged to a disbrepancy factor of R.= 0,061 ahd a weighted discrepancy
factor of R = 0,096, A final electron densiiy diffefence map ;howad no
peak heights greater than O, 49/A3 |
The relativistic Hartree-Fock X-ray scattering factors for neutral

atoms of Doyle ard Turnerzl'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.34 Basod on the agreement of the large
structure factqrs, no extinction correction WAS necessary. The final
"positional and thermal parameters and their standard errars as derived
from the inverse matrix of the final 1east-équares cycle are giyen in
Table 3, Positional coordinates of the group atoms are listed in Table 4,
The final vaiues'of the observed ard calculated structure facfors (x10)

are 1listed in Figure 6.

Déscription of the Structure

The tetrabromoferrate(III) group describes a 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 and 109,5°, This.
average Fe;Bi distance'bepomas 2.3473 (fange 2,328 to 2.362£)fwhen the
interatomic distances are corrected for thermal motion, using é‘riding
model approximation, The shortest bromine--~bromine contact within the

group is 3,76A. All bond distances and angles of interest are listed in

1



" Table 3, Final positional and thermal paremeters for c739mesr4“

200(57)

-132(70)

Atom x y 2 By Brp Bas Biz B3 By
Fo  0.3045(4) 0.2603(2) 0.064(3) 1817  612)  5%3)  2A»)  -2003)  3(2)
CBr(1)  0.3%2(%) | 0,1058(2) 0.0138(2) 363(8)  60(2)  92(3)  2(3) A3 -3(2)
Br(2) 0.0310(4) 0.3096(3) 0.0250(2) 222(7) 123(3) 93  %(3) <333  -5(2)
Br(3) 0.5212(4) 0.3%7(3) -0.0163(3) 3172(8)  108(3)  92(3)  ~66(%) -6  13(2)
Br(4) 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) O0.6012(4S) 0.3034(37) S6B(148) W43(89) -217(57) -160(60)

#Standard errors of the coprdinates and the B
dofined by

13 and their standard errors are x 10

e T (12 12 2 : -
T = exp/~(h' Byt k Byt 1 _ﬂ33_+ 2hk B, + @‘%_3 +2d 8232.,'

m

. ':he By 4 are :

12
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. Table 4, Group parameters for C7H9NHFeBr,+a

L
|

5 = 046708(21) : p = 8.91(35)
Y, = 043869(13) 6 = ~45.63(83)
7, =.0.2868(15) P = 39,77(86)
Group B = 3.96(35)A°

Atom X y 2
N(L) 06708 03869 0.,2868
c(2) - 0.6928 0.4563 0,2168
C(3) | . 0.,8419 - 045123 0,2023
C(4) 0.9764 0,4957 0,2638
c(5) 0.9557 0.4239 - 0.3369
c(6) ‘ 0.8013 0.3719 : 0,3453
c(?) ' 1,1442 045555 0.2512
H(1) 0.5564 0,3462 0+2953
H(2) | 0.5897 0.4700 0.1685
H(3) 0,8530 045674 0.1447
H(5) 1.0569 . 0.,4088 043861

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 xj X0 Y,
and zZ, refer to the group origin and p, 6 and ¥ are télge
rotation angles in degrees as defined by Scheringer, A
The fixed individual thermal parameters assigned group atoms
were 3,5, 8.5 and 6, 0i% for the ring atoms, C(7) and

hydrogens, respectively.
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“Table 5 (also ses Figure 7). The ring atoms of the lmethylpyridinium
cation were fixed in ;(,he rigid body refinement. The unusually short
c<7)-<:(8) distance obtained in the ethyl group is & result of the large
,theml parameters associated with those atoms., Using the anisotropic
thermal parameters obtained from the earlier refinemnt, this distance
adjusts to 1.51A when a riding model is assumed, The high therml
motion of the cation can be attributed to the siée of its cavity.

A unit cell drawing of a—et}\vlpyridinitm tetrabromofemte(III) is
shown in Figure 8, The FeBru tetrahad.ra are nearly aligned with their
three-fold axes almost coixjpident in the ¢ direction, The_closest ,
bromine-—bromine distance in this direction is 4,004, which is greater
than the,sum of ths van der Waals radi.i of 3.903.25 The shortest inter-
atomic bromine——-bromine distance is 3,724 involving Br(l) across a
center of symmetry, One significantly short hydrogen——-bromine &1sume
involving H(1) and Br(4) of 2.3 1s present, The Fe-Br(#)——-H(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 NeH-—-Br(4) }wdrogen bond36 *77 may contribute to the slight ion
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™)

, .
" Table 5. Interatomic distances and angles in 0759NHFeBru

a) FeBru'anion

Fe-BEr(1)
Fe<Br(2)

" Fe-Br(3)

.Fe-Br(u)

- Br(1)-Br(4)

Br(2)-Br(3)

a(A)

- 2.309(4)

2.324(4)

| 2.326(4)

24345(4)
3.757(%)
3e821(4)

b) C?H9NH+ cation

C-N

c-C

N-H
C-H
C(w)<(?7)
C(7)=C(8)"

c¢) Other
Br(4)--H(1)

Br(4)~-N(1)
Br(1)--Br(1),

Br(“)--Br(l)11

1340

1,394
1,050
1,080
1,540
1,073

24330
34321
3e724(5)
3.998(4)

d
corr,

2.328(4)
2,347(4)

2.351(4)

2.362(4)

-angle

Br(1)-Fe-Br(2)

- Br(1l)~Fe=Br(3)

Br(l)-Fe-Er(4)
Br(2) -Fe-Er(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(#)
C(6)=C(5)~C(4)
C(3)=C(#) C(5)
C(4)C(7)=C(8)

Br(4)=H(1)-N(1) |

Fo=Br(4)-H(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 ares

i) x, ¥y, 2

ii) X,l/Z‘.Yo 1/2+Z.
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Figure 7. A formula unit of 4-ethylpyridinium tetrabromoferra‘oe(III)
showing presence of - N-H---Br hydrogen bond
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UNIT CELL OF UNIT CELL OF
§-ETHYLPYRIDINIUM TETRABROMOFERRATE (111D U-ETHYLPYRIDINIUM TETRABROMOFERRATE (I111)

Figure 8., Stereogram of unit cell showing packing of L-ethylpyridinium
tetrabromoferrate(III) units
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UNIT CELL OF UNIT CELL OF
4-ETHYLPYRIDINIUM TETRABROMOFERRATE (I11) Y-ETHYLPYRIDINIUM TETRASROMOFERRATE (I111)

Figure 8 (continued) Cross eyes to view stereogram
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THE CRYSTAL AND MOLECULAR STRUCTURE OF D-GLUCONO-(1,5)-LACTOMNE

Introduction

An'gccurate struétural investigation of D-glucono-(1,5)-lac§one-was-

‘ undertaken because aldonolactones are inhibitors of glycosidASes'and

other enzymné of carbohydrate matabolism. All non-hydrogen pbsitions

were determined by aid of a symmetry map used in conjunction with the
Patterson superposition tachnique. This method is 1llustrated 4n Figure 9.
We feel that this method, or a modificatlon of it, is: ganerally applicablo'

for moderatoly siged molecules.

Experimental
Crystal datas N
' C6H10 6 M'= ;?8.1@, Ofthorhombic~P212121,
a = 7.838(1), b = 12.332(2), and ¢ = 7.5#K1)A,
V= 729,287, D= 1.62g/cc’, Z = 4, F(OOO) 37,

Mo Ka() = 0. 710?A) » b = 1,60 cm -1,

Suitaﬁle‘crystals were obtained by recrystallizing commercialiy
available glucono-b-lact&ne from a saturated DMF (dimethylformamide)
solution allowed to evaporate élowly. The éolorless crystals grew with
b perpendicular to and a and ¢ along the diagonals of the broa& face,
Precession and Weissenberg photographs exhibited mmm Laue s&mmetry with
alternate extinctions along the axes indicating tho»orthorhombicAspace

group P212121. The unit cell parameters and their staniard'deviatiohs
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Figure 9, (a) Patterson map, (b) Symmetry map computed from Harker plane
at v = 1/2, (c¢) Intermediate superposition results using only
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superpositions using peaks A and A'
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were obt#ined by a least-squares fit13 to 14 in&ependent reflection
angles wﬁose cehters were determined by left-Tight, top-bottom beam
splitting on a préviously alignpd Hilger—Wafts four—circle diffractometer
(Mo Ka‘radiation). Any err;r in the instrumental zero was eliﬁinatéd by
centering the reflection at both +26 and =20, |

A crystal of dimensions 0,24 x 0, 20 x 0,12 mm was mounted on a glass -
' fiber with b along the spindle axis for data collection. Intensity data
were taken at room temperature (24°C) using a fully automated Hilger-watts
four—circle diffractometor equipped with scintillation counter and 1nter--
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.
éphore of 35°(sin8/A = 0.8071).- The 6-20 step-scan technique, 0.,01°/step
counting for 0.,4096 sec/step, was employed with & take-off angle of 4,5°,
To improve the efficiency of the datalcollection'process, vari#blé step
symmetric 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 measurements for one-half fhe
total scan time at each end of the scan,

Tho intensitios of three standard reflections were measured period-
ically during the data collection. Monitoring options based on these |
standard:‘counts Hbre empioyed to maintain crystal aliénment and to stop
the data collection process if the standard counts fell below statistically
allowed fluctuations. Av'toul 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 m:lnimmn and maximum transmission factors were
0.96 and 0,98, respesctively. Because absorption was negligible, the
c'onsis;tency of equivalent data was easily checked, Those equivalent
reflections differing by more than 50 =; 5/5-.; were retaken. This affected
some '];50 refléct’ions.l The individual values of Fi from the  equivalent
octants were then averaged to yleld 1851 independent Fi values, Standard
deviations in the intensities were estimated from the average total counts
and background valuss by

[o(1]7? = Gy + Gy + (0.05Cp)? + (0.05%C )%,
of thq 1851 independent reflections, 974 had'FogZ.?o(I). These were used
in the initial stages of refinement, The estimated standard deviation in
each strnctu;'e factor was calculated from the mesan deviation in inte_n_sity
by the method of finite differences.)’ The reciprocals of the structure
factor variances were used as weights in the least squares refinement,
Whep all atom positions were located, final weighted loast;-sqmres

refinement was completed using all of the independent reflection data, -

.Solution and Refinement

‘The observed data were used to éoﬁpute'an unsharpened Pattersox;‘map.
The resulting map contained many bread, oferlapping peaks which inade it
unsuitable for superpoéi‘l;ion t;ei;hniques. To reduce the peak width,
sharpened coeffic;lents32 were computed by

#5112 = [IF0 1 /(A7 oxp [t2B-B')s1n0/A27
where f = If J/ZZ 3 k 1s a scale factor, B is the overall isotropic temper-

ature factor, and B' is a variable used to minimize rippling resulting
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from sharpening, Estimates of the overall temperature and scale factors

were obtained from a Wilson plot.38' A sharpened Patterson map of good

resolution was obtained using 2B-B' = 2.0AZ, | -
Examination of the sharpened Patterson map, and initial super- .

pos itipn28-3 1

attampts produced no realistic model; therefore a symmetry
map39'43 was next, éalculabed. Peaks only occur on the symiry map at
those electron density positions which are consistent with the Harker
peaksé“ of the Patterson map, The'valua assigned to each point of the
symmetry map was obtained by taking the minimum of the values of the

‘ ass§cinted 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 sumunding it in the plane was takep before
carrying out the minimum procedure., A section of the symmetry map
computed in this way is ‘shown in Figure 10, Since no origin hs 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 sﬁparih:poiee the sharpéned
Patterson on this and its symmetry related points. This procedure is
Just one of the superposition techniques _possiblé usi.né a symmstry map,
After a couple ' of unpromising choices, a single ‘.poak' was sele-ctod and a
set of four symmetry mn.p-Patt.erson map superpositions was carried out
(Figure 11). Analysis of the resulting map showed that. there were only
32 consistent, :Lndepexxlept peaks remaining. A second peak was chosen

- from irhat appeared to be the same image and another set of four such

superpositions was carried out (Figure 12)., Analyzing the resulﬁant map
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and correlating it with the first redused the mumber 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'
snpe'rpésitions made. Correlation of the three maps easily resolvod the
previous ambiguities, locating all carbon and o:vgon positions.

Three cycles of. f\ﬂl-matru least-sqnares refinemnt of . these heavy
atom positional and isotropic thermal parameters gave a conventional
discrepancy factor R = leFol - chll /ZlFol = 0,109 and a weighted R-factor

= [Le(IF | - }§c| )2/ F i 2_7* = 0,133 for the 974 observed reflections.
The scattaring faétois used for carbon and oxygen were those of Doyle and
'fnmr.zj' A difference electron ciensity map at f.hi's'suge showed that all
the non-hydrogen atom§ had beén accounted for, but that some snisotropic
- 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 foiiowing difference electron density map clearly
indicated the positions of all kw&rogens bourd to carbon. These positions
were input lowering the agreement fa.ct;ar« to 0.05?, but some of the
isotropic thermal para-meters went negative. This was attributed to the
usa of the isolated hydrogen atom scatlering factor, leading to an
undesireble interaction between the thermal parameter and the aspherical
electron density distribution for bound. hydrogen, as described by-J.enson
and Sundaralingam.u5 Using the contracted hydrogen atom scattering factor
of Stewart, Davidson and Simpson,% positive isotropic thermal paramﬁters |
were derived, All remaining hydrogen atom positions were obtained from
subsequent difference elect;ron density maps, Final values of R and Ry

of 0,046 and 0,051, respectively, were obtained for the 974 observed
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reflections, At this point two final cycles. of weighted least-squares
refinement of all parameters were run using all 1851 independent
' reflections recorded, the results being R = 0,095 and R, = 0,049, No
aﬁpreciable shifts occurred. A final electron density difference map
snowed no peak heights greater than O.3e/13. .A statistical analysis of
wd? [where A% = (IF 1 - |F I )zj as a function of scattering angle and
magnitude of Fo vielded a nearly straight line indicating the relative
weighting scheme used was reasonable, The final value of Z:hc?/(NO*NV):7%4.,
was 1,11, .
" In Table 6 are listed the final positional and thermal parameters

of the heavy atoms along with their standard deviations. In Table 7 are
the refined positional and isotropic ihermal parameters and their

st?ndérd deviations for the hydrégen‘atoms. Standard deviations given

were obtained from the inverse matrix of the finsl least-squares refinement
cycle, A list of all 1851 indepe;dent recorded and calculated structure |
amplitudes (x10) is found in Figure 13, An indication of the directions
and-root-maan—square:amplitudes of viﬁration‘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-séugres

plane through the 6-lactone carbonyl group was éalculated from the final
bpsitinnal paramsters. Tﬁe equation of the least-sqﬁares plane and the
displacement of tha'heavy.atomg from this plane are given in Table 9,

Description of the Structure

The planarity of the carbonyl group imparts a distorted half-chair
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Table 6, Final heavy atom atomic coordinates and thermal parameters for D-glu.cono-(l,S)-lactonea

Atom

X

y

11 .

B

B12

B

. 32*

0(6)

Pz 33 13 3

c(1) 0.2071(8)  0,2218(2)  0.4968(3) 99(4) 4i(2) () H(2) o) 3(2)
€(2)  0.1911(3)  0,1294(2)  0.6312(3) 82(%)  30(1)  86(4) 3(2) 28 2(2)
(3 0.067(3) . 0,1632(2)  0.8022(3)  BLW (L) 69 6(2) 8 92
C(B)  0.1868(H)  0.2678(2)  0.8653(3) %)  30(2)  67(8)  6(2) 13  M2)
C(5  0.1586(4)  0,3561(2)  0.7304(3)  100(4)  36(1)  68(4) 7(2) -0  4(2)
C(6)  0.2550(3)  O.s99(2)  O.7670() LMW 33(2) W) -2(2)  -U3)  -0(2)
0(1)  0.238(3)  0.2023(2)  0.%07(2)  220(5)  56(2)  72(3)  -16(2)  16(3) -0(2)
0(2) - 0,1041(3) 0.0415(1) 0.5520(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) 983  15(2) 2w3) 22(2)
o(%)  0,1097(3)  0.3061(2)  1.0248(2)  192(5)  47(1))  7A3) 8(2)  19(3) o2
0(5)  0.200(3)  0.3233(1)  0.552L(2)  219(2)  3p(1)  60(3) -13(2)  8(3) . 3(2)

0.433L(3)  0.429(2)  0.7852(3)  103(8).  69(2) 102(4)  -9(2)  -6(3)  9(2)

2Standard arrors of the coordinates and the B

defined by:

i3

and theiflstandard errors are X 10“. The ﬁij are

= exp[l(ggall + 5?522 + 1?333 + 2hkp,, + 29;“13 + 25;523):7.

219



Table 7. Refined hydrogen atom'parametars

39

neé6")

Aton x y 2 B(A2)
H(2) 0.308(3) 0,108(2)  0.654(3)  1.K(5)
H(3) - -0.013(3) ~ 0.172(2)  0.785(3)  1.2(5)

H(W) 0.308(3)  0.261(2) 0.879(3).. 2,1(6)
H(5) 0.0MK3)  0.373(2) 07288  2.1(6)
H(6A) 0.218(4) 0,488(2) 0.877(4) 2,8(6) -
H(6B) 0,235(3) 00 514(2) - 0,680(3) 1.3(5)
H(2')  0.162(4)  =0.002(2) 0. 509(%) 3.9(8)
H(3"). 0,077(5) - 0,089%(3)  1.000(5) 5.0(10)
H(4*) 0.147(4) - 0.277(2) 1,100(%) 2.8(8)

047IH)  0MIH3)  0.696(5)

442(9)
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Table 8. Interatomic distances and.anglesa’in D-glucono-(1,§)—1actone

¥

8) disunc'es (K) 8,s5.,d, = 0.00BR

c(1)~C(2) 1,527 : .. e -0 1,208
C(2)-(3) 1.508- : , c(1)-0(5) 1.324
C(3)-C(&) 1.512 c(2)-0(2) 1,414
C(#)=<(5) - 1.525 ' C(3)=0(3)  1.419
C(5)-C(6)  1.491 Cc(u)-0(4)  1.427

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

b) angles (°) e.s.d. = 0.2°

€(2)=C(1)-0(1) 120,7 c(3)-c(4)C(5) 110.7
C(2)<c(1)-0(5)  119.8 C(3)-C(®)-0(%)  111.9
0(1) (1) -0(5) 119.4 - C(5)C(4)=0(4) 105.1
C(1)c(2)=c(3) . 113.5 C(4)=C(5)=C(6) 114,7
C(1)=C(2)-0(2) - 109.2 . C(#)-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(6) 1131
C(4)=C(3)-0(3) -111.5

4see Figure 15 for distances and angles associated with hydrogen
positions: e.s.d, are 0.03& and 2°,
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O-GAIE TN~ 11-R) - ALTEXE

Figure 14, Stereogram of molecule with thermal elllpsoids scaled to
enclose 50% probability
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Figure 14 (continued) Cross eyes to view stereogram
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Table 9. Least-squares plane

Description (*)
- ¢(1), c(2), o(1), o(5)

Equation relative to a, b, ¢
0,9941X - 0,0372Y + 0.,1021Z - 1,910 = 0

Distance from plane (A)

c(1)* . -0,016 o)+
C(2)* . 0.005. 0(2)
c(3) -0.5% | 0(3)
c(4) 0,088 . | : L o)
o(5)  -0.277 o -

o6y ows 0(6)

0.003‘
0,639
-0.216
0,408

0.003

1.865.°
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conformation to the ring of the D-glucono-(l,5) 4lactohe zﬁol’ecule. _.The
CHZOH and OH groups oéCupy the most equatorial posit.ions: possible as
shown in Figure 14, The bond distances and angles are givsnlin 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 1,51 and 1, 421?,
respectively, compared to 1.52 and 1. 42& reported in the neutron diffrac-
tion study of cx-D--.-glm:ose.“6 The C( 5)f0( 5) distance is .sign:l.ficant]y
longer, however, being 1.47A, The C(1)-~0(1) and C(1)-0(5) distances are
1.21 and 1,324, typical of the distances found in normal esters. Peaks

at 1740 and 1225 cn™

in the infrared spectrum (Figure 16) substantiate
this qomparison. The a_ngies about C(1l) are all nearly 120° in accordance
with the expected sp° hybridization. The only other angles which differ -
appreciably from the tetrahedral angle of 109.5° are C(1)=0( 5)-¢( 5) and
C(4)=C(5)=C(6), the former being 124°, subst;antially larger than the

114° found in a-D-glusose,

The conformation of six-membered rings involving a plana.r group has
been studied by Mathi_eson.u? Either a boat or a half-chair conformtion
is possible with a planar restraint on four of the six ring atoms, . The

planarity of the C-G-0-C group is associated with the valence bond

: o] ,
contribution of the resonance form C-C=6"-C. From geometrical considerations
. . ) .

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

asgsume the half-chair ¢:oxfxfox'mtion“8 while those containing the lactone
N R
group would assume a bcoat.,'cont‘orn\a‘t.ic_m.I'P9 The conformation of 6-lactones

has since been studied by Cheung, Overton and Sim,”° They confirmed the

i
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planarity of the lactone group but suggested both the boat and half-
éhair conformations satisfy this condition in the &-lactones.

For glucono-é-lactone the lactone group carbon C(5) 1s 0.283 out of ) |
the'best least squares éarborbI plane formed by atoms C(1), 0(1), c(2),
and 0(5) which are planar within 0,02A (Table 9). This non-ph'mrity of
theblactc‘me group has also been reported by Jeffreysl for certain Y-
lactones, For ring systems where the base atoms are not coplan:ar, the
ring is best characterized by its dihedral angles,P. Using the r¥ing of
cyclohexane (P = 54, 5°) as a reference, a molecule may be termed |
"flattened” or "puckered? depending upon whether P 1s less f.hax; or
greater than 5‘4'.50.5'2 Comparison of the dihedral angles of various chair

forms given in Table 10 indicates that the ring conformation of D-glucono-
(1,5)-lactons can be best described as a distorted half-chair, The |
“puckering” distox't.ions_areA caused by the shor‘t; bonds C(1)=0(5) and
0(5)=C(5) (short compared to a C-C single bond), ﬁhile the large -
C(5) -0(45)-C(1) angle allows for some “flattening.” The requirements foi-
minimum configuration energy are met by lowering C(5) out of and C(4) A
nearer to the carboryl plane resulting in a distorted half-chair conformo-
tion. | |

The crystal structure of D-glucono-(1l,5)-lactone is shown in
- Figure 17. As indica@ed from the equation of the best leastfsques
plane, the normal of the plane is nearly parallei with the x-direction.
The molecular packing in the crystal is largely dictated by intermolecular
hydrogen bonds. There is also some oraering of the lactone ‘dipole;s in
the x-directiop, although the approximate separétion of a/2 = 3.9 is so

large that this effect is probably minor. The infrared spectrum contains



Table 10, Dihedral anglesa (%

_Compound  ©(L,2) P23  PGM P(5) (56 P (6,1)
1 - “%,o 26,8(3)  47.3(3)  6L.7(2)  50.%(3)  28.2(3)  15.2(4)
v b | | o |
(2) bl 17.2 50.2 69,0 52.7 23,5 4,2
L 6 ' - ' : o f .
(3)°_ 2 { - 43.6(8) 54.8(7) 60.9(6) C56.37) 48,3(8) 40,8(8)

The dihedral angle,P, for a sixfold symmetric molecule with internal bond angles, &, is given
_ ' ' -cosP= ~'cos8/(1 + cos®) ',

For cyclohexane (8 = 111.5%), P = s4.5°%

bFrom pentachlorocyclohexene, Pasternak (1951) .“8

®From 4,4~d1iphenylcyclohexanone, Lambert, ot al, (1969)..52 .
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Figure 17, Stereogram of unit cell showing packing of the 6-lactone units



Figure 17 (continued) Cross eyes to view stereogram
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a broad absorption band below 3500 cm™~ instead of between 3500 and 3700

emt expected for unbound 0-H groups. 'This is in agreement with the
X~-ray results which indicate a complete system of hydrogen bonds propa-
gating three—dimensionally as shown in Figure 18, The 0--0 lengths range
from 2,68 to 2,804 in good agreement with a Plot of stretching frequency
V8o the 0--0 distance given by Nakamoto, Margoshes, and Rtmdle.5 3 The |
0-H groups bound to carbons c(z), C(3), and C(6) participate in two
hydrogen bonds, aétin.g 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 O(1)
atom of an identiéal]‘v oriented molecule ,'a;t a unit cell translation in .
the z-direction, Each molecule is hydrogen bonded to eight surrounding
neighbors. - The appropriate distances and angles are givﬁn in Table 11,
It should be femmbgred 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 h'ave‘ shown that tﬁe csl;respomling
6-3ldonolactones are generally more efficient inhibitors than are ths
Y-]Ac;hones.y* 155 lCertain polyols have also been found by Kelemen and
Whelan56to inhibit glucosidases, the most effective having & configuration
similar to glucose between C(3) amd C(6), Glucose also inhibitsA gldco;
sidase activity, but Heyworth and Walker57 reported that the enﬁyma has

a relatively low affinity for glucose compared to the glucono-b-lactone,
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Figure 18, Stereogram of hydrogen bdnding in D-glucono-(1,5)~-lactone
showing molecule and its' eight hydrogen bound neighbors

_ I x,y,2 _
T - X, y, 1+ 2 VI =t + x, % -y, 1=z
III - x, Ve -1+ 2z | VII -%+'x-%.'-y.' 2 -z
IV +x,i-y, 1+z VIII 4 -x, -y, -3+2
V i+x,t-y, 2-2 IX $-x -y, $+z



Figure lS‘(cbntinusd)‘

Cross eyes to view stereogram _

qQue -



Table 11, Hydrogen bonds® 4n D-glucono-(1,5)~-lactone
. Bond Distance (A) Angle (°)

. XeHemeY-H X-B  He-Y p SR X-HeweY  He=eY-M
O(2)rB(2* }r—0(3)y 1175 Dyrry 0.78(3)  1.98(3)  2.720(3) 160(3)  132Q1) - .
003N H(3* yr=0(6) y17C(E)y 1y 0.71(3) - 2.0L(%)  2.680(3) 157(4)  13L(D)
O(UNPH(4* Jr=—-0(1) 1136 (1) 117 0.73(3)  2.12(3)  2.849(3) 1713 136(1)

0.76(3) . 2.15(4)  2.882(3) 162(3)  119(1)

0(6)rH(6° }—-0(2) 1, =C(2) 1y

8Refer to Figure 18 for symmetry operation codes and stefeogram.of hydrogen bondi.ng.

%
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Leaback58 has recently reaffirmed that the specificity and high
affinity of }.he lactone 'for the engyms probably arises‘from the conforma-
‘tionsl similarities between the lactone and the transition state of the
Aormal'gubstrate. Leaback also concluded that the high affinity of = |
glycosidases for. the corresponding 6-lactones is not a consequence of the
lact;me group itself, but of some property which it conferred to the ‘ring.
It was postulated that the transition state involved an oxy-carbonium ion
in & half-chair pyranose ring. This half-chair conformation was also
"e_xplected for the 6~lactone ring. ‘The results of this investigaf.ion provide
detailed structural information about this important inhibitor and

establish the stable conformation of the glucosé half-chair ring.
. / .
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. A METHOD FOR PARTIAL STRUCTURE EVALUATION

‘Introduction’

F

The crystallographer has at his disposal today a number‘of techniques
tvobtain frial structures, inéluding direct methods such as symbolic
addition59 as well as such indirect ones as Patterson superposition
bechﬁiques and others discussed in the preceding. chapters. (For noncen-

60,61

trosymmetric crystals a partial structure rather than a complete one

is most often obtained from the symbolic addition phase determination

. procedure,) However; using any of these techniqu954With reasonably'éomélex
structures, the investigator usually finds that a number of decisions musp
be made regarding peaks on fesultant mabs'as to whether or not such peaks
really belong in the strﬁcture.or are just spurious, The usual crystal-
lographic discrepancy index or R factor, R = (lefol-chll)/ZlFollis often
of little help in this regard except to indicate when ﬁearly all atoms -

have been placed in reASonablj correct positions. A much more valuable
function would be one which cquld 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 functifmwould enable the investigator to test étructural
fragments obtain;d from the interpretation of the Patterson functiﬁn,,tenta-
tiv; atom positions to be used in superposition procedures, the various

~ peaks Appearing in an electron density map incompletely phased with too’
small a fragment, or the set of peaks occurring in an E-map computed from

one of several possible sign combinations.
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The Discriminator Function

~ One of the tests that can be used to‘evaluate the correcﬁhess of a
‘structure is to compare the agreement between fhe calculated gnd observed
Patterson functions, The method of vector variiicationt'uo does this in
‘ chécking that the”Qector set resulting from a'tentgtiV§ atom position is
actually bresent’ih'ﬁhe observed Patterson, 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'Pi; the calcul-
ated Patterson of a fragment of n atoms, there must be a.correspondihg peak
in the observed Pattefson, Po. Theoretically; there would be no areas in
the difference Patterson which would be negative. Thus a neéeésafy condi-
tion that the atoms in the fragment are correctly placed is that

. Sp = 17 - Fplav N
be & minimum, (An absolute value rather than a square function is used
sincé a Patterson function commonly contains multiple peaks.) ‘For a correct
fragmenf there should be né negative regions in the difference Patterson,

We can therefore ignore the abéolute value in evaluating the integral and.
the expected minimum value can thus be readily calcﬁlated for any choice
of the n fragment, If there are N atoms in the unit cell aﬁd n atoms in
the selected fragment,

s¢ = (gzi)2 - (gzi)2 = F5(000)% - FS(000)%

That is, Sz would be equal to the sum over all Z,Z. interactions between all

1)
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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and e&ﬁluated for a correct arrangeﬁenﬁ of atoms in the‘fragment. it is _
ihus possible to'defihe & discriminator index which allows an investigator
A.td test whethéi a particﬁlar atom or‘fr#gment is incorréét.' The discrim-
inator index can be defined as |

| | | as® - as°

c

D=
' AS

LI

wheré.ASc is the theoretical change expected in’S'when atoms'are.in correct
positions, and 45° is the actmal change in S that is observed, Thus if
n - n' atoms are added to a small fragment of n' atoms th#t have been
placed correctly, the expected decrease in S is given by

| as® =% - s¢ = 1‘?;’1(000)2 - %, (000)% |
"If these additional atoms ;re'also placed in correct positions, the observed

change in S,

[+ (o)
nl-sn [

will be approximately equal to AS®, Thus for a correct addition to the n*

as® =s

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
ﬁe&ks are reasonably sharp, it would be expected that the valus of Sf, will
nearly equal that of s:.', that 45° & 0,00; thus D =~ 1.00, ’ |
The starting fragment may be chosen from the result of superpositions,
 frem an electron density m#p computed from an igitiai 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 consideréd;
thus, it is theoretically possible to use the discriminator function to
test each gtom of the aéymmatrig'unit as it is addéd even in the very early

stages of solution where the R factor is most insensitive., 1In fact, one
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would usually begin with n' = 0 to test the starting fragment upon which
to build.' The méethod therefore extends the idea of vector verification by
considering the sizp and shape of a peak as well as its location and also
provides an indei to judge the results,

The importance of the size and shape of a peak as well as its position
ghen using the discriminator function for partial structure evaluation is
11lustrated in Figure 19 using the hypothetical carbon monoxide example.

As shown, integration of a single peak in-electron density space (a) equals
the Zi value associated with tﬁat peak and integration over the entire unit
cell gives the sum of all Z, or the FN(OOO) value for the structure. Inte-
gration of a single peak in Patterson space (b) equals the ZiZj value of

the atqms whose interatomic Qector corresponds to that Patterson pesk
poSiﬁién, while integration over the entire unit cell equals the sum of all
Zizjainteractions or the value of FN(OOO)2 for the structure. Now consider
testing an oxygen starting fragment, usingﬂthe'possiblé coordinates deter-
‘mined from the peaks on the Harker section at v = 1/2. The calculated
Pattersons for the oxygen in its correct position (¢) and in the cgrbpn'g_
position (d) both integrate to the value of Fg(OOO)Z; however, the- values of
the intagrals over the absolute value of tho corresponding difference
Pattersons (e,f) are quite different. For the correct oxygen position the
corresponding 0-0 peaksAare present in both maps so the discriminator

index is 0,00. However, in the cas; where the oxygen is improperly placed
in the carbon position, the peaks inthe observed and calculated maps do

not match in size and the D index is O.44, The D index would have been
substantialiy higher had an incorrect position for an atom been tested,

although there will always be some fit becéuse of the origin peak. o



©

(b) Sa{Pla = [Far
| ' (2z) - 784

Figure 19. An illustration of the use. of the discriminator function to v
’ distinguish the carbon and oxygen positions in the hypothetical
CO example: a) electron density map; b) Patterson map;
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(e) S [IP-Plee 528 % , ' (F) S"- 640e?, AS™: 144¢€%
A5 452562, D=0.00 ' D: 044

Figure 19 (continued)
c) and d) calculated Patterson maps for the oxygen fragment and
e) and ‘) the corresponding difference Pattersons with D index
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Experimental

. The method was teéted by taking advantage of existing_programs which
could be easily modified to do the necessary computatiops. A modified
version of OR FLS was used to compute the calculated structure factors.
It was, éf céurse, necéssary to use a complete set of data, including the
‘unobserved and the F(©00) reflections, placing-all dat# on the absolute
scale. However, it has been found in practice that for most cases, -
sufficiently accurate scale factor and ﬁhermal parameters can.be obtained
from a Wilson plot, The data set containing the F°'s and F°'s was passed
to a second program where sharpened coefficients were computed by

~

Fog e Foi ok expﬂzB-s')smze/xzj

| where f = ij/ZZj, B is the overall isotropic teﬁperature<factor, and B'
is a variable used to minimize rippling due to non-termination of series -
effects, The use of a sharpened Patterson is often deéirable, particular;y
in light or equal atom cases, to improve the sensitivity to make a low D
index hot only a necessary but also a sufficient condition for’the
correctness of the partial structure being tested. The measured intensity
of all unobserved reflections w;s set to zero to avoid introducing mag-
nified erforS‘after sharpening. The difference coefficients ﬁere then
passed to the ALFFDP (Ames Lab Fast Fourier Difference Patterson) program.
.where the numerical approximation for S at tough;y 1/4& resolution and D
index for a monoclinic ma§ of 32 x 32 x 32 grid size can be computed in
less than 20 sec, This procedure, although simple to use and mo&ify to
each particular case, doesfresfrictione to a point by point meth#d for |

testing tentative atom positions.
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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 solveq by
syrmetry map—;Patterson map superpositions. For this case, sharpened
dat# (2B-B' ='2.QA2) were used with fixed estimates for the scale factor
aﬁd thermal parameters (; = 1.70, B = 2.5&2). The necessary condition
that S ﬁe & minimm for a correct fragment was tested by ﬁuilding up a
fragment of the gluconolactone molecule, Since there are four equivalent
positions, the size of fhe 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 obtained for increasing the size of the
fragment one atom/molecule at a time, The notation used in this and
subsequent tables includes the n' fragment, which is the assumed correct
fragment, with the +nth atoms being those test,ea. Note that alth§ugh
only the unique atoms of the daymmetrié unit Qre listed, the frag?ents also
include the symmetry related atoms, In every case lbw'D values were
obtained,.indicatiﬁg good'ag;eement with the observed Pattersén. Note
that the magnitude of a5 increases rapidly with the size of the ffagment
tested,

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

a minimm value of S be not only‘a4necessary but also, in practice, a

sufficient condition that atoms in a fragme%t be correctly positioned,
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Table 12, Discriminator values for correct fragments

n' Fragment® +nth

c .

o

AS 57 o
- - - - 147042 - -
- Ol 1024 145969  =0.05 . 0.75
o1, 05 3072 183135 0,08 0.68
01,05, c1 3648 - 139963 0,13 0.64
01,05,C1, C5 4800 13557 0,08' 0.61
01 - €I,C5, cu 5952 130151  0.09 0,58
Ol - C5,C4,  C3 7104 1232% 0,03 0.5
0L - C4,C3,  C2 825 115614 0,08 . 0.51
01 - €3,C2,  Cb 9408 107112 0.10 . 0,48
01 -C2,6, 02  143% 93830 0,07  0.43
 01'-C6,02, 03 16364 72908 0,10 0,37
01 - 02,03,  O4 18432 65542 0.16 0,30
o1 -03,04, 06 20480 46325 0,16 0,18

&Carbons and oxygens are numbered consecutively-from the
carbonyl group.
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‘The results obtained whén incorrect peak positions were tested are shown

in Table 13. In general, these positions were selected from peaks remaining
on a maé obtained from a set of four symmetry map--Patterson map superposi§
tions, and thus partial fitting of the observed Patterson would be
expe§ted. These values are all significantly higher than those in Table 12. -
" Also note that the difference in D values for a_givén n"fragmenf 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 shéwn in Tables 12 and 13 were obtained using'léast-,‘
squares fitted positiongllpargmeters for the various atoms in the‘correct
fragment. The- sensitivities of S and the discriminator index D to exact
positioning are shown in Table 14, Note that minimizihg S corresponds to
improving the'trial position of the atom added to the fragment while |
again the R-factér is relatively ingensitive. Since the values obtained
are dependent on the size of the peaks in the sharpéned-Pattefson. one V
might well expect that the degree of sensitivity could be adjusted by
modifying the thermal cbefficient used in computing the sharpened
ooofficientd. Indeed this is the case, as shown in Table 15, As -
expected, reducing the thermal parameter résuits 1n'5roader peaks that
are more easily fitted, and increasing the thermal parametpf results in
’sharper peaks with iﬁcreased senéitivity. _Note, however, that with
correct positioning the D values are similaily low for either degree of
sharpéhing. o

In all the results presented thus far, a fixed scale factbr‘was uéed'

which was close to the final least-squares scale factor, Since in practice
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H

‘Table 13. Discriminator values for incorrect fragment additions

" n* Fragment | v+nth D R
01, o o.82. 0.72
01,05, o* 0.68 . 0.64
01,05,C1, - ce 0.52 0.64

"o | o owy 10,62
" c» R 0.62
" o* 0.71 0,63
" o* 0.59 0.61

01 - C1,05, c* 042 0459
01 - C5,C4, ce 10,50 0.5
01 - C4,C2, c* 0,49 L 0.53
01 < 03,06 ot 124 0.36

SAsterisk indicates atom positlon selectéd.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)

Displacement(ﬁ) D _ : R
0.0 0.03 S 0459
0.118 0,10 - C 0,59
0.370 0.37 0,61
04113 0.8 0.59
0.226 | 0.18 0.59
0.339 0.29 0,60

Table 15, Dependence of sensitivity on thermal
coefficient used in sharpening

(n* Fragﬁent-Ol - 05,Cl,; + nth--C3)

Displacement(i) p? D? 'R
0.0 .02 0,00 0,54
0.123 0,03 0,07 0u54

0,266 0,06 0.28 ,' 0.55
0370 0,13 0,52 0.56

aZB - B* = 1ooi2o ‘

bZB had B. 3;032.
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scale factors can not usually be estimated to much better than 10%
accﬁracy, in Table 16 are additionzl values of S and D computed with
slightly erroneous ééale factors, Comparing these results and those in
ATablell2, it is noticed that although the value of S varies gppreciably,

" the D factors aré'very similar, low D values being obtainéd for correct
N additions to the starting fragment and high D values being obtained for
incorrect additions in both cases, |

A The first results obtained during an actual structural detefmination
were én l,l—dimethyl-Z,S-diphenyl;l-silacyclopentadienebphoto-dimer
(silole dimer)62 which crystallizes in space group PT with Z = 2, This

molecule contains 36 carbons and 2 silicons plus hydrogens, F(000) = 560e,

The results shown in,Téble 17 were obtained using sharpened data (2B - B'
1.0&2) and fixed estimates;for the scale factor and thermal parameters

(k = 4,35, By, ;‘3.032, B, = 4,08%), The linear it 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 ; 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. Thé results are.plotted in
Figure_zo. The value ofA4.35 was chosen from the plot and the value of
the starting integral obtained using this scale factor was only a percent
higher than the 313,60032_theoretica11y 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 elecfron

density map was next computed which contained many extra peaks. These
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67

to improper scaling of Fo's

a

b

1.80,

n' Fragment ' +nth s D R s D R
- - 151624 - - lsamz - -
- ol 150632 0,03 0,74 143487 0,10 0,71
o1, 05 147667 0.03 0,66 140680 0,09 0,64
01,05, c1 144516 0,14  0.64 137533 0.14  0.62
01,05,C1, cs 140282 0,12  0.62 133085 0,07 0.59 - .
ol - €1,C5, cl 134830 0,08 0,58 127479 0,06 0,56
Ol - C5,CH, c3 128093 0.05 0.55 120500 0,02 0,53
01,05,C1, c* 142219 - 0,52 0.61 134925 0.46 0,60
Ol - C5,C4,  C* 132328 0.65 0.5% 124567 0,59 0.55
8y = 1,60,
by -
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‘ a
Table 17. Discriminator results on silole dimer .

n' Fragment ~+nth  as© s.” "D R
- - - 316743 - -
- 511,512 ' 3136 - 313549 -0,02 0.62

511,512, c1 - | 1488 312135 - 0.05 0.61

o s . " 312132 0,05 0,62
o e | . 312121 0,04 0.62

-, C* ' " . 313369 0,88 0.62
" = oo 312705 ~ 0.43 0,62
" C1,c5,035 538 315518 0,02 0.59

si1 - ¢35, €7 2352 313176 0.00 0,58
" . 8 = S 313162 0,00 0,58
" c9 " 313247 0.03 0,59
- c26¢ , " '.,. 313664 0.21 0,59
" v | W5 033 0.59
" | 0%,67,08,C9 1136 306311 017" 0.57
" Cc13,C14,C15,C16 " 304709 0,03 .0.57

8Carbon coordinates were taken from the silicon phased electron density map.

i
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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 correct atom positions and. higher D values obtained
for incorrect positions. Note again that the R-factor is relatively
insensitive for fragménté of this size making it difficult to distinguish
thesg positions, |

The discriminator was next used in conjunction with the structural

63

investigation of Csjsb2019 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 '
multiples of 1/12in u and W, 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 céll.l As this seemed.
unreasonable in light of the previous results, a scale factor was detei-
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 th; first
difference Patterson that this value of k uas'téo large. It was now

| apparent that the problem of the too large integralnvaluas was due to large
rippling in the background caused by the unusual symmetry and heavy atom
nature of this problem, It was therefore decided to examine the variation
of thé integral over the origin peak as a function of scale'f#étor; The
3Sb2019 was greéter than 2.5&, so{@he
integration of the origin peak was carried out to a radius of approximately

shortest bond distance expected in Cs

1A, 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-
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ence Pattérson was computed using this scale faétor; Examination of the
resulting map eliminated from consideration two of the three sets of special
positions in which.the‘heavy #toﬁs were expected to lie, The struéture was
then'solved.by direct methods and confirmed that all heavy atoms lie on the
mirror planes as.required b& this third remaining set of special positions,
The problems encountered in the CsBSbZQI st:ucture led to further
testing of the method on the inorganic conmpound AgZCrOL'_.64 which also
crystallizes in space group Pnma, 2 = u,:and F(000) = 600e., This structure
" contains both heavy and light atoms with the heavy atoms occupying special -
ﬁositions. This structure can be and was solved in a straight forward
manner by anaiyzing the Patterson, Héwever, it is a good test case since.
it is similar to the Cs,Sb,Cl

3772779
type of problem from the all light atom, rgther low symmetry problems of

problem but represents quite a different

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 paraneters, but now using unsharpened.déta. Ihe integral
was stilllhigh; 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
sharpen;ng, but again the D values are still iow for correct additions to

" the fragment,



Table 18, Discriminator results

\
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on silver chromate

n' Fragment

o

o

O, 0%, 0

+nth AS Sp D

-- -- ——= . 374705 - -
— Agl 35344 337825 © -0.04- | 0,65
- Ag* " 350877 0.33 0.75
Agl, Ag2 106032 227593 -0,04 0,41
Agl,Ag2, Cr 81408 149202 0,04 0,22
" Cr* " 213507 0,83  0.42

- - ——— 436478 ;_ —-—
- Agl,Agz 141376 290541  -0,03 0.1
.Agl,AgZ, Cr B1408 210240 o.bl 0,22
Agl;AgZ,Cr, 0l 31532 118712 0.02 0.21
" 02 " 121414 0.11 0.21
. o* 141913 077 0.22

" 03 614512 %705 0.5 0.2

" 01,02,03 137216 48309 0426 0.16

" " 80379 0450 0,22
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‘The structure determination of the quinoline antimony bromide complex

(RSbBrO'RBr P2, /n, ¢ = 2_)65 represents ‘the last type of application for

., 3’
which results have been obtained thus far, The positions of the heavy atom

SbBr, and Br3 groups were readily determined from the Patterson map.

6
‘ quever, the electron density map produced with the heévy,atombphasing
contained many spurious peaks., These positions were then tested with the
discriminator, with D values less than 0,18 being obtained for what later

" were determin@d 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 the:mal parameters -
and.thé scale factor obtained from the heavy atom refinement, Again, the
improved sensipivity:of the discriminator index compared to the usual |
R-faétor to distinguish correct from incorrect additions to the fragment

was apparent,

Discussion

The'metﬁod Just described for partial structuré evaluation is theoret;
ically sound; however, it is the séverity 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 minihizing, théir
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 ihdependent intensity data measured ou£ to the sin®/\ limit
feasible for the particﬂlarlcrystal and instrument plus the F(000) reflec- -

tion, Calculation of the latter requires only a knowledgé of the
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stoichiometry and number of formula units pér cell, but it is impqrtant'that
it, or atlleast a close estimate of it, bq 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'lo%; 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 crystaliégraphic
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 a linear fit, then the method used for the
C§33b2019 problem can probably provide a workable estimaté. The accuracy
-pf the thermal parameters assigned in computing the calculatedlstructure
factors also does not seem to be too much of a problem, a Wilson plot’ value
or a common sense average based on the type of structuré ard degree of fall
off of intensity data with sin6/A being sufficient.

The decision whether or nof to use sharpened data, and then how mﬁch
thermal sharpening should be used, varies with each problem, Sharpened-
coefficients are used to improve the resolution of the peak's occurring in
the maps so that a low D index is both a necessary and sufficient condition
for correct additione to the fragment., Tn general, if the scale factor is
known to within 10%, one should brobably sharpen as much as possible but-
still avoid the problem of rippling effects. Problems with rippling have
thus far been found only with heavy ;tom - lighter atom type problems. In
these cases, the use of élternate sharpening techniques, e.g., derivative
sharpening, or the use of origin removal may help. Also, 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
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map calculation, For thése heavy atom - heavy atom interactions, sharpening
is usually unnecessary anyway. Howéver, sharpening affecté resolufion ;nd
resolution determines\how accgrately the trial atom coordinates can be
determined from the maps. Although more accurate coordinates are obtain-
able from sharpened maps, the discriminator index is alsé now more segsitive
to corfect positioning. This would suggest éomputing a D map once a small
initial fragmeht has been fouﬁd to locate all other possible atom positions
and thus avoid the problem of accurately determining trial coordinates.
The method of factorization and the storage of reuseable termé, 0.8+, the
core part of_the calculated structure factor, along with possibie short-
cuts in generating the calculated map and in computing the intggral approi-
‘imation; could greatly improve the efficiency of the calculation for such
an arfay of terms over the point by point method currently used. Such'a'
calculation would sﬁiil involve large amounts of coﬁputer time; however,
the calculations are simple and could be easily performed in a background
mode by a slave instfumantal computer during off hours, overnights and on
weokends, when the usage is down,

There are alternate applications which seem feasible but have not yet
boon tried, The equations could be modified to permit calculation of a
D index for use in orienting a known rigid group. The integration of the
difference Patterson about the origin ;héuld prove more reliable than other
methods based on checking for the presence of the va;ious 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,



' 77

The primary difficulty of the method is in maiﬁtaining both the
necesséry'and sufficient conditions for the larger problems uhére the unit .
cell size and number of atoms per éell 1ncréases. The deﬁsity.of peaks in
Patterson space increases with Nz'bﬁt the volume only increases with N.\
For large problems the peak density can become so high that,_due to over-
lap, the background level of the Patterson might corre#pond'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 sufficlent. For many of the larger p;obleﬁs, there is
usually a large part of the entire molecule which has been previously - -
~determined. The use of these ‘large fragments should also extend the size
limitation for the method. An alternate approach to the pr&blem 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 numper of peaks occurring in the map is readily accomplished by the
Patﬁerson superposition techniqﬁes. .For example, consider the case of only
a 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

A N~
= o = 7 7
S* = fPsup_dv =2Z / XZji - 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

c _ c _n )
S —fPsupdvr.!ZZn[zzi_an
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The value of the integral over the differénce superposition map, S, would
be A
s=] Pé . 1>-c : ourious |
=]l sup sup'dv = ZZn(i=i;lZi) + spurious peaks .

Now defining
aAs®=5s' -5,

we can define the discriminator index

_s® - as°®
D——-———S-e'——

which'has the same meaning as previously. This is just one example of how..v
the density bf peaks in the maps c#n be reduced to extend thé size of
problems thaf can be considered. Other variations are equally valid; how-
ever, the integfal aéprdximations may become less #cchrate as additional.
superpositions are used, The key principle of the discriminator is to use
all the iﬁforma;.ion available aboﬁt’the size and shape of‘a peak as well
as its loggtion coupled with the symmetry information of the space gfoup.
This princ}ple can be applied po any meaningful map to provide a.quanti-

tative method for partial structure evaluation,
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RESEARCH PROPOSALS

The following research pfoposals concern suggestions_fbr further :
Qork in those reséarch areas related to the 1n§estigétions reported in this
thesis. No éttempt is made to detail the experimentalAattack nor has‘an
exhaustive examinétion of the literdature been made fegarding these
p?opos@ls. |

(1) The preéaration of a simple RSHITT

Br6 complex would be of
interest to determine if this complex is also intensely colorgd.
This would require a trivalent ¢ation, preférably organic in

| nature and about the same size as the expected SbBr63‘ species,

. e.;g..[-(CH3)3N(C2H4):72N(CH3)23+0 An éccurgta 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-bfomine van der wa$ls coﬁtacts. In
addition, a thdrough 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 tﬁat_have been
ébtained. It would also be ﬁorthwhile to look for possible

* | changes in the reflectance spectra or structures of thése complexes

at different temperatures. Finally, it is felt that a semiem-
pirical treatmen£ of the bonding of the antimony halides should
be carried out as soon as compﬁtationally feasible to better

understand the‘ﬁgturé and variety of these complexes,
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(2) The 1mportance.of the heavier halogens as acéeptors inlhydfégen
bﬁnds has no£ been exfensively'invéstigéted., Most of the liter-
ature available on theée less common types of hydrogen b&nds

: concérns 1nfrared:spectré of amine hydroﬁalides. ‘Due td_thé
cohtinued theoretical interéstvin the hydrogen bond and bgcause.
of the important offocts hydrogen bonds have in détermining the
solid state structure of maﬁy compounds, it is felt that an
accurate single crystal X-ray or ngutron 1nvest;gat16n; pérhapS-
at low temperatures, of a system similér to that qf C7H9N§FeBr4 h
would be of interest to obtain ac;u:gte information on bond
distances and'aﬁgles 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(i)'; O(5)xdistance and non-planarity of the lactpn§ group
are regarded as atypical by somé invpstigatqrs.A Accurqte struc-
tural investigations of similar lactone structures would be of
interest to compare the corresponding dimensions and conformational
details. | |

(4) Tt is felt that further work with the discriminator applying some
of the ideas_suégested in the body of this ‘thesis couldAdevelop'
a method of peak evaluation which would be a valuable coﬁplemen-

tary tool for most common methods of solutions currently employed,
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