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ABSTRACT

The Crystsl and Molecular Structures of a Dimer

of a Cyclobutadiene Derivative

The molecular structure of this compound, previously suggested by
other chemical work, has been conclusively established. Bond lengths
and angles within the tricyclooctadiene skeleton were establiehed with
& precision exceeding that of any other study of a substituted cyclo-
butane en@ of any save one stuly of a substituted cyclobutene. Lengthen-
ing of the average C-C single and double bond in aC,y ring is confirmed,
end & shortening of the aversge external bond 1s also found. All bonds
are normal (coneidering the sbove effects) except a C-C single bond in
the configuration F-C-C-F, vhich is found to be 1.500 + 0.009 A rather
than the expected 1.58 A. The difference is attributed to change in the
carbom hybridization state by the pregence of the fluorine atoams.

The cyclobutane ring is accurately planar, but the two cyclobutene
rings ere slightly folded, with dihedral angles of 177° and 178° between
the two halves. This folding is probably due to steric crowding within
the molecule. The angles between the mean planes of the three rings,

fused in & steirstep arrangement, are 113.3° and 113.7°%.

Bis~ (2-bromopyridine )-dodecehydrodeceborane

The crystal structure of this cospound has been determined, all
atoms including hydrogen being located by exeminetion of Patterson
syntheses and use of the heavy atom technique. The compound has the
same borohydride skeleton within experimentsl error as discetonitrile-
dodecohydroleceborene, the first of the Bloﬂlzﬂz compounds with R en



electron donar to be studied crystallographically. The B~B bond dis-
tances in the borochydride radicel differ from those in the parent
campound, Bloﬂlh’ and the positions of bridge hydrogens attached to
borons 5 through 10 in Bloﬂlh are changed: There sre two hydrogen
bridges in the B10312R2 canmpounds, canpared with four in B].Oﬁlh'

Bond distances in the bromopyridine ligands are unchanged by sttachment
to the borchydride skeleton, but some angles ere slightly ebnormal.
The abnormalities can be explained in terms of intramolecular sterlc
repulsion.
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INTRODUCTION

As part of & study of small-ring compounds, Professor Roberts'
research group isoleted (1) a crystalline materiasl with the empirical
formule cuﬁjoi‘a. This material was the result of an attempt to prepare
1-fluoro-2, 3,k-triphenyleyclobutadiene and was on this basils assigned
the dimeric formula [¢ fcu]a' Preliminary suggestions for the molecular
structure of this dimer were the substituted cubane (I) and the ¢is- and
trans-tricyclooctadienes (II) end (III). In each of these formulss,

six of the R's are phenyl groups end two are fluorine atoms. The possi-

bility thet the compound might have the novel structure (I) and the
virtual certsinty thet it hes a central framework or "skeleton" of
seversl joined and highly strmined four-membered rings led to the de-
cision that thie material should be studied crystellographically. Both
the determination of the moleculsr structure and the accurate measure-

ment of bond lengths and angles in this unususl system were primary
points of interest.
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EXPERIMENTAL DATA

A semple of the materisl consisting of colorless, approximstely
equidimensional crystals ranging in size from about 0.01 to 0.5 pm.
was provided by Drs. Roberts and Caeserio. Most of the crystals ueed
in this work were selected from thie original group, but when eddi-
tional photographs became necessayy nesr the end of the refinement it
was discovered thet the crystals had become covered with & thin layer
of powder, apperently of identical crystalline form. Some of the ma~
terial was recrystallized from e mixture of approximately equal parts
of chloroform and sbsolute ethsnol.. Thils group of crystals contained
some equidimensional blocks, but was primerily composed of needles.

A1l crystsls used for diffraction photographs were small blocks about
0.1-0.2 mm, in dismeter.

Rotation and equi—inclinatioﬁ Weissenberg photographs teken with
CuKOx redistion showed the crystals to be triclinic., A primitive unit
cell was chosen with approximete parsmeters & = 9.23 ﬁ, b = 14,49 ﬁ,

c = 15.18 K, a= 96°53', p = 88°22', and y =~ 11k°38'. These values

vere leter refined with data primarily from photographs of crystals

rotated sbout the [011] end [011]) axes, taken by copper radistion end

using e precision Straumanie~type Weissenberg camera. For these calcu-~
lations, the copper KO wevelengths were assumed to be 1.54050 and l.Sﬁujh A.

The parameters &* 1 a*, and the angles between g? and the diag-

*
011’ d 0ol

onel vectors d%,,, and d%, 7 were adjusted by least squares to furnish

2

the "best" calculated values of Vv 523-2
’ A

on the (011) photograph and 7 reflections meesured on the (0ll) photograph.

for 13 reflections messured
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For the (Oli) dats, vw was teken to be 1/81n26 for each reflection,
and for the (0l11) data, each Vv wae set equel to 1. The reculting persm-
eters, together with the fect, determined from an ordinary [100] Weissen-

berg photogreph, that the angle between Qfo and Qfo = 18 20°00' + 0O1'

11 11
were used to find the lattice parsmeters for the previously adopted unit

cell. The resulting velues are

2 =9.297 + .003A b =14k06+ 0054 ¢ =13.120 + .00k &

@ = 96°UT' + 02 B = 88°23" # o2’ 7 = 114%28" + o2

The estimates of uncertainty are asbout three times the values of o ob-
tained from the leest squares snclysis, and are based on the difference
between the velues of & 1ndependent2y derived from the two precision
£ilms.

The density of the crystals was determined by prepering & solution
of carbon tetrachloride and acetone in which several smaell crystals
would remasln suspended, and then meesuring the density of this solution
with a small pycnometer. The density of the crystals was thus found
to be 1,254 + .002 gm/cmB. The presence of two of the ChhHBOFE molecules
(hereafter called HPT, a short mnemonic for the systematic neme), in the
unit cell demands a density of 1.248 + .001 gm/cmi. The sgreement be-
tween these two density values is quite reasonable and indicsates that
the asymmetric unit in this crystsl consiets of at least one molecule,

The cholce of space group from the two available 1s not easy, and
only the full structure determination hes conclusively proved it to be
P I. A Howell-Rogers-Phillips (2) stetisticel test was performed on

the three-dimensional data and the resulting graph 1s shown in FPigure 1,
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Figure 1. Howells-Rogers~Phillips Statistical Test.
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The early indication of the centric nature of the space group given by
this test was encouraging. Had P 1 proved to be the speace group, the
perameters of two complete molecules, or 92 "heavy atoms,” would have
been required to determine the crystal structure. A further indicetion
of the existence of s center of symuetry in the crystal, and also of a
peeudo-center of symmetry in a large part of the molecule, was given by
the appearance of the three-dimensional Patterson function. This subject
is discussed more fully in a later section.

The maltiple-film equi-inclinetion Weissenberg technigue, utilizing
copper KO radiation filtered by 0.005" nickel foil, was used for the
collection of all intensity dats. The zero through sixth layers asbout
[100], the zero through third layers sbout [011], and the zero layer
sbout [011] were photographed, using two sets of three films each for
each layer except (6k#), where & single set of three films was sufficient.
One of these gets was exposed about ten times ss long as the other, in
order to incresse the range of estimehle intensities. The intensities
of diffrection spots on these films were measured visually by comparison
with an intensity scale prepared with one of the crystasls used for the
Welssenberg photographs. It was necessary to use seven crystals in
collecting the data because the crystals, although stable in air, turned
yellow efter prolonged exposure to X-radietion. These crystels were all
simllar in size and shape; they were aspproximstely equidimensional blocks
renging fran 0.14 to 0.20 mm. on edge. ‘

£11 of the crystels used were twins. In every case, one of the
twins was sbout ten times larger vthan the other, and on 8ll layers except

the zero leyer the spots from the twins could be distinguished. Only the
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intensity maxima produced by the larger twin were estimated. The
neture of the twinning--b™ and c¢* of one twin conciding with c* ena p*
respectively of the other twin--together with the fact that b" and ¢
are within experimentsl error equal in length, resulted in the (Ok#)
spots of one twin falling exactly on the (Of#k) spots of the other.

No attempt was made to separate these intensities, The diffraction
peeks vere indexed and estimsted as if belonging entirely to the larger
twin. The resulting intensities were used to obtain lFole and IFOI
velues which were used in cslculating the Patterson and early Fourier
functions; for the least-squares calculations no (Ok#) date except un~
observed ones were used.

Absorption of X-rays by these small crystals is considered to be
negligible (uR = 0.07k for R = 0.1 mm.), and no such correction has
been made. The intensities within each six~-film set were brought to a
single scale using the reflections which could be estimated on more than
one film. The resulting sets of ihtensities were converted to the squares
of the corresponding structure factors by s Burroughs 220 computer using
a progrem (LP) described in the Appendix. These ]10!2 values were
brought to & single scale by comperison of those values measured on two
or more sets of films. Finally, the whole set of intensities was put
on an approximately sbsolute scale, and an sverage tempersture factor

~of 2.6 was found, using Wilson's method (3).

A total of 2937 cobserved reflections and 1132 unobserved reflections
were used in the final calculations. There were also 303 observed (0kf)
reflections. The approximate {Fol velues for these were compared with

the calculated values to verify that no gross irregularities exist.
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DETERMINATION OF TRIAL STRUCTURE

Interpretation of the Patterson Function

At the outset it was aspparent that same unusual method of attack
would be needed to solve a structure as large as this one, containing
no exceptionelly dense atoms. It was impossible to propose & trial
structure on the besis of molecular packing becmuse the chemical
structure was largelyvunknmm.

Patterson has demonstrated (&) that the location of molecular
pseudo-centers of symmetry in centrosymmetric space groups can of'ten
be found by the following considerstion. If the 2n atoms in the unit
cell are divided into groups A and A' of n atoms each, with esch atom in
A reloted to one in A' by e crystallographic center of symmetry I, and
if%goftheﬁatmsmAaremedinsubgmupsBlandewitheachl
atom in Bl relsted to one in Ba by the molecular paeudo-center of sym~
metry M, then the coordinetes of the gg atoms in Bl and Ra cen be ap-
proximately expressed as (C + 9_1) and (C - 91)’ vhere C is the vector
fram I to M end esch g, (1 = 1,2,***,p) is a vector from M to one of
the atoms in Bl‘ There are also 2p atoms in corresponding subgroups
B, and Bé of A', whose coordinates are spproximately (-C - ¢,) and
(-€ + ;). Patterson pointed ocut that there are vectors of weight 2p
at the points + 2C in the vector set generated by the atams in Bl, 32,
a:’L, and B;_,, as & result of superposition of the vectors [+(C + g,) ¥
(«C + gy )i end [(C - g,) + (€ - _q_;)]. These peaks should be easily
identifiable 1f 2p ie an aspprecisble fraction of 2n, and thus the

molecular psevdo-center of symsetry, M, should be emssily located.
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Further consideration of the sbove expressions for the atomlce
coordinstes dlsclosed the fact that even more information 1s aveilable.

1
The total vector set genereted by the groups of atoms Bl’ Ba, Bl’ and

Bé is:

bp peeks st [+e2e)F(Cre)ll=0Q
2p peaks at (€xrg)-(crgll=2¢
2p pesks at -ere)+ (£rg)l=-2¢
2 peaks et each of g +e) - (€ -g)l =2

2 peaks at each of (€ -g,) - (s€ + g )] = -2e,
1 peak at each of [(&*%)'(@‘%””i?ﬁ*ec
1

I

peak at each of [(,*_‘Q*Ei)-("’g_*sd)}“i@g°2c

!

If these vectors are grouped into the sets S = {0, 2¢., -gg.d),

T = (2C, 2C + 2¢,, 2C - 2¢,), and T' = (-2C, -2C + 2¢,, -2C - '2¢,], 1t
1s cbvious thet the three sets S, T, and T' cen be superimposed by simple
translation. Purthermore, each set is centrosymmetric. If 4p is less
then 2n, the (2n - 4p) remaining stoms in A and A’ generate vectors vhich
cennct be grouped into sets superimposable by translations of + 2C, and
superposition methods such as use of the minimm function (5) cen be
used to extract the set T (for example) from the total vector set. Use
of these ideas reguires that two conditions be met: @ should be en ap-
precisble fraction (probably at least 1/5) of 2n e0 that the vectors
+ 2C can be identified, end 4p should be eubstantielly less than 2n
80 that worthwhile simplification of the vector set will result.

At the time the three dimensicnal data became avallable, chemical

wvork by lagersjan and Caserio (6) had ruled out proposed structure (I)
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by proving the existence of two carbon-carbon double bonds in the wmolecule.
It will be noticed that of the two most plausible structures remasining,
(I1I) possesses a molecular pseudo-center of symmetry vith 2p = 16 (assumn-
ing the G-stoms of thre eight R-groups to be the same), six phenyl ring
pseudo~-centers each with gg = 6, and two cyclcbutene pssulo-centers each
with 2p = b, Structure (II) shows simply the 6-fold and L-fold pseudo-
centers (plus en additionsl 4-fold pseudo-center which in structure (III)
is part of the larger 16-fold one).

The three~dimensional Patterson functlon, sharpened by the weighting

function (6/f,) expl-2.368 sin® 6/3°], where £, 15 the value of the carben

¢
form—-factoy for the given reflsction, was caloulated and plotted n
2' x 2' x 3/16" sheets of clear plastic. These sheets were stacked in
the proper fashion to give & three-dimensional representation of the
sharpened Patterson function.

Exeninetion of this Patterson "map" showed e single lsrge peak at
(v, v, ¥) = (0.1407, 0.5310, 0.4890) vhose maximum {s about cne-sixth
the value of the origin maximum, Only one other peak in the Patterson
functionexceeds ane-twelfth the valus of the origin pesk, and the
special position of this maximmm at (1/2, 0, 0) shows it to be double
the usuel weight. The lerge genersl peak is very sharp, a.fact strongly
suggesting that it 4s indeed a peak of the 2C type discussed ebove. Thus
P T gained credence as the true space group snd proposed structure (III)
seemed likely t0 be the true molecular formlsa.

Following the assumption that the structure cc;uJ.d be divided into
a group of sixteen atoms (sbout one~third of 46) arrayed sbout a moleculsr

pseudo-center of symmetry end a group of about thirty etoms more randomly
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oriented, it was decided to use the secand fact pointed out in the dis-
cussion sbove--that the environments of the point 2C and of the origin
are similar and centrosymmetric with respect to the vectors generated
by the group of sixteen atoms and different with respect to all other
vectors. A minimm function, Ml, was prepared by inverting the Pat-
tersan function through & center of symmetry at the point 2C = (0.1407,
0.5310, 0.4890), superimposing this on the original Patterson function
with points 2C in the two maps coinciding, end taking Ml &5 the pointe
by-point minimum of the two superimposed meps. The origin of M, vas
taken to coincide with 2C in the original maps. The origin of the
sharpened Petterson map was then superimposed on the origin of Ml and
a second minimum mep, Me, was constructed in a similer feshion. This
use of the minimm functiocn differs from the general use in that its
purpose is to reduce the size of a vecior set rether then to obtain
from the vector set the .atoms generating it.

Examinstion of M, showed that the peaks about the origin are grouped
to give approximetely 2/m symmetry, but none higher. This fact clearly
confirms the rejection of structures (1) end (II). The ocutstanding
feature of M2 end of the ares around the origin in the Patterson mep
is a8 plane of pesks passing near the origin. A separate drmwing of the
Patterson function in this plane was made, and is shown in Figure 2.
This group of pesks is precisely what is demanded by structure (III)
and could not be interpreted in .any other chemically reasonsble way. A4
centrosymmetric group of 16 atoms (8 independent) was f£it by a simple
least-zqueres procedure to 21 of the most nearly resolved of the peaks,

to give a trial model for the 015 rigid framework of the molecula. One
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Figure 2.
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further piece of information coula be drawn from ME at this times, Al-
though two of the eight G-substltuent stoms are know to be heavier than
the renmining six, M, showed nearly exact 2/m symmetry with regard to
peak heights as well as locations. The precision of the approximate
mirror symmetry ls evident from an exemination of Figure 2. This
precision indicates that the fluorine and carbon stoms must be aepaée.tely
arranged so as each to display average 2/m symmetry. In space group P 1,
molecules of 2 or m symetry would have aversge symmetry 2/m (the aver-
age molecule being obtained by superimposing one molecule on its image
produced by & center of symmetry), but a molecule of 1 symmetry would
give an aversge molecule of 1 gymnetry. M symmetry could be ruled out

because it would require one of the fluorine ataus to move from one of

the C) rings of the dimeric pair to the other. Structures (1v) and (V)

¢

have symmetry 2. Chemicel evidence, suggesting the presence of a
g-bebg group, ruled out (V). Structure (IV) vas thus considered almost
certainly the true one.

The encouraging success in interpreting the Patterson function up
to this point led to an effort to confirm (IV) as the molecular structure
and to determine the rotatiommal configuration of the six phenyl groups by



e method similar to that used thus far. The six-fold phenyl peaks of
type 2C should be the next strongest peaks in the Patterson msp, after
the origin and the 16-fold pesX previocusly identified. Unfortunetely
there were more then six peaks of the expected height. Furthermore,
the paraueters determined for the Cyg central ckeleton were imprecise
enough to preclude identificetion of the peaks by calculstion of 1daa;.
locations. ‘ Such locations were predicted and some did coincide with
peaks, but enough were found to be between pesks to cest doubt upon
the validity of thiz procedure.

Completion of the Triel Structure with Fourier Techniques
When sbout one-third (16) of the atoms other than hydrogen had

been approximately located by direct interpretation of the Patterson
function as described above, and with confirmation from the same source
of P 1 as the space group, it was considered feasible to test the power
of this sixteen-atam nucleus as a phase-determining group for the
electron density function. The first electron density Fourier series
was calculated using 928 reflections chosen from the dete list without
regard to scattering engle, the only criterion being that the calculated
velue of [F| should exceed or, in the csse of very strong reflections,
exceed cue-helf of the experimental structure factor amplitude. The
resulting crude electron density map showed sixteen wvell-resolved peaks
at the sites chosen for the initial group of atoms, but a randomly
varying density in the remainder of the unit cell.

An ettempt was mede at this time to locate the fluorine atoms by
packing considerations. Positions for pars atoms of hypothetical
phenyl rings were calculated, on the assumption that sll eight of the
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substituents were phenyl rings.’ Contraxy to hopes, 2l eight of these
ﬁg{g atoms fit into the unit cell without unduly close comtacts, and
thie line of reesoning wes discarded.

Reexamination of the electron density function revesled that &
peak representing one of the G-substituent atoms was V-sheped, suggest-
:Lng'tha location of the two ortho atams of a phenyl ring., For camparison
with the F o Pourier series, a difference series was calculeted. In addi-
tion to the class of reflections used in the P, series, where both Irol
and |F | are lerge, the difference mep includes all terms with }Fol > Il"cl.
The former class of reflections reproduces lergely the similarities be-
tween the true structure and the model; the latter group, which with in-
camplete structures supplies many of the dominent- terms in the A F serles,
emphesizes pointe in which the model falls to Mm the true structure
and is thus more valuasble in locating e few missing or grossly misplasced
atoms., Becsuse of the failure of the Fo series to reveal many of the
missing atoms, only low~order dlffrection mexims wers used to calculate
the difference series. It was felt that e search for the groups of
stome making up the phenyl rings might be more suceessful than a search
for individual atans. The difference Fourier map was in fact little
more helpful then the originel Fourier, but did heve a region of positive
density in the region assigned to the firet phenyl ring on the basis of
the Fo map., A reguler hexsgon of carbon atoms was added to the trisl model
to represent this ring end s second set of structure factors was calculated.
A second Fo Pourier series, F‘a, was cummed, using pheses based on the
second set of ctructure factors. Liks the A F map, F, was limited to re-

flecticns for which sind/A is less than 0.3 X7,



In the resulting map, the first phenyl ring (vhich later proved to
be twisted fram its correct orientation) was present, but the pesks
representing the ortho s.nd mets atoms were weaker than the peaks repre-
senting other atoms included in the phasing calculations, Two additional
rings seemsd to be present. When the corresponding arees in the differ-
ence map were found to be positive, these rings were also added to the
model. 'A third set of structure factors and a third Fourier mayp, Fj,
were calculated. For this calculetion, the R-factor (R = Z||P o = 7 11/
Zlyol) was similar to that of the two previous calculstions, about 60%.
This nev map, Fj, verified the correctness of the second and third phenyl
rings added to the model, but again the first ring seemed weak. No new
rings could be conclusively identified. Positions for pars atoms of hy-
pothetical phenyl rings in all the remeining substituent positions were
caleuleted, and three of these were found to be positive in both P5 and
the difference function, These atoms were sdded to the model, but the

ortho and meta atoms of the first phenyl ring were omitted. A fourth

set of structure factors wes then calculated and used as the basis for
a second difference Fourier function, & Fa. This function contained
peaks répresenting the phenyl ring which had been omitted from the mo_dal,
but agein at rather low heights. 1In addition, all atoms used in the
phasing calculations were shown to be correct by being in approximately
flat regions of approximetely zero electron density, and two additional
phenyl rings were discovered. At this point, only four atoms (the ortho
and mets atoms of one phenyl ring) were missing.

The 42 atoms in the model et this time (all treated as carban

etams) were subjected to seversl cycles of least squeres calculatioms.
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After each cycle the calculsted parameter shifte were modified so as to
keep all bond lengths and angles within reasonable ranges. After four
such cyeles, another electron fensity map was camputed. In calculating
the sat of structure factors in which this mep was based, the phenyl
ring which had consistently appeared weak in the early Fourier functims,
and vhich was bedly distorted by each least squares cycle, was treated
es consisting of two (@ and para) carbon atoms and four hydrogen atoms.
The reculting elsctron density mep revealed all the atoms of the missing
ring, showed the one which hed been doubtful to be twisted slightly from
its previous position, and confirmed the identity of the fluorine atoms
by showing thew to be much dencer than any carbon atom. This msp con-
tained only two, very small "spuricus” peaks end thus strongly indicated
the correctuess of the trial structure. The R-value calculated with all
(carbon and flucrine) atams and including the 1,501 reflections with
sinB/A\ less than O.b ;fl, wes about 51%.

Befinement of the Trial Structuve

The initisl model was refined exclusively by the least squares
metnéd (7), combined in the early stages with occasionsl alterstion of
the positians to maintain bond distances near expected values. The
progress of the refinsment ls summerized in Table 1.

The slowness of the refinement, spparent from en examination of
Table 1, was caused by the &ifficulty in finding a proper weighting
function. Cycles I through I-H were ocarried cut on & Burroughs 220
compuier using a triclinic refinement program written by Dr. R. B. Marsh.
This progran muintzes Tu(|¥,|% - [F[%)%; thus 1f one mekes the ueual



Cycle

"
III”
Ir"-z
III"-3%
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TABIE 1

Summary of Leest Squares Refinement

(s s
A max
.05 .28
.05 23
.09 28
.09 25
.09 24
.09 22
14 28
.1k 25
b 25
51 25
.05 15
.08 18
.08 17
11 19
.11 17
.165 21
.19 18
50 20
.50 18
«50 17
50 17
.50 > 17
.50 18
.50 18

*
v

1/¢

1/(8 + 0.0 [¥ %)

1/ (4 + 0.1 |p])

/P, | 4 cbserved; 1/2(lrc|xlrml)l/ 2
if unobserved

1/ IPf? or 1/8]F |x|? | 1£ obeervea
or unchserved



Cycle

v
v
vi"
vIz”
vIima"
pr
m”
I-V' "
v
L2
vII'"

VI

X'
I-H
I-F
II-F
III-F
v-F
V-F

VII-F
VIii-F
I-B
II-B
ITI-B
Iv-B
V-B
VIII-B
IX-B
X-B

singe
&5

«50
.50
»50
T 450
+50

»50
+50
.50
«50
.50
50
.50
.50
.50
50
«50
.50
.50
50
50
«50
«50
«50
50
.50
.50
.50
50
.50
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TABIE 1 (continued)

*
R vw

18 1/(1 - 0.0390P | + o.oooheg{rotz)

19

17.6
17.2
16.6

12.7
11.9
11.6
1.4
11.2
1.2
114
12.3
17.8
17.0
16.7
15.9
16.0
15.6
15.7
15.7
4.7
12.9
12.5
12.3
11.5

9.7

9.5

9.5

1| or 2/2( |r°[x‘ymin' )2/2

1/(0.1425 - 0.005565 [ _| + 0.0001168|F _|?)

*
The weighting function remains constant from cycle to cycle unless a

change is noted.
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assumption (7) thet the uncertainty in s reflection, ap, is proportionsl
to the megnitude of a reflection (at least for the great majority of
reflections, excepting only the weak ones), it is clear that the weighting
function should bevw = 1/ lrolz at the termination of refinement. This
functian, however, gives very large waight to small reflections and should
not he used in esrly cycles where the signs of many of these weal reflec~
tions are probably wrong. Accordingly, in the early stsges of the refine-
ment, the inverse of the carbon form fector, llfc, vae used farvv . These
cycles also used only low order data, to further minimize the effects of
incorrect signs. Use of 1/f, rather then 1 forv'v 1s justified chiefly
by its relationship to the difference synthesis method of refinement.
Lipsan and Cochren (8) show that minimization of L1/f,(JF | - [P_])? 1s
equivalent to refinement by difference synthesims. As Teble 1 shows, this
procedure led to an impesse at Cycle IX. Different weighting functians
were usaed for Cyocles X and XI, with poor results. A reduction in the
emount of date used and & change inv'w to 1/[P | resulted in further,
although slow, refinement, in Cycles I' through VIII'. During this stage
of refinement, the number of data being used was increassed gradually;
Cycle VII' included all data for the first time. The R-factor for this
cycle was 20%. At this time it was decided that nearly all signs should
be correct, andvw was chenged to the theoretically proper 1/|F olg. Five
cycles were exscuted using this welghting function; some atans were given
shifts bosed on e few sections of a difference function computed using
peraneters suggested by Cycle I", None of these attempts to improve the
structure had apparent beneficlal effect, judging from band lengths of

the trial structure and from the R-factor. In Cycle IV" (see teble 1),
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e welghting function was used which would give smsll weights both to
strong reflections with presumably large errors in megnitude and to
week reflections with possible errors in sign. This cycle did not re-
duce the R-factor, nor did it ilwmprove the worst bond lengths. Because
1t ceemed to consistently reduce the R-value, 1/ ]POI was used as a
welghting function for several more cycles. The iterative least squares
process apparently converged with R about 16% using this function.

To discover vhether the many very smsll reflections were impeding
progress, the dats list wae restricted to reflections with unitary
structure factor, U, = ro/9h fo exp[-3.8 ainga/??], greater than 0.1,
on the judgement that the magnitude of U rather than the magnitude of ¥
is importent in determining the probebility of correct sign determina~
tions. This restriction reduced the dsta list to ebout LO% of ite
previous size; R for the reduced list wams 12.7%. Four cycles vithvv =
/e o[ lowered R for these data to 11.2%, but the R-value then began to
elimb and meny bond distences remained poor (although the sum of weighted
squares of residuels continued to drop slowly). Introduction of hydrogen
atoms &t celeulated positions’ led to an increase in R.

Because of the slow progress of the refinement and the great length
of time (about 4.5 hours) for each cycle of least squares couputations on
the Burroughs 220 computer, 1t wes declded to continue refinement on IBM TO90
camputers availsble at the Jet érapu}.sicn Laboratory and the Western Data
Processing Center. Dr. K. Trueblood of the University of Californie in
los Angeles made availsble coples of the full matrix (9) and block dlag-
onel least squares progrems of Gentzel, Sparks, and Trusblood for thie
machine. With help from Mr. R. Deverill, these programs vere modified
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to aceept 4500 rather than 2100 data, and were further changed to operate
under the Californis Institute of Technology monitor programs,

The full matrix program was used first, to see vhether neglect of
inter-atom off-diegonal terms in the normal equetion metrix was signifi-
cantly slowing the refinement. DBecause of program and time limitations,
most of the full matrix cycles refined only portions of the structure,
conteining on the everage 20 atoms. This program minimises L w (lrol -
I?,1)%, and the wetghtvw = 1/IF | vas used for sll cycles except the
laet two. It should be noticed that "refinement” Cycles I'" to IX'",
based cn & part of the dsta iist, had sctually increased the overall
value of R to 17.8% from its value of 16.6% at Cycle VIII", Five of
the partisl-structure, full metrix refinemsnt cyclee had reduced the
R~factor only slightly, vhen time comsiderations suggested a changs to
the block disgonal progrsm. The full metrix refinement had shown that
neglect of off-diagonal teryms vas not a prime csuse of slow refinement.

Addition to the structursl model of hydrogen atoms on ring diagonals
and 1.0 A from the eppropriete cerbon atoms lovered the R~velue (based
on Cycle VIII-F) from 15.7% to 14.7%. It was considered appropriate to
begin refinement of anisotropic (ellipsoidal) temperature factors of the
forn exp-[B) 17 + B4E + Bygt® + Btk + By U + By ki] et this stage.
Eix cycles, refining positional and ellipscidal temperature paremesters
refuced R to 9.7%. A graph made by plotting the asversge error in P,

(ae measured vy ||P | - [P |]) versus |F | after Cycls VIII-B shoved
thet the functim\/";a 1/(0.260% + 0.038% [F_| + 0.001852 |F_|?) more
closely represented the pattern of error than 1/ 'Fo’ . Qualitatively,

this function concurs with a personal evaluetion of the dats measurement,
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giving smaller weight to very small reflections than the simpler function.
These very weak reflections are felt to have a larger relative error then
somevhet larger reflections. Refirement was continued for two more cycles
with this weighting function, but the parameters shifted by negligible
amounts. As during sall refinement on the IBM 7090 computer, uncbserved
reflections were included in the least squares equations caly 4f the cal-
culated values exceeded the minimm observeable values. In the latter
cases, these reflections were assigned twice the welght that would be
given en cbserved reflection of the same megnitude, In the last set of
structure factors calculatioms, only 94 of the 1132 uncbserved reflec-
tions were ¢alculated to be larger than the minimum cbaservable velue, and
none of these greetly exceeded that vslue.

The parameters used throughout the dlscussion of this structure are
those obtained from Cycle IX-B, for which R = 9.5%4. These parameters,
together with their stendard davistions cbtained by inversion of the
least squares matrices, are listed in Tables 2 and 3. The listed hydrogen
peramsters are those calculated following refinement Cycle V«-B, by placing
the atoms 1.00 K elong the ring diagonals from the appropriate carbon atoms,
The shifts in carbon parsmeters after Cycle V-B were not felt large enough
to warrant recalculetion of the hydrogen positions. For all cycles in
vhich the hydrogen stoms were included, each was given the isotropic
temperature factor of 5.5 A. Table 8 gives a list of structure factors
calculated using the f£insl perameters, together with the observed values.

Atomic form factors used for the finel refinement were those of Free-
man (10) for fluorine, McWeeny (11) for hydrogen, and Hoerni and Tvbers (12)
for carbon. For earlier calculstions on the Burroughs 220 computer, the



Atom (x/2) o(x/a)
c(r + 1604 ,00051
c§23 .0390 .00049
c(3) -.1199 .00052
c(4) -.1767 .00049
025; -.0291 .00051
c(6 096k 00048
c(7) .2581 .000k9
C(B; .3150 00049
ng ) ~.éggz 00057
C 10 -e .00062
c(11) ~.1421 .000TH
0212) -.hsggg .ooo;g
c(13) -. .000
C(lhg -. 3434 00059
chad ot
c(17§ :5096 :oooae
c(18) ~.5895 .00072
0(193 ~.5355 gggg;
c(21 .0519 00050
~.0397 .00057
°§QZ§ °2;Eg -0006k
c(ak) ~. .
0(25; ~.1365 ,00069
c(26) -.1010 .00059
é ; .0521 .00055
1286 00074
§a9; .0887 .00105
c(30) -.0277 .00081
HES g gt
c(32) -. .
c§53§ .gézg .ooosg
c . .0006
SR B soom
c 37§ :uhls :00071
c(38) .3855 ,0006k
c(39) .4657 .00053
c(ho) .6024 ,00056
cgtlg .7330 .ggggo
c(u2 48T . 9
c(43) .6149 .00061
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TABIE 2

Pinal Positional Paremeters

o(x)2

.00hk7
.00k5
.0048
.00h45
.00L7
.00k
0045
.00L5
.0053
L0057
.00T2
0066
L0054
.00oU8
0065
0076
bm
.0058
L0053

0053

-0057
«0059

.005’4
0051

.0097
-0075
.0066
.0057

.0060
.0072

0066
0059

.0052
.0055

-0056

(y/v)

2873
(] EGB
2759
.2015
2h32
02005
L2622
[} 3”8
.3019
. 3564

.3802
3481

2972

2736
. 1060
ol37
L0880
0783
L0165
0756
2676
.2098
L] &&
« 3039
3632
. 3459
0899
L0637
.0378
+1157
L0905
.0110
2515
1571
. lhw
2308
. 32“'7
. 335k
4182
J43h5
5134
5803
.5628

a(y/v)

00033
.00031
» 0003k
.00035
.00033

000U5

000

o(y)A

.00k8
.00k5
L0049
.0051
.00k48
0048
0049
. 00h9
.0052
.0059
L] wsa
.0070
0072
.0058
.00k9
- 006!&
0072
L0064
L] m
0054
. 00’49
.0059
.0072
L0070
. 0065
.0056
L] 0052
[ ) 006h
L0077
.0064
.0061
.0057
.0052

0061

00Tk

.0080
. 0078
0062
.0051
.0059
.0064
.00T2
.0061

(z/c)

.1886
.2264
+ 1709
.2336
.3031
.2628
.3178
.2489
.0832
0094
0759
.0856
.013%0
00720
.2316
.1k29
.1%08
2299
<310k
. 3217
L1k6

5887
6196
5482
Lh63
2232
L1417
L1045
L1502
2303
.2683
RBTH
4379
-5309

5816

2321
284k
. 2658
° 1%2
.1k22

o(z/c)
00030
.00033

.00031
00031

g8
g

00031

H

00039

-

00033

Bias

00036

* @ & @ & 9 & & B S e & ® e ® ¢ @ s

.0057
.0063
.0050

0051



Atom (x/a) o{x/a)

c(lh

F(h5

7S

gﬂ)'%@
H(4G) ~.34hb
3(503 ~.518%
B(51) -.4155
e e

5 "-5

H(shg -.6863
H(55) -.5931
H(s6g "-5652
H(S? ~-007’6
H(58) ~.0694
H(53) -.1506
H(60) ~.1703
HE
H§65§ L1489
H(6k) -,0565
R i
3(673 2561
Ry i
H(70; L9223
H(71) .3950
2(12) .5970
e
2(T3) “6ang
H(76) .3756

L4731 .00056
1632 ,00031
0972 00031

- 2h -
TABIEZ 2 (continued)

o(x)d (y/v) oly/v) oly)d (z/c)

L0052 4828 .00037 .005h .15939
L0029 2633 00021 .0030 .0828
0029 4317 .00015 .0028 .25L6

. 3777 00168
L1179 -.1302
<3645 -. 1478
2754 -.0219
235k .1256
.06h2 0T
-.0329 L0755
-.1461 2296
-.1372 3833
.1209 .3870
L1531 4660
.1852 ‘ 6407
. 3164 L69he
L4193 .5683%
3892 « 3935
L1198 <1094
"00559 N 001‘61‘,
-~ 1%6 . 12%
- olh‘?l ' ;262)*
0230 <3269
+0969 . 3865
L0791 5456
2228 66830
. 38k1 .6337
L4036 L4765
3873 <3350
.5252 . 3036
6400 .18%2
6103 0921

L4713 1221

o(z/e)

00037
.00018
.00013

U(z)f&.

.00k
002k
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above fluorine and hydrogen form factors were used, and the average of
the Hoerni-Ibers (12) and the Berghuis, et al. (13) form factors was

used for carbon.

Accuracy
The uncertaintics (standard deviations) in individusl positional

parameters obtained by inversion of the normel equation matrices are
listed in Table 2. Mean values are 0.00kk & for the carbons of the CB
tricyclic skeleton, 0.0048 A for the G-phenyl carbans, 0.0056 & for the

ortho phenyl atoms; 0.0093 3. for the meta and pers phenyl atoms, and

0.0029 A for the.fluorine stoms. If these groups of stoms are dencted by
the subscripts s, @, o, and m respectively, the above velues of o lesd to
wncertainties of 0.0053 A for the c_-F bonds, 0.0062 A for C_-C_ bonds,
0.0065 A for C_-C,, bonds, 0.0074 & for Cy-C_ bonds, 0.0087 & for C-C_
bonds, and 0092 for cm-cm bonds, The mean uncerteinty in the phenyl C-C
bonds of 0.0085 A may be compered with the root mean square (rms) devia~
tion of these presumably nearly equel bands from their mean of 1.381 A.
This rms value 1s 0.017 A. The rms deviation of these 36 carbon atams
from their respective least-squeres planes is 0.009 R, campared vith a
mean g of 0.0057 3.. It is known that partial diagonelization of the least
sQuares matrix results in somewhat low standard devietions; comparison of
the ¢ and rms values found for positions and bonds in the phenyl rings
suggests thet the ¢'s obtained from the least squares matrices should be
increased by approximstely 50% to give true estimates of the errors in
the structure. Therefore, average values of 0 = 0.0066 A for the carbon

stoms of the 08 skeleton, 0.0072 A for the a phenyl carbon atoms, 0.0086 A
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for the remeining phenyl atoms, and O.004kL A for the fluorine atoms

will be edopted as weaningful estimetes for the following discussion.
These figures tmply o(C-C_) = 0.009% A, o(C_-C,) = 0.0098 4, o(c-C) =
0.012 & for the remsining carbon bonds, and o(C_-F) = 0.0075 A. Approxi-
mate uncerteintiss in bond angles of 90° and 120° of the central skeleton

derived from these positional uncertainties are 0.8° end 0.9° respectively.

Discussion of the Structure

Despite its complexity, this structure determinstion represents the
- most eccurate data currently availamble on the structural parameters of a
cyclobutane ring and, with one exception, of cyclobutene rings. ¥Further-
more, most previous studles have utilized gas-phase diffraction of elec~
trons and have obtained only average C~C single bond lengths. The bond
lengths found in the three four-membered rings (see figure 4) in general
confirm the average lengthening of bonds deduced from previous studies,
but also prove that assumption that the single bonds of a substituted
eyclobutane ring sre equal mey be far from the truth.

Dunitz and Schomaker (1%) have discussed the lengthening of C-C
bonds in four-membered rings, and their explsnation of the effect in
terms of cross~ring repulsion between the abnormally close non-bonded
carbon atoms ls generslly accepted. They estimate the size of the effect
a5 0.0 A 1n single bonds end 0.02 A in double bonds. In the present
study, the C_ a-C_ s bonds c(1)-c(6), c(2)-c(5), and c(5)~C(6) with
lengths of 1.589, 1.579, and 1.578 A respectively, average 1.581 R,

or 0.037 A longer than the "normal" C__g-C__g single bond of 1.54k4 A.

_ sp¥ "sp
The two C_e~C_ 2 double bonds C(3)-C(k) and C(7)-C(8) ere both 1.357 A
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H(L8)
c(11)
c(12)—u(4o)
H(52) H(53)
c{13) \
-\ c(16) c(i7)
H(50)
¢ (4 )}—c(15) c(18)—u(54)
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72(75)

Figure 3. Fhenyl Groups humbering System.
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500
578

Figure 4. Bond Distances and Angles. Fluorine atoms are encircled.
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in length, 0.019 A longer then the velue of 1.338 A given recently by
Dewvar end Schmeisling (15) as normal., These cbservations fit Dunitsz's
and Schomaker's estimotes almoat perfectly. However, the remsining bonds
show either no lengthening, or even shortening. The four C sp"‘"c sp’

single bonds in the cyclobutene rings are 1.521, 1.504, 1.532, and 1.504 A
long respectively. The average of these bonds, 1.515 3., is almost exactly

the "normsl” value of 1.517 A (14). Finelly, one of the C a bonds

ep®Cop
0

in the cyclobutane ring is 1.500 A in length, significantly shorter than
the other three and even significently shorter than the normal unconstrained
velue of 1.544 A, If Dunitz end Schomsker's explansticn of the lengthening
observed in same of the bonds is asccepted, then some other, opposing effect
must be put forward to explain the absence of this lengthening in five of
the ten bonfs observed hem.* Furthermore, the idea of cross-ring repul-
sion does not explain thé fact that all C-C distances between the Ch rings
end the phenyl substituents sre shorter than normsl, The four CSP;-»C spg
bonds of this type are 1.466, 1.462, 1.466, and 1.473 R in length, avereg-
ing 1.467 £ in length, or 0.012 & shorter than the expected value of

1.579 A (15). The two C,,3-C, e bonds of 1.507 and 1.499 & everage 1.503 &,
0.014 X chorter than the expected 1.517 K.

»
The cyclobutens ring in phenylcyclobutenedione (15) also shows one
distence which is slightly chorter than expected. One of the C sprc ap?

bonds in this compound 1s 1.463 hd 0.006 ﬁ. The remaining distances are

lengthened: C_g=C 2=1.358 A, and two other C_-C_z distances are
ey o Cop?

1.507 and 1,543 A,
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In view of the recent revival of respect for the importance of
hybridization states in determining bond lengths, consideration should
be given to the previous suggestion (17, for exsmple) thet strain in
the four-membered rings forces ring bonds to have more E-—chmc’eer and
thus external bonds» to have more s-character than in unconstralned sys-
tems., Such changes in hybridizetion would explain both the observed
Jengthening of bonds within the ch-rings and shortening of the externeal
bonds attached to these rings. The shortening of aome of the bonds
within the Ch rings can also be explained in terms of chenges in hybrid-
ization ratic. The only bonfs within cu rings showing shortening are
sdjecent to cerbon atoms bearing flucrine substituents. In fact, the
aversge of the two cyclobutens C 81#-03?3 bonds nearest the fluorine
atoms 1s 1.504 A, slightly shorter then normel, whereac the aversge of
the correspanding two bonds on the Opposite side of the molecule is
1.527 £, 0.010 X longer than normel. Although the latter lengthening
is not statistiocally significent and 1z less than expectéd, it is inter-
esting that the distortions from mirror symmetry In the cycldbutene rings
have the come sense in the two rings. It is well known that the normal
c ap“"F bond distance varies fram 1.%9 K vhen one fluorine atom is bonded
to the carbon, to 1.33 3. when there are three or four fluorine stoms on
the same cerbon. This shortening can be explained in terms of increasing
s-cheracter in the C-F bond a3 the number of fluorine atans attached to
the carbon increases. Bent (18) has estimeted the amount of s-charecter
in the C-F band in 033! ac 15-20%, compared with 25% 4n CF,- The s-
character in the remaining bmds- in which the carbon participates must
increase with a 8ecreasing mumber of fluorine substituents, and thus one
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TABLE 4
Bond Distances Not Given in Pigure 4 (Phenyl C~C Bonds)

Atoms Iength Atcms Length Atoms Length
c(9)-c(10) 1.0k A c(e1)-c(22) 1.390 A c(33)-c(3s) 1.301 &
c(9)-c(ih) 1372 c(21)-c(26) 1.4ok c(33)-c(38) 1.39%
c(10)-c(11) 1.W14 c(22)-c(23) 1.332 c(zh)-c(35) 1.304
c(11)-c(12) 1.362 c(23)-c(ak) 1.360 c(35)-c(26) 1.351
c(12)-c(13) 1.366 c(ak)-c(as) 1.386 c{36)-c(37) 1.384
c(13)~c(14) 1.398 c(25)-c(26) 1.3% c(37)-c(38) 1.38
c(15)-c(16) 1.3358 c(27)-c(28) 1.37M1 c(39)-c(k0) 1.373
c(15)-c{20) 1.ho1 c(e8)-c(3) 1.3%8 c(39)-c(d4) 1.393
c(16)-c(a7) 1.373 c(28)~c(28) 1.387 c(k0)-c(h1) 1.371
c(17)-c(18) 1.385 c(29)~c(%0) 1.380 c(k1r)-c(u2) 1.399
c(18)~c(19) 1.360 c(30)-c(31) 1.341 c(h2)-c(k3) 1.357

c(19)-c(20) 1.386 c(zr)-c(32) 1.399 c(kz)-c(kh) 1.376
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TARIE 5

Bond Angles in Phenyl Rings

Angle Valus Angle Value Angle Value
10,9,1k 119° 22,21,26 118° 34,33,38 118°
9,10,11 121° 21,22,23 121° 33, 34,35 121°
10,11,12 119° 22,27,2k 21° 3h,35,36 120°
11,12,13 121° 23,24,25 119° 35,36,37 120°
12,13,14 121° 2h,25,26 121° 36,37,38 120°
13,14,9 120° 25,26,21 120° 37,38,33 120°
16,15,20 118°* 28,27,32 118° L0, 39,44 119°
15,16,17 122° 27,26,29 121° 39,40, 41 120°
16,17,18 120° 28,29,30 121° 4o, 41,42 120°
17,18,19 119° 29,30,31 118° k1,42,43 120°
18,19,20 121° 30,31,32 123° h2,h3, bk 120°
10,9,3 21° 22,21,5 122° 3h,33,7 21°
14,9,3 120° 26,21,5 120° 38,33,7 121°
16,15,4 121° 28,27,6 121° 40, 39,8 120°
20,15,4 21° 32.27,6 121° b, 39,8 121°



Closest Intermolecular Approaches%

H~H

Atoms Dist,
52-65? 2,31 &
52-505 2.95
e R
58kt 2.70
58-55 2.95
59 2,54
59-k 2.92
595k 2.60

H-F
h5-6hc 2.87

H-C
l 3‘20
lso--61F 2.83
té:éll e.gg

30

4o-k 3.08
Lokl 2.9
531, ¥ 2.82
5}11 2.89
73-2hA 2.85
T3-25 3.11

c-C
11-10? 3,51
17-13 257

P-C
15-30° 3,50

- sk o

TABLE 6

]
dietances 5 3.0 A

Atoms Dist,
645 ¢ 2,31 A
65-5 2.99
675 2.82
68--55D 2.72
68~ 2.72
69-6 A 2,59
T-Tlp 2.66
T2-61 2.20
159" 2.8
distances s 3.0 R
be-48" 2.7
distances s 3.2 R
sh-238 3,19
542 3,13
s B
3.13
59-211‘3 3.05
65—16D 3,20
65~3‘5,, 3.1h
65-361 2.81
Th~ 3.08
T5-1 3.10
distences 5 3.6 R
3-19” 3.59

[ ]
distance & 3.6 A

Atoms

ik

75-5
T6-1s
76~T5

67~13§
63-1
59-%
79-39"
7045}
76~

bo-10F

2

PR PPP
SEEIEBRBY

2.87

S2BERELSER

3.58

e

»
Absence of superscript indicates an atam in the molecule at (x,y,z) with

parameters listed in Table 2.
atom with the following code: A, f{1-x)

¢, {-x, -y, -2]; D, [-x, -y,
G, [-x, (2~y), (1-2)1; R
3, [(-1-x), -y, -=l; K, [

(1-2)15 E, [-x

(
[('l“x); ~Ys (1‘55]3
(1+x), (1+y), z].

)“1,'
i(lfxs. (

Superscript indicates e symetry-related
(1-y), (1-2)); B, [x,v,(242));

{(1+x), v,2]);
1-y), ~2);



or more of these bonds must be shortened. The surplus of g-character
to be divided smang the three C-C bonds in the present case should be
simtlar to that eafimateﬂ by Bent for cag because the C-F bonds are
nearly equal (1.395 and 1.391 A) in the two compounds. That this effect
is of sufficient size to aceount for at lesst most of the shortening of
the C(1)-C(2) bond ané probsbly also of C(2)-C(3) and C(1)-C(8) is seen
vhen 1t is realized that a change of 8% in s~cheracter between sp° and
sp° hybridisation changes the length of & carbon-carbon band by 0.065 A.
If in the present case, & small amount of the surplus g~character on
carbons (1) and (2) enters the €(1)-¢(2) and C(2)-c(3) bonds, and the
major part enters the C(1)-C(2) bond, the cbserved deviations from
normalcy are at least qualitatively explained. Why the C(1)-C(2) bond
is 80 extremely short is not clear. Additional accurate experimental
data on the length of C~-C bonds in the configuration F-C-C-F would be
very velusble in clarifying this point.

The C-¥ bends of 1.39% and 1.396 A compare well with other recent
determinetians in similar compounds (1.391 and 1.385 A in CE¥ (19,20);

1.579 & in cH,GEF (21)5 1.43 £ 0.02 & 1n (CH,), @ (22)). The C~C boods

3)5 .
in the la‘cper two compounds are also short: 1.533 A 4n CHBQIQ? and
1.516 + 0,005 A in (CHy),GF. A slignt shortening 1s also cbserved in
the peir of compounds H,C=CH, (1.337, 1.339 X (23)) end FHCsCHF (1.324 +
0.005 & (24)).

The angles between least squeres planes Pl end P2, and between Pl
and P3 (see.table T for atoms defining each plane), the meen planes of
the various C, rings, are 113°40' and 113°20' reepectively. These should

be regarded ss only approximate velues, however, because the mean deviation
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TABLE 7

Least-Squares Plenes®

Aﬁams used to | _Distences from plene

Plane | calculate plane cos A cos B cos C |Atom D Atom D

Pl 1,2,5,6 -.45238 -.30305 -.65250| 1 -0.005 53 -0.005
2 0.005 6 0.005

P2 2’3,k’5 -63"‘% "n72563 -.5w75 2 0-016 5 -0'015
3 -0.018 9 -0.080
L 0.018 15 0.190

P3 1,6,7,8 63828 -,72756 -.4k9582| 1 ~0.027 8 0.031
6 0.026 33 -0.,194
T =0.031 39 0.108

Ph 3,10,11,12,13,14 | .28785 -.85631 -.bO263| 9 0.010 13 -0.006
10 -0.003 14 -0,006
11  -0.009 3 0.03h4
12 0.01h

P5 15,16,17,18,19,20 |-.86060 .79860 -.23941| 15 -0.006 19 0.003
16 0.008 20 0.001
17 ~0.004 b  -0.054
18 -0.001

P6 21,22,23,24,25,26|-.75591 ~.25%94 ~,13747| 21 0.003 25 -0.001 .
22 ~0.003 26 0.000
2% 0.002 5 0.135

24 0.001
PT 27,28,29,)0,31,}2 -.TTTlS .kOl96 —.65109 27 -0.0014 31 -00007
28 <0.006 0.010
29 0.009 6 <0.017

m -0.002
P8 | 33,34,35,36,37,38| .88k16 -.14b416 -.39799| 33  0.018 37 -0.012
, 34 .0.011 38 -0.007
35  -0.008 T 0.007

4 36 0.019
P9 | 39,40,41,42,k3, 44} 4T700 ~.66353 -.63526| 39 ~0.010 43  0.010
o -0.002 Lk 0.006
L1 0.018 8 0.026

k2 -0,022 '

*
A, B, and C are the angles between the plane normal and the unit cell vectors
&, b, and ¢ respectively. D is the distance of the given atom from the plane.



of a given atom from plenes P2 and P3 1s 0.023 ﬁ, and thus the cyclcobutene
rings are not yeally planar. The various C-C«C angles which should ap-~
proximstely equel these interplansr engles are: angle 1,2,3 = 115.4°
(PL,P2); angle 8,1,2 = 115.9° (P1,P3); angle 6,5,4 = 111.9° (P1,P2);

end angle 7,6,5 = 110.7° (PL,P3). The angles on the "flucrine side" of
the molecule are nearly equal and those on the opposite side are also
nearly equal, but differ significantly (sbout 4.3°) from the former pair.
This difference probebly reflscts the hybridization chenge of carbens (1)
and (2). This factor and poesibly steric repulsion, between neighboring
phenyl groups, to be discussed more fully later, probably sre responsible
for the non-~-planar cyclobutene rings. The cyclobutane ring is accurately
planar, with s mextmm devistion from planarity of 0.005 A.

Table 7 liste the least squares planes of the six phenyl rings,
Ph-P9, together with planes P1-P3. (Plgures 3 and b relate the phenyl
rings to the Cg skeleton,) These planes were computed on the Burroughs 220
computer with a program written by Mr. Noel Jones. The msximm deviation
from planerity of the phemyl carbin atams is 0.022 A, a statistically in-
significant distence. The many close approaches between atoms in this
molecule 4o result in the distortion of other relationships normally ob-
served in phenyl rings. Meny of the stoms to which the phenyl groups are
attached are significantly out of the planes of these rings. The phenyl
carbon atoms ettached to the cyclobutene rings sre also far ocut of the
meen plenes of these latter rings. C(3) is found to be 0.034 A £rom Ph;
c(4) is 0.054 £ £ram P5; C(5) 15 0.135 R from P6; and C(8) ic 0.026 A
fram P9, C(7) 1s sccurately in plane P8, and C(6) is only 20 from PT.
The phenyl carbon atoms attached to the two cyclobutene rings are on
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opposite sides of the planes of these rings; they are ~0.080 and +0.150 A
fram P2 and ~0.19% and +0.108 X from P3. These distortions sre certeinly
caused by the close approaches of the phenyl rings, It is interesting

to note, in comparison with this out-of-plane distortion, that apparently
no in-plsne distortion of the C=C-C angles external tovthe cyclobutene
rings is ceused by the cis phenyl substituents, The mean C=C-C externel
angle observed here is 135.1°, slmost the seame as that found (135.3°) by
Wong, Marsh, and Schomaker (15) in phenylcyelobutenedicne.

In addition to the distortions from planerity Just mentioned, the
presecace of ggg phenyl substitusnts on the cyclcbutene rings causes the
phenyl groups to twist out of the plane of the Ch ringe. These twists
can be approximately described by the angles between the normasls of the
phenyl rings and of the meen cyclobutene plsnes, Angle P2, Ph 18 26.9°;
angle P2, PS5 is 45.7°. Angle P35, P8 is 48.0°, and angle P3, Py 1s 12,1°.
The twists of the phenyl groups Jjoined to & single cyclobutene ring have
the same sense, as 1s reguired by steric factors.

Viewed along the molecule's spproximate 2-fold axis, the four phenyl

rings attached to eerbons 4, 5, 6, and 7 are seen to possess a "propeller”
configuration, if allowance is made for the fact that the‘four "blades”
are attached at the vertices of a rhambus rether than of a square.
Neither examination of a model nor consideration of very short intramolec-
ular distances makes {t clear whether this configuration is required in an
isolated molecule. There are many intramolecular C...C distances between
3.0 and 3.3 ﬁ vhich could be lengthened by rotation of phenyl groups. In
the ceses of rings C(21)-C(26) and C(27)-C(32), some of these very short

distances would be made even shorter by rotetion in ejther direction, The
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remeining four phenyl rings would be allowed free rotation over fairly
large angles in an isolated moleculs. Their configuration in the soclid
state are thue largely determined by intermolecular packing.

A mejor feature of the "propeller” packing arrangement--the close
spproach of s hydrogen atom on one phenyl ring to the center of another
ring--1s cbserved many times in intermolecular es well as intremolecular
packing in HPT. Within s single molecule there are five of thase "nest-
ings" of hydrogen "eggs" by phenyl groups. R(57) is 2.83, 2.88, 3.59,
end 3.48 & from carbons 33, 34, 35, end 38; H(56) is 2.77, 2.99, 3.01,
and 3.16 A from carbons 21, 22, 23, and 26. H(66) is 2.87, 3.50, 3.57,
and 2.91 A from carbons 15, 16, 19, and 20; cerbons 27, 28, and 32 "nest”
hydrogen (67) at distances of 2.86, 3.38, and 3.10 A; and carbons 33, 37,
and 33 sct a5 a "nest” for hydrogen (72) at distances of 2.77, 3.58, and
2.73 £, These are all _;_or_t_._h_g‘hyﬁrogens with respect to the points of at~-
tachment of the phenyl rings to the central 08 skeleton. Meta atoms of
four of the phenyl rings show intermolecular nesting in the same feshion.
Thus, H(70) 1s 3.06, 3.16, 3.28, 3.26, 5.20, and 3.08 A reespectively from
carbons B-39 to B-lil (see table 6 for explanation of labelling of symmetry-
related molecules). H(53) 1is 3.50, 3.38, 2.82, end 2.89 A fram carbons
P-10, 12, 13, and 14; carbons C~37, 33, and 39 "nest” H(65) at distances
of 3.1%, 2.81, and 3.51 A respectively, end carbons B-23, B-24, and B-25
do the seme for H(73). Thus, "nesting" of this type plays e major role
in the packing of the molecules. Figure 5 1s & drewing of packing models
of HPT, two unit cells high and wide, and one unit cell deep, projected
down the g~axis. BExamination of this figure will show the importance and

menner of "nesting" between the various phenyl rings.
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Teble 6 1liste the closest spprosches between molecules. None of
these is abnormelly short.

Conglusicns

This estudy has proved the structure of the dimer CMB}OFE reported
by Kitahars, et al. (1) to be anti-1,2-difluoro-3,4,5,6,7,8-hexaphenyl-
tricyclofh-2.0.%7)-octa~3,7-dlene. The central C,F, rigid framevork
dieplays symmetry 2(ac2) within experimental error, but the amounts of
rotation of the phenyl rings about their bonds of attachment to the
tricyelic skeleton do not obey this symmetry. A lengthening of the
average C-C bond in the Ch rings in comparison with the value expected
for wncmstrained bonds is found, but the amount of this lengthening
varies from bond to bond, thus warranting reexamination of Dunitz's and
Schoueker's aﬁtrib\tbién (14) of this lengthening to cross-ring repulsiom.
The C-C bond in the configuration F-C-C-F iz cbnormally short, 1.500 +
0.009 {, perticularly for a bond in a cyclobutene ring. This shortening
is attributed to change in hybridization of the carbon atoms by the at-
tached fluorine atoms, The cyclobutane ring in the dimer is accurately
plener, but the two cyclobutene rings sre not. Intramolecular crowding
and the above-mentiomed change in carbon hybridigation by fluorine are
probeble couses of the lack of plansrity of the cyclobutene rings.
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TABIE 8. Observed and Calculated Structure Factors
Each group of three columns lists £, lOFO, and lOFC, and is headed by
common values of h and k for the group. Negative numbers in the 1OF°

column are lOFmin for unobserved reflections., Asterisks identify
reflecticns omitted from the final least squares calculations.
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INTRODUCTION

Some time after the determinetion of the moleculsr structures of the
boron hydrifes, attention shifted to the structures of derivatives of
these campounds, which were then being prepered. The first derivatives
of d/eoaborana, Blo 12 Vere halides of formulas BlOHL?xQ and BlO 13
with X = I or Br. Schseffer (25) showed 31051212 to be & substitution
derivative with the iodine etoms in positions 1 and 4 (stendard By ol
numbering system; see (26)). Purther work hes showm thet 21l of these
halogen derivatives are probably formed by substitution of ‘cne or more
of the "lﬁwer" hydrogen atoms in positions 1, 2, 3, and k. Somewhat
later, exsmples of e second cless of compound of the genersl formula
Blol—lmﬁg, in which R is an electron donor, appesred. Reddy snd Lips-
comb (26) soon showed that Blonm(ﬂcca )2 could not be coneidered =
substitution derivative of B th because B~B bond lengths and hydrogen
atomic positions sre different from those in BlOKll&’ They conclude that
the new series of 31033.232 canmpounds should be regerded as substitution
derivatives of anlh"a, in vhich the R-groups replace H ions in the 6
and 9 positions.

When Burkardt end Fetter (27,28) obtained a stable crystalline com-
plex between decaborene and pyridine and were able to prove thet this
complex loses two moles of hydrogen at eleveted temperstures,; presumsbly

to form a campound of the B R2 type, but is very steble at room

10 12
temperature, interest wes immediately eroused by the possibility of
determining the moleculer structure of = member of this possibly new

cless of boren compound. Drs. Petter and Burkardt supplied a sample of
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an equnlly stable complex prepared in the same menner as the pyridine
camplex, but containing 2-bromopyridine rether then the unsubstituted
meterial, This compound unfortunetely wes not subjected to the seme
series of tests for hydrogen loes es the perent compound; when &
satisfactory triel model for the atmturé hed been determined and partly
refined, the B-B distances and the locations of the nitrogen atoms re-
senbled very closely the corresponding features in BlOHm(NCCH})E. A
difference Fourier mep computed at this stege, although inconclusive,
also seemed to show hridge hydrogen atoms 4in the positions found in the
acetonitrile cowpound. Further chemicsl investigetion by Dr. Petter (29)

showed that the complex B -2(CSHuI%Br) vhich mey be formed at low

10514
temperatures loses two moles of hydrogen belcw roan temperature to form
By m(c Hurx&')a, the material which is the subject of this investige-

tion. By the time this diseppointing news wes sveilsble, the crystal
structure refinement vas virtually camplete. It therefore furnlshes a
confirmation of Reddy and Lipscomb's determination of the altered hydro-
gen locations in the borchydridle portion of the molecule and an indice-~
tion that the altered structure is common to all members of the BlOH]ZRZ
series of compounds prepared in feshions similar to Bmle(I\R’.‘CH )2.
About the time the true molecular formila for B, le(c H)NBr),, became
known, & determinstion of the crystal structure of By [ (cH )2]2 (30)
appeared in print, elso showing the borchydride skeleton found in 4i-
acetonitrile~-dodecaehydrodecaborane.

The sudden proliferation of BlonRa crystal structure dstermina-~
tions mekes this Investigation of less importance than was initiaelly

expected, but this work does provide comment on one structural point
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not touched by either of the two previously published structures.
Craybill and Hawthorne (31) have attributed the colors of complexes
between decaborane and various substituted pyridines to a mechanism
involving extension of the n-electron system of the pyridine ligand
into the borohydride skelston. The location of the pyridine rings

in the Bloﬁm(csﬂhNBr)a structure (hereafter called DBBY) shows -
overlap of the kind proposed by CGraybill and@ Hawthorne to be of little,
if eny, importance in determining the moleculsr configuration about

the B~ bonds., Rather, hydrogen-hydrogen and bromine-hydrogen contects
between the borohydride and pyridine parts of the molecule and possibly,
in the crystel, intermolecular péeking requiremnents determine the con-
figuration at these points.



EXPERIMENTAL DATA

Unit Cell and Spece Group

All of the materiel used in this investigation wes obtained from
one of two samples supplied by Drs. Burkerdt and Fetter., Ome of these
samples wes macrocrystalline snd consisted of a few tablet-sheped crys-
tals wp to 3 me in meximm length mixed with a much greater number of
multiply twinned needles. The only single crystals found were the
tpblets, and fragments of these ware~ used for all photogrephs. The
gecond of the originel samples was & bright yellow powder which was
recrystallized from acetone~cerbon tetrachloride mixtures to give more
of the orange-yellow macrocrystals. With less then sbout 20% by volume
of CC#; in the solvent, only the needles (egein inveriably twinned)
were obtained, and in & solvent mixture containing more than about 50%
CClh, much of the complex decomposed to give a yellow oil and clear
crystals. The untwinned tablets, toéether with needles, were obtained
from solvent mixtures of about 40% CCZ) and 60% acetane.

Most of the tablets were spproximstely the shape of bricks, with
(100} present as the largest faces, snd (010), the smallest. Frequently
foces (011} and [011) were slso developed; in a few cases these were
ag large as {010). ‘

An (hO8) Weissenberg £ilm prepared with CuKo rématiou and (Oks)
and (hkO) precession photographs exposed with McKo radiastion, together
vwith (hlg) through (h7£) equi-inclination Weissenberg photographs taken
to identify systematic extinctions, were used to obteain a preliminary

unit cell., Refined values of o = 13,710 + 0.006 4, ¢ = 30.087 + 0.012 &,
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end B = 90°56' + 01' were obtained fram least squares fitting of the
sin29 values of 19 high-order reflections measured on a precision zero
layer [010] Weissenberg film exposed in the Straumanis arrangement.
For this determination, the Kal wavelength of copper was agsumed to
be 1.54050 A, A refined velue of b = 9,011 + 0.012 A was cbtained from
en (hkO) precession photogreph, using the value of a* for calibretion.
The density of the compound was determined by the flotatiom method
using o CC8,-EtBr-EtI mixture, snd was found to be 1.560 + 0.003 gn/cm’.
The theoreticel density, assuming eight molecules of Bmﬁla(csﬁum’r) per
unit cell, is 1.561 + 0,002 g/,
The monoclinic unit cell end 2/m Laue symmetry, together with the

systenmstic extinctions

hkf with h + k+ £ =2n 4+ 1

hOZ with either h =2n + 1l or £ =2n + 1

define the probable space groups to be Ic or I2/c. The presence in the
(hO8) Potterson projection of two single and two double bromine-bromine
vectors, as required by the presence of two independent bromine stoms

in a cell of I2/c symmetry, rather than six single vectors as expected
with four independent bromine atoms obeying only I¢c symmetry requirements,
indicated I2/c to be the proper choice of space group. This choice has
been shown to be correct by the success of the structure determinmtion.
The asympetric unit thus coneilsts of one complete molecule, and no molec-

ular symetry is required.



- 52 -

Intensity Date

A Genersal Blectric XRD-5 diffraction unit, together with an SPG
goniostat, sexrved for collection of all of the intensity date used for
this structure determination. PFor this purpose, a large crystal from
the original sample of crystalline materisl was selected and ground to
as nearly spherical a shape as possible., The resulting bell was 0.15 nmm.
in diameter, with s maximm error of less than about 8% in radius. Mo-
lybdenum K& radiastion, filtered through zirconium filters, was used for
colleation of the intensity dsta. Although it wes realized that other
methods are more accurate, the stationary crystal-stationary counter
method was used because of the almost prohibitive time required by the
cther techniques. ‘

Furnes (32) discusses the equipment specifications necessary for the
use of the stetionary crystal-stationsry counter method of intensity
measurement., Briefly, these are a uniformly sensitive X-rey detector
large encugh to collect 8ll the redietion diffracted by the crystsal
{for the wavelengths of interest) and a wniform X-ray source of suffi-
clent area to allow simultenecus satisfaction of the diffraction condi-
tions for al)l the mosaic blocks in thg crystal specimen,

The window of the proportionel counter was scanned with a very
nerrov X-ray beam, and was adjusted so that sn area sbout 1.1° wide
which wes uniformly respomsive to within less than 1% in intensity was
centered in the direct beam with the 26 dial set equal to zero. The
distribution of X-ray intensity across the source was measured with a

tiny crystel of DBBY and a very narrow counter aperture, and was found
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to be constant within 3%. As Figure 6 shows, the anguler width of the
source and of the counter necessary to satisfy the staticnary crystal-
stationary counter requirements is given by the sum (in angular measure
at the source and counter poeitions with reference to the crystal as

arc vertex) of the crystal diameter, the mosaic spread, the dispersion
of the al and G radiation pesks, the separation of Czl from Q,, and,

if settings are celculated, = tolerence for setting error. In the
present case, the crystal dlameter of 0.15 mm. 18 equivalent to 0.060°
on the circle representing possible counter positions, Experimentally,
the sum of the orystal width, mossic spreed, Otl end ag peek dispersion,
and @, -G, seperation was found to be 0.25° in 26 by & scan through the
(008) reflection with & very nerrow slit st the counter and e very

small (0.6°) take-off angle at the X-ray source. At this reflecticn
engle (26 = 10.89°), the -0, separstlion amounts to 0.060° (32, p. 79)
and should be subtracted from 0.25° to give a measure of the remaining
terms., Of these terms, only the al and Olg peak dlspersions are functions
of 20, and these are negligible, increasing from 0.005° at 10° (268) to
0.024° at 50° (30, p. 80). A teke-off angle of 5.6° st the X-ray source,
giving an effective source angular width of 0.63°, snd an allowed setting
tolersnce of 0.20°, will thus allow maximmm o, -Q, separation of (0.69-0,19-
0.20-0,02) = 0,28°, According to Purnas (30), Tsble VII-3, p. 79, the
0,-0;, seperation of MoKO redistion et 26 = LO® 4s about 0.25°, Therefore
it woo concluded that the shove experimental errangement wes asdequate to
ellow collection of al and aa integrated intensitles fram the ecrystal
used, for all 26 velues under 40°. The counter aree of umiform sensi-

tivity, 1.1°, greatly exceeded the required 0.69° width. For scattering
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angles of less then L0°, the counter was set st 1/2 (26, + 268_ ). If

b -

this mesn exceeded UO®, the counter was set at 26, and an empirical cor-

%

rection was made for the diffracted intensity lost by lack of =z suffi-
ciently wide X-rgy source.

To determine the correction factor S(26), for the fraction of in-
tensity lost beceuse of @, -0y, separation, the diffracted intensity of a
strang reflection et low scattering angle, where the seperation could
be neglected, was traced as a function of 26 using the adopted take-off

angle of 5.6° and with a very narrov slit st the detector. The integral

20

of the intensity, I(26) =K [/ 1I'(28')a(26'), vhere 26  represents the
360

minimm velue of 26 at vhich intensity sbove background wes detected,

26' is sllowed to renge only over the interval at which intensity from
the reflection was measursbly aebove background, and I' represents the
intensity collected through the narrow alit at the angle 26', was de-
termined graphicelly, scaled to e maximum of 0.5, and plotted against 26
es o function of the &, -Q, separstion at 26. That is, s(2o) = 1(y(20)),
vhere v is (26% - aeal). Figure 7 shows the resulting greph. For reflec-
tions with seattering engles greater than 40°, the intensity actually
meesured was multiplied by (1 + S(26)) to give the total intensity ex-
pected from both the o and 32 redietion pesks.

The background scattering from'tlze crystal was determined as a
function of 26 for twelve different orientations of the crystal. The
resulting functions varied by no more than sbout 10% from a mesn functio,
for eny given value of 26. Background corrections were celoulsted from

the mean function an were not measured for each reflectiom.
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The day-to-day fluctuations in intensity of e single reflection
(008), were used to obtain daily scale factors for correlation of data
collected at different times. The variation in this reflection 4id not
exceed 2%. Hourly fluctuations were even smeller and were neglected,
There was no systematic drift in intensity, but the precaution of allow-
ing the X-ray tube and all counting circuits to warm up for at leest 15
minutes before use vas observed.

When about two-thirds of the date within the copper diffraction
sphere had been collected, the first X-ray tube became faulty, and s
second one was used to finieh the data collection. The background wves
remeasured with this tube and found to be slightly higher than with the
former tube. The S~correction was assumed to be the same for the two
tubes.

With the General Electric diffractometer and the manner in which
the crystal was mounted, the most convenient sequence of data collectiom
wes to follow rows parallel to c®. Data collection proceeded systemat-
ically in this menver until the crystel was accidentally knocked from
the instrument and lost, Becsuse the instrument was to be aécessible
for mly a few more days, it was not deemed feasible to attempt to pre-
pare and mount another crystal. At the time the crystal was lost, 2398
reflections hed been measured, covering sbout 95% of the copper diffrac-
tion sphere. The uncollected data are (5,6,£), (5,7,2), (6,7,2), (7,5,4),
(7,6,2), (8,5,8), (9,4,2), (9,5,8), and (11,4,4) for a1l nan-zero values
of £ within the copper diffrection sphere.

A progrem (SPGLP, see the Appendix) was written in Fortrasn for the
IBM 704 camputer for extraetion of lFofe and |F ol velues fram the experi-

mentel data., This program celculstes the Lorentg-polarizetion factor for
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each reflection end aspplies the appropriate beckground, S-gorrections,
and daily scale factors. Printed output is h, k, §, sin 6, 1/1P, lrolg,
and |F a’ for each reflection, Cards suitable for use in the Gantzel-
Sparks -Trueblood least squares programe (9) are also produced.

Structure factors obtained from the experimental data and multiplied
by the scale factor projected by the last least squares cycle are listed,
together with structure fectors celculsted using etomic parsmeters de-
rived fran the same least squares celculation, in Table 9. Some of the
weak or unobserved l!’oi values listed are based on the (hnf) Weissenberg
films taken with CukX radiation, because it was discovered near the end
of the refinement thet such |F o’ values derived fram the counter-measured
intensities frequently differed by factors of 2 or more from the film
date. In the range [P | & 2|F ml, the standard deviations (derived from
counter statistics and the astimtéd sccuracy of the beckground correc~—
tions) of the counter data asre about five times as large as those of the

£1lm data.

Determinstion of the Trisl Structure

Use of the heavy atom technigue mede interpretation of the diffrac-
tion dats for this structure fairly simple. The (h0Z) daté were collected
first and were used to campute the corresponding two-dimensional Patterson
function., The positioms in projection of the two independent bromine atoms
were easily obtained by study of the major peaks 4in this function. The
bromine stoms were used to phese the experimental |F o] values for a
Fourler synthesle which, after a few weeks of study, wae interpreted in

terms of the expected molecular structure.



~ 59 -

TABLE 9

Observed snd Calculated Structure Factors for BlOHQ(CSHl&NBr)2'

Each group of three columns contains . #, Fo and Fc, and is headed by the
common values of h and k for the group. Negative numbers in the Fo colum
give minimum observable values for unobserved reflections. Asterisks

indicate reflections omitted from the final least squares calculations.
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Cancurrent with collection of the remeinder of the diffraction datas,
the triel x and 2 parameters of the atoms were refined with s serles of
F, end F Q--E"::) Fourier maps. The value of R at the terminatiom of this
refinement was 18%. Rether than carmry this two-dimenscionel work further,
the (hk0) Patterson function was calculated and the y coordinates of the
two bromine atoms were found. A wire and plasticene molecular model wes
used to cbtain very crude wvalues of y for the remeinder of the atoms in
the molecule, by coamparison of the model with the (hOf) Fourier functiom.
Attempts to refine these parameters by difference Fourier syntheses were
unsuccessful because of the extensive overlapping of atoms in the (Ok#)
projection.

When the three-dimensional data became available, the two projections
were correlated by celculation of a few (hk#) structure factors and by
packing considerations. (Combination of the two projections is indeter-
minate by a trenslation of 1/4 In x). The triasl structure determined in
this way was then independently confirmed by calculation of a three-
dimensional Fourier function based on phases fixed by only the brém.tne
atoms. All of the lighter etoms (except hydrogen atoms) were found
vhere the originel model had predicted they should be, and no spurious

peaks wexre spparent.

Refinement of the Structural Model
The three-@imensional trial model was refined using the linearized

least squares equations‘ of Hughes (7). As in the case of CMHBOFT re-
finement wes rather slmr.v Errors in the list of data, discovered at

various times, and the long use of isctropically oscillating models for
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the two heavy bromine atoms are considered the chief causes of the slow
convergance of the least squares procesc. WVhen ellipsoidal temperature
factor refinement was finally begun for the bromine atoms, a comparativciy
stertling drop in the discrepancy index was observed.

Least sgueres C ycles 1" through A-9 were calculated on & Burroughs 220
computer with a block diagomel monoclinic least sgusres program written by

2
. The remainder of the

Dr. R. E. Marsh vhich minimizes L w I}FOIB-IFOI‘?

least squares cycles were camputed on IBM 7090 camputers using the modi-

fied Gantzel-Sparks-Trueblood block dimgonsl least squarves program (see
2

7|

diccussion, pp. 20~21), which minimizes Zw . The atomic
scattering functions used were those of Thomas and Umeda (33) for

bromine, Ibers (34) for boron, Hoerni end Ibers (12) for nitrogen, the
aversge of Hoerni and Ibers (12) and Berghuis, et al. (13) for carbon,
and McWeany (11) for hydrogen. £In ancuslous scattering correction of
0.30 electrons (35) was subtracted from the bromine scattering function.
The progress of the refinement is summerized in Teble 10, The
velghting functionvw = 1/ lFol which proved most successful in eerly
stages of the refinement of CU&EBO?Q with the Msrsh program was used for
Cyeles 1" through 7. Por the last few of these cycles, it was noticed
that calculsted values of the structure factors of the strongest reflec-
tions were much less then the experimental values, Re-examination of
the GPGLP progrem dete showed that an incorrect filter factor had been
used. This errar affected ebout 20 of the strong reflectime; correction
of the @ata list lowered the R-factor from 25.8% to 22.9%. This is the
most serious group of errors founfl in the data list, although from time

to time reflections for vhich the experimental and calculmted structure
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TARIE 10

lecst Squares Refinement of Bloﬂlz(csﬂhﬂﬁr)a

t
4

Cycle (sinas/}\a ) pax

1/!?01 1f observed; 1/&{?0[47 nl

28.5%

0,125

1"

if unobserved

1/|F | 1f observed; /2|, | 12 wcbserved

1/(0.5 - 0.00351F | + 0.000304 [F_|?)
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Cycle  (sin"6/3%) ox

H-1
H-1'%
H-2
H-2'%
H-35
H-k
H-5
H~6
-7

*

0.be2s
0.4225
0.4225
0.4225
0.he25
0,425
0.4225
0. 4225
0.4225

- Gl -

TABIE 10 (continued)

o3

-

\ﬂ\hO’\O\?\O\O’»—QOS
YOO FJOoWw

L] *

1/; 4
1/{b.40 + 0.009352[F_| + 5.825 x 107 [F_[?)

Weighting functions listed were used for all succeeding cycles until e

different function is given.

»
The same heevy-atom perameters were used for this cycle as for the

preceding cycle.,

*
This cycle was not finished because of insufficient camputer time.



fectors were found to differ greatly were exemined on the (hnf) Weissen-
berg films, and in nearly every case the original l!‘ol value wvas found
to be 4in error. Most of these errors were apparently due to recording
that 10,000 rediation pulses had been countéd wvhen the nunber should
have been 1,000, or vice verss. DBecause of the large difference between
these two nmumbers it was considered safe to presume o sisple mcordingv
error existed in such cases, and the appropriaste chengec were made with-
out reducing the weight of these reflections in the leest squares calcu-
lations. .

Following Cyele 7, the weighting function was changed to \/;7- =
1/(0.5 - 0.00351[F_| + 0.00030kF %), a function felt more closely to
opproximate the reciprocals of the o-~values of the structure factors.
Six more cycles were calculated using spherical temperature factors for
ell of the atoms and then a difference Fourler function wes calculated,
using a program written for the Burroughs 220 computer by Dr. K. Hoozsteen.
This wmap showed scme of the hydrogen atoms and was one of the indications
(see the Introducticn) that the moleculsr formule is not Bmam(csnumar),
as wvas thought at this time. The largest penks in this mop were nesr
the bromine atoms and were such as to show strongly non~spherical thermal
vibration of these atoms. In the case of each atom, the grestest amount
of vibrstion wves neerly normel to the plane of the atbached pyridine ring.
Therefore the bromine temperature factors were allowed to refine ellip-
soidaelly for nine cycles. After Cycle A~9 the residusl factor, R, was
14.6% for all of the dnta.

The refinement after Cycle A-O was executed on IBM 7020 computers.

For all of these cycles except the last nine, the weighting function
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Jvw = 1/Irol was ueed. This should approximate the inverses of the
stendard deviations of the reflections, a constant number of rediation
pulses having been recorded for each reflection (for the majority of
reflections; for strong reflections ten or 100 times this number were
recorded, but in many of these cases additional fillers were used,
cancelling the gain in statisticsl sccurscy). The large drop in R
between Cycles B-2 and B-3 1s ceused primarily by chenges in the date
list. Originelly the very weak reflections for which the recorded in-
tensity was slightly less than the background intensity becesuse of
statistical fluctuations in intensity were included in the data list es
zero and were given e weight\/; =1/|F |, vith [P, | set at 10, en
approximetion of the standard devietion of the average background. The
remainder of the very wesk reflections werz entered in the date list at
thelr recordled values, in spite of the known large error in these reflec-
tions. As the refinement prnceedéd it was reslized that this procedure
was not 8 good ane. Meny of these reflections differed fram the calcu-
lated velues by 300% or more. Therefore, ¢

B
the background, wes accepted as a minimum observable value and all

s the standard devistion of

wveaker reflections were included in the lesst squares and residusl (R)

calculastions only if the c¢slculated values exceeded Oge In these cases,

IPol was set equal to 12, an approximation of o,. In Cycle B-6 and all

B.
following cycles (sinﬁ)max wves fixed at 0.65 Rﬁl, the Cu¥Xx diffraction
limit. Only a few zones included reflections recorded at greater scatter-
ing angles and most of the reflections ocutside the copper sphere wsre

wveek and therefore subject to large errors.
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A second difference function wes calculested after Cycle B-3, using
a general summstion progrem (GEIFS) written for the IBY 7090 computer.
This function revealed all of the hydrogen stoms and confirmed the

molecular structure as B (CSHhNBr)2 rether than the tetradecshydro-

10812
deceborane complex originally supposed. Sectione through this differ-
ence map tchowing the hydrogen stcae are given in Figure 8. A Fourier
series computed using the experimentsl |F| velues and phased by the

£inal set of atruéture factor calculations is also shown in Pigure 8.

The largest peek in the difference map has z peek density of 1.7 electroms,
about 2 1/2 tines as large as the greatest hydrogen peak. This 1.7 elec-
tron peek is 1.0 A from hydrogen 34 and in an open space between molecules.
It must be considered spurious. All of the remaining peaks in the function
larger than 0.3 electrons represent hydrogen atoms.

Addition of the hydrogen atoms to the structural model lowered the
R-factor from 9.4 to 8.5%. For this comparison the same heavy atom param-
eters were used, and & sphericel temperature factor of 5.5 was used for
all of the hydrogen atoms. The weighting function was also changed at
this time to 1/(k.BO + 0.009352 |r°| +5.825 x 10™° IFOIE) to it the

root-mean~-squaere distribution of 1/ lFOI - IFCll as a function of |F°|.

This distribution was obteined using the IFCI values calculated in leest
squares Cycle B-9.

Further comparison of £he wesk experimentel |F|-values with the cor-
responding calculeted magnitudes showed that many serious discrepancies
st111l exiscted. These weak experimental velues were checked on the (hné)
Weissenberg films and were altered if the films chowed the counter date

to be in serious error. Reflections changed et this time were omitted
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Figure 8

Fourier. Contours at 5 electron intervals for Lromine;

obs

(v) F

2 electron intervals for other atoms, beginning at 2 electromns.

(a) Difference Fourier. Contours at 0.l electron intervals
beginning with 0.3 electrons.



from the final least-squares calculations. These changes in the datae
1ist lowered the diacrepency index from 8.5% to 7.0%. Pinally, seven
more cycles of least squares refinement were executed. The R-value for
the final cycle is 5.7%. In the lest cycle the sum of weighted residuals
dropped by only 0.1%, and the lergest positional parameter shift was
0.001 . The last six cycles were allowed to refine ellipsoidal thermsl
parameters for =2ll stoms except hydrogen stoms. Neither the positional
nor thermal parsmeters of the hydroge:n atoms were refined.

The atomic parameters and standsrd devietions obtsined by inversion

of the Tinel least squeres matrices sre listed in Tables 11 aznd 12,

Acouracy of the Structursl Parameters

As 1s the cese in the diacetonitiile-— and bis-dimethylsulfurdodeca-
hydrodeceboranes the borohydride skeleton shows within experimental error
2mm symmeitry which is independsnt of space group requirements. Assumption
thet this symmetry is exact and that the boron positional uncertainties are
isotropic (an assumption supported by the near-sphericel temperature factor
ellipsoids) allowe a determination of a root-mean-square error in B-B bond
lengths for comparison with the o-value obteined from the least squares
normal equetions. In DBBY, the rms deviation of the 20 individual B-E bond
lengths from the six appropriete means is 0.0175 l.&, whereas the value cxf o
derived from the 9x9 least squares matrices and sum of welghted residuals
is 0.0k &, The values of ¢ derived fram such matrices are known to be
small becouse of neglect of interstom elements of the more esppropriste
general matrix and because the least squares hypothesis includes no allow-
snce for possible non-Gaussian error' distribution, or so-called "systematic

errors.” The ratio of 1.25 between the above rms and ¢ values for B-B bonds



B(15) .5132
B(20) 4966
B(21) .hoO6L

B(22 2375

g L350
H(es) 297
H(26) .397
H§27 L8
"(28) .

H(23) .08k
E(30) .158
H(31) .%07
H(32) .378.
H(33) .5Th
H(34) .537
H(35) .565
H(%6) 467
A(37) 452
H(38) .253
H(agi L00

2#(40) .330
H(41) .357
B(42) .260
H(43) L3O
H(kh) 367

o(x/a)

Ll . . L] .

EH

00053

L]

3

00076
00071

g
B

00071
00073

® ¢ ® &+ & @ ¢ ¢ & e © 9 & ° s & o s

o

.00076
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TABLE 11

Finanl Positional Parameters

o(x)A

.0012
.0016
L0063
.0063
0075
.0086
0096
.0096
.0095
0081
.0085
.0099
0095
.w&
.010k
.0097
.0099
.0037
.0100
.0101
L0107
-0096
.0100
.Oloh

(y/v)

5201
-.1299
.3182
0049
Omj
2651
L] 31
HT55
5278
-.0756
.0368
"00058
'-.0%2
"012"5
"00651
0360
0666
2214
-1799
2
.1720
«3136
.625
«530
<306
<169
"‘o].%
"0121“
-019
096
234
225
-.025
-.008
425
225
-.033
- 200
.125
« 300
'275

o(y/b)

00109
.00102
00106
00095
00097
00109
»00105
00102
00117
.00107
.00116
.00110
.00126
00119
.00124
.00116
00111
00120

a(y)i

.001h
.0013
0067
.0068
0087
0030
.0098
.009%2
0096
‘Ow6
0087
.0098
.0098
0092
.0105
0096
.0105
.0099
0114
.0107
Iollz
.0105
.0100
.0108

(z/c)

L4316
<3334
705
2824
L4770
<5053
5451
<5503
.5150
.2810
2435
.2028
.2019
2413
. 3685
.3289
3278
. 3227
» 3520
3817

.h252
4110
- 3764
.520
375
0570
+500
-2ko
172
.17&

.353
385
.298
.376
.hls
Qm
« 359
375

.2)7
«350

o(z)d

0057

0090



TABLE 12

Final Thermsl Psrameters

Atom B, * B..* B, ™

.8)  .0233(2) .00107(1)
6)  .0212(2)  .00116(1)

N(3)  .0036(b .0034(9)  .00080(7)
N(k) .0033(k 0095(9)  .00078(7)
c(s; 0030 (k4 .0113(13) .00085§9)
c(é .0058(6 .0107(13) .00080(8)
c(T1) .0065(6 .0147(15) .00076(9)
c(8) 0064 (6 .0127(15) ,00086(3)
c(3) 0059 L0184 (16) .00096(10)
c¢(10) .ooko 0094 (12) .00097(9)
C(ll; L0047 .0120 1& .00086§9;
c(12 0068 0126(1%) .00093(9

c(13) .0060 0145(15) .00101(10)

6
5
5
6
6
c(k) .0035(5
B(15) .0054(6
B(16) .oohs(g 153 .00070(9)

6

6

6

|
3
)
§ 0104
3
i

B(17)  .0Ohk( L0116(1hL) .00079(9)
3(18; .00k8( .0101(1k) .00064(8)
B(15 00k 3( .01155 2§ 00113
B(20)  .o0ky( .00 .00094(10)
B(21 .0055 (6 .01h5§ .00080(10)
B(22 .ooh8i6 .0113(15) .00067(8)
B(23 L0045 (6 .0076513 .00111(21
B(24 .0051(6 .0118(15) .00081(10

»
The values in parentheses are stsndard deviations multiplied by 10 .

0126(1k) .00122(11)
.0099§1h) .00080§10) - 0021(17

* »
Bin Bix

.0150(2) -.00224(.5) -.00276(.9
-.006L(2) .oo176(.4) -.00221(.8

~,0004(11) ~.0004(3)
~.0009(12) -.0004(3)

.0011(13} -.0005(3
~.0002(16) ~.0006(3
-.0020(18) -.0008(L
~.0019(16) -.0001(4)

.0001(17) .ooosgu)

e S

.0018(14) - 3)
-.0006(14) -, 0001(h;
.0000(18 0001 (}
.0008(17) -.0009(h)
.0023(15) - 0009 h)

0025 15
. 17) - oooe(h
-.0003(16) oooo(h

12) -.0001 17)

L0004 18) -
0003(13 0010 u;
- 0006(17
oooo(16) g
.0000(17) ~.

»
323

L0000 (k)
.0003(5)
.0002(5)
.0008{6)
.0005(6)
-.0011(6

4

- .
The values in parentheses are standard Qeviations multiplied by 1()b .

)
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spproximntely sgrees with estimates fram other structures of the degree
of insdequacy of such least-squares-derived vslues of o. A1) velues of
¢ listed in Tebles 11 and 12 should therefore be multiplied by 1.25 to
obtain more asccurate measures of the indeterminacy of the structural
parsmeters.

The mean revised values of ¢ are: Opp = 0,001% ﬁ; o, = 0.0073 13;

N
0y = 0.0109 A; and oy = 00122 K._ Uncertainties in hydrogen positioms,
besed on comperison of B~H bond lengths are sbout 0,07 A. Extreme
variations of individusl ¢'s from these means are about 15%. Uncer-
teinties (o) in bond lengths corresponding to the above atomic uncer-
tainties are: op . = 0.010 i {carbons 5, 6, 10, and 11 heve smaller

= 0.016 E; v

= 0,013 }3; o N-R =

g's than the remaining six); o0

%c-n
= 0,07 A. Sigme veluee for angles

[ ]
0.01% £; 0p p = 0.017 A; end o
dsrived fram the atomic positional uncertaintiss are: Soae = 1.7°%;
Oppcy = 14075 “arce © 1.1% and o = 1.k°,

cne ~ %Bnc * %men
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DISCUSSION

The Bm“:z radical in this structure is within experimental exror
{dentical vith the seme group in diacetonitrile- and bis-dimethyl-sulfur—
dodecshydrodecaborane (26 and 30). All of the determinations of the
interatomie distences in this group show it to heve 2mm symmetry within
experinmental error. The meen bond lengths given by each determination,
assuming 2mm  symmetry, are listed in Teble 13. The conventianal deca-
borane mmbering system (26) is used in this table. Table 1%, where the
nurbering system adopted for the DBBY structure is used, lists the in-
dividual bond lengths found in this compound. The mean terminal H-B

bond length of 1.10 i is 1dentical with the value found in B (NCCB3)2

10812
and 45 0.08 A shorter than that fowsd in ByoH S (CH;), ),

In the two published studies of 310}11232 molecular parameters, the
R-groupe show no appreclsble structural changes from corresponding une
complexed molecules. The same is true of the bromopyridine groups in
DBBY. The mean C-N &istance -of 1.353 £ and the mesn C-C distence of
1.330 A egree well with the corresponding velues of 1.340 + 0.005 A end
1.395 + 0.005 A found in pyridine (36). The mean C-Br distance of 1.872 A
asgrees with the aversge of 1.87 )3 found in bromobenzene and several oligo-
bromobenzenes (37). The bond angles do seem to show swall distortioms,
appercntly as & result of strein imposed by short Br-B end Br-H contacts.
The two NCBr angles (see Table 15) aversge 122.5° and the HHC angles in-
volving carbon atoms nearest the bromine atom aversge 123,5°., Ewven with
these olightly larger than expected angles, Br(l) is 2.7 A from E(38)
and 3.14 A from B(22). Br(2) 1s 2.97 A from H(42) and 3.19 A from B(17).
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TABIE 13

Comperison of Mean B-B Bond lengths in the Three Bmiﬁ._‘_‘,;!f{2

1-2
1-3
1-5
2-5
2-6
5«6
5«10

Compounds Studied Crystallographically

R =

oy *
Nccaj

1.756 + 0.006 A

1.837 + 0,011
1.778 + 0.006
1.744 + 0.006
1.746 + 0,008
1.85% + 0.006
1.881 + 0,008

s(cnj)e**
1.76 + 0.01 A
1.84 + 0.02
1.79s+ 0.01
1.77a+ 0.01
1.75 + 0.01
1.87 % 0.01

1.91 # 0.01

c BHhHBr

1.773 + 0.009 A

1.816 + 0.017
1.778 + 0.009
1.762 + 0.009
1.734 + 0.012
1.878 + 0.002

1.870 # 0.012

Unweighted
Mean

1.763 A
1.831
1.784
1.760
1.743
1.869
1.887

*'Bnese estimates of error are not explicitly defined, Presumably they
are obtained from either Lxl (isotropic tempersture factor) or 9x9
least squares metrices and thus may be about 10-20% too small.

%
These estimates of error are obtelned from 9x9 least squares matrices
end should probably be increesed by sbout 20%.
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TABLE 14

I{Bsr)a
H (Csuh

in B, H,,

Lengthe

Bond

: Length
Bond Y
n B(21) 1:{,33 :
e sEaEn
Br1)-o(s) 1076 Bial)-pize) o
N(5)_c§5) 1.570 Bgaa)-ﬂ(al‘) 1.790
'N?)‘g(g) 1-;??, 3(25)%'3”;) 1.00
B(0)-c (a0 i385 coraGn o5
(s )-c(1a 1.609 0(8)_3(26) 1.02
Nﬁz,)—a(l’f 1.351 0(9)_,3(25) 1.05
cgag-g(g) 1.333 gém;.ﬂgég 1.03
- 1. ~ -H .01
g(ggnc&; ) i.587 C(ii).H(E’Qg :{,25
c{10)-c (14 1.571 C§15)-H(l‘° 1.28
c(11)-c(22) 1,398 B(15 )-H (k1) 1.08
ey 1 L
P . “H .
: is)~a§16 1’65 e s 1130
B§l5 - 21) 1, B(19)-H ) 0.9
B(15)-B ) L2 (20)-2(35) .97
-B(17 .Th6 B -H(39) a1
sl Lo BEES) 1
e el Lo
B(17)-B(18) 11750 Blaa i) 93
p(15)-5(15) 185 B (o -1 ()
- l'
3 i’ggdsg?-"; 1.788
B§19)~B§22) 1.768
B(13)-B(2

stem,
9 for lebelling sy
*see Figure



Figure 9. Numbering System and Packing, Primed figures indicate
distances between the labelled molecule and molecules
below the ones illustrated,
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TABIE 15

Sowe Bond Angles in BlOHJE (CSHI‘_NBr)e

Angle Value Angle Value
Br(1)c(5)u(3) 24 H{k)e(ry)e(1z) 12h°
Br(2)c(10)N(k) 121° cé)e(T)e(8)  120°
Br(1)c(5)c(9) 118° c(7)e(8)c(3) us*
Br(2)c(10)c(1h)  117° “e(8)e(9)e(5) 119°
¢(5)n(3)B(22) 124° c(u)e(2)e(iz)  n8°
c(10)n()B(2T)  123° c(12)c(13)c(k)  119°
c(6)n(3)8(22) 119* c(iz)c(ak)c(0)  120°
c(ar)w()s(a7)  119° N(3)B(22)B(23) 110°
c(5)u(3)c(6) 1r° N(k)B(17)B(26) 111°
c(ro)m(k)c(r) 118° N(3)B(22)B(21) 120°
w(3)e(s)c(9) 119° N(3)B(22)B(24) 117°
#(3)c(6)e(r) 122° N(4)B(17)B(15) 121°
w(k)c(io)e(ak)  122° w(4)B(17)B(18) 117°
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These distances are considersbly shorter than the van der Wasls contact
distances of sbout 3.1 A and 3.5 A (extrapolated from Pauling, p. 189 (38)).
The mean engles B,-B.-R' (conventicnal numbering system), where R' is the
atmv:!.n the R-group attached to Bg,are 108° in Bloﬁm(mj)e and
BlOHJ.Q[S(mj)E}a’ and 110° in DBBY. The larger angle in DEBY may not be
statietically significant, but it could reflect repulsion of the pyridine
atons by the "lower" decaborane hydrogen etoms,

The B~N distances found in DEBY (1.609 A and 1.580 &) are signifi-
gantly layrger than the wvalue of 1.523 2 founa in discetonitriledodeca-
hy@rodecaborene. An increase of sbout 0.0k A 15 expected because of the
different hybridizetion states of the nitrogen atome in the two compounds,
but the observed difference 1is 0.071 R, too large to be completely ex-
plained in this menner. B-N distances of 1.62 + 0.15 A in (cm, ), N, (39),
1.58 4 1n (0,) B, (h0), 1.64 & tn H,CCNEF, (51), and 1.58 & 1n CH,E,NHF,
(4k2) support the longer velue found in DEBY.

Packing of the DBBY molecules is spparently dominated by the bromo-
pyridine groupse. As Figure 9 shows, every short contact involves one of
these groups, and there are no direct contécts between the borchydride
groups. Half of the bromopyridine rings pack in peirs across centers of
symuetry similar to the ome at (1/2, 1/2, 1/2). The distence between these
pairs of plenes is 3.73 A, but the ring centers are displaced about O0.75 .&
80 thet the shortest carbon-cerbon distences are ebout 3.80 A. The remain~
ing pairs of bromopyridine rings, releted by centers of symmetry equivelent
to that at {(1/k, -1/4%, 1/4) ere only 3.47 X apart, but the displacement of
centers, 1.58 3,, mekes the closest contacts 3.50 & and 3.62 A. Tnis second
class of "peirs” of rings thus consieste of rings merely touching each other

and not forming distinct overlepping couples like the first group.



The complete pairing of one group of ringe and pertisl pairing of
the othey mey explein the rether odd temperature factors derived for
this compound. Only the bromine atoms show strongly anistroplc thermsl
motion, The temperature factor exponents for these atows cen be expressed
in elltpsotdal form as (1134 M + 3.55 8% + 2,51 P,%) and (8.26 u,7 +
4,15 I\'{; + 2.65 PEQ)’ where the subscripts give the atom numbers and M,
N, and P are appropriate fumctions of h/2a, k/2b, and 4/2c. The angle
between the major axis of the Br(l) ellipscid and the norial to the at-
tached pyridine ring is 17.5°, and the corresponding engle in the case of
Br(2) i1s 20.4°, These angles are rather small and thus the major vibra-
tions cen be considered normal to the planes of the respective pyridine
rings. The rings themselves 4o not share this sﬁrongl,y snisotropic vi-
bration, probably because of the wey in which they ere packed., The
bronine atans, bhowever, have no close contacts in direction normml to
the rings, and are free to vibrate in these directions, whereas close
cantact with the boron and hydrogen atams previously menticned helps
prevent in-plane vibration.

Table 16 lists seversl lesst squares planes. Planes Pl and P2
both represent possible planes for the pyridine ring attached to Br(l).
Plane 1, celeulated giving zero veight to Br(l), has been used for the ‘
caleuletions of interplanar angles involving this ring. Bromine atom 1
15 0.084 £ frou this plane, but the amall deviations of the remaining
etome from the plane is statistically fortuiltous. Plene P2 was caleulated
glving Br(1l) the ssme welght as the other atoms, and even here, with Br(l)
only 0.028 A from the plane, most other astoms ere less than 20 from the

plene. The bromine atom showld not be regarded as significantly out of
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coplanerity with the other atoms. The second bromopyridine ring is also
coplansr. Plane Ph wss calculated primsrily for deseription of the gross
molecular structure. Interplanar angles Pl, P4 and P3, P4 are 4.4 and
L7.7° respectively. These may be regarded es approximate twists sbout
the BN bonds. The twiste are such ss to give the whole molecule approxi-
mate 2-fold symmetry. The twists serve to place pyridine hydrogens 28
end 32 (in positions 6 of the pyridine rings) approximetely helfway between
pairs of bhydrogens attached to the boron skeleton. HE(28) 1s 2.24 £ from
H(34) end 2.3 £ from H(39). H(32) ic 2.22 and 2.53 £ respectively from
H(36) and H(43). The twist elso relieves sbnormally short contacts be-
tveen Br(l) and H(38) and between Br(2) and H(42). These latter dis-
tances are 2,79 A and 2.97 A respectively.



APPENDIX
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General Informetion

The programs and subroutines in this appendix have each been
checked one or more times using dmta of the sort likely to be en-
countered in genersl use and are free from error, so far as is known.
However, they way fsil under some peculier combinations of data, and the
user must be prepared to sccept the risk of such feillure. The sub-
routines DUBFS and PHOTO were written for the modified version of the
Ganteel-Sparks-Trueblood block disgonal program labelled CFLSB and
should be carefully checked for compatibility before use with the
version CITBD or other versions. |

The programs written for the IBM 7090 computer are written in
FORTRAN e.nd FAP pseudo-languages, and descriptions of the programs use
some technlcal terms defined within these languages. Such definitions
and general restrictions on the use of these languages may be found in
references (43) and (44). For definitions of terms used in describing
the LP program written for the Burroughs 220 coamputer, reference shc;uld

be made to the 220 Reference Manual by K. J. Hebert, available in loose-

lesf form from the Californie Institute of Technology Computing Center.
The subroutines DURFS and PHOTO ere raferred to by the main program

CF1SB as TESTB. In addition to these two TESTB programs, there may be

others. Only one of these subroutines mey be used et any glven time.

The dual neming should be remembered in order to avoid confusion.



This progrem wiil transform a set of fractionsl crystallogrsphic
coordinates (x,y,z) into orthogonal coordinates (A,B,C) in such s way
that any prescribed plane in the original coordinate system beccmes the
(a,B,0) plane of the transformed systen;. The program is written for
the triclinic case, and has the same input format ss the modified
Gentzel-Sparks~Trusblood least squares progrems (9) so that cards pro-

duced by that progrsm cen be used ss input.

Input

Card 1. Pormat (LX9A6). This card must contein a title for the
crystal.

Card 2. Yormat (6F10.6,13). This card gives the unit cell con-
stants and number of stows in the order e, b, ¢ (ell in k), costr, cosB,
cosy, and n. N cannot exceed 200.

Card 3. Formet (6F10.6). The direction cosines with respect to
the crystsllographic coordinate system of the plene to be treated as
(A,B,0), and the fractionsl coordinates (x o,yo,zo) of the point to be
treated as the origin of the transformed coordinate system, should be
listed on this card, in the or@er cosp, cosc, cosT, xp Yo 2, (p 18
" the angle between the plane normal P and 8; 0, the angle between P and
b; and 7, the angle between P and ¢).

Card 4, The following cards should be n + n, in number, where n
is the number of étcms given anisotropic tempersture factors. These
cafds ere resd using the format (6F10.6, I3), with x, y, end 2 in the
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first three fields. If field & is bdlank the program asscumes the atom
is anistropic and reads another car(li. 'I‘h_e second card is ignored. Thus
each isotropic stam should be represented by a single card containing
X, ¥, %y followed by some non-gerc number in field &, Each anistropic
atom must be represented by a peir of cards, field 4 in the first of

vhich is blank.



ORIENT

DIMENSION X(200),¥(200),z(200),A(200),B(200),C(200),C0MPD(3)

1 PORMAT (6F10.6,13)

2 FORMAT (68HOTRANS!‘0RMATIQN OF COORDINATES, THE CRYSTALLOGRAPHIC
1PLANE COS A = PB.5,10H, COS B = F8.5,10H, €08 C = F8.5/ 34H IS TRE
S2ATED AS THE AB PLANE. X = F9.6, 6H, Y = F9.6,6H, Z = F9.6,26H I8
ITREATED AS THE ORIGIN.)

3 FORMAT 5&::9».6)

L PORMAT (1H1,986)

10 PORMAT (35H0 N A B c )

12 PORMAT (I5,%F10.4)

RBAD INPUT TAFE 5,3, (COMPD(I),I=1,9)

READ INPUT TAPE 5,1,CA,CB,CC,CALF,CBET,CGAM, NAT

READ INPUT TAPE 5,1,C084,C0SB,C0SC,X0,Y0,20

DO 5 I=l,NAT

READ INPUT TAPE 5,1,x(1),y(1),z(1),mso

IF (BISO) 5,6,5

RRAD INPUT TAPE 5,1,BIS0

CONTINUE

COSAL = COSP(0.01745329252#CALF )

COSEE = cowgo.onhﬁ}z%smm)

COSCA = COF(0.017h5329252#CCAM)

STHCA=SQRTF (1. . ~COSGA*COSCA )

FUN=(COSEE-COSAL*COSGA ) / SINGA

CONV=CC*SQRTF (1. ~PUN*FUN~COSAL#COSAL)

DO 7 I=1,NAT

x(.x)uxgx -X0

Y(I;n'!’ I)-YO

7{1)=2(1)-20

A(T) = ca*snm*xsx)«rccm*z( )
gx) = CARCOSGA#X (I )+CB¥Y (1)+CC*COSAI*Z (1)

) = CONVez(T)

= (1. ~-COSALWCOSAL J*COBA+{COSAL#*COSHE-COSGA )*COSE+ (COSAL*COSCA~-
1 ccsm)*cosc

= (cosmcosw~cosm)~cm+(1.~com*cosm)*coss+(ccsm*cosm-
1 cosm.)*cosc
AZ = (COSAL®#COSGA~CCSER J*COSA+(COSBE#COSCA-COSAL J*COSB+ (1. -COSGA
1 COSGA JCOBC

DET=1.+2 . #COSAL*COSBE#COSGA-COSAL#COSAL-COSEE*COSBE~COSGA#COSGA

AX = Ax,/gg

AY = AY

AZ = AZ/DET

BX = AX#®SINGA+AZ¥PUN

BY = AXWCOSGA+AY+AZ#COSAL

BZ = AZ#CONV/CC

COSE = ~SQRTF (BX#BX+BZ*BZ)

SID = -BX/COSE

CO8D = BZ/COSE

AD = SIND*BY

AR = -COSDWBY

U O
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WRITE OUTPUT TAPE 6,4, (COMPD(I),I=1,9)
WRITE OUTPUT TAPE 6,2,C08A,COSB,C0SC,X0,Y0,20
WRITE QUTPUT TAFE 6,10
DO 11 I=1,NAT
BA = COSD®A(T)+SIHD*C(I)

BB = AD*A(I; + COSE#B(I)+AE*C(I)
BC = Bx®A(I)+BY#B(I)+BZ#C(1)

11 WRITE OUTPUT TAPE 6,12,I,BA,BB,BC
CALL EXIT
EMD(1,1,0,0,0,0,1,1,0,1,0,0,0,0,0)
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Genersl Fourier Sumation Progrem Packege

In order to compute Fourier series of the kind generelly encountered
in crystallographic work, & series of programs wes written, the primary
input 16 vhich is genersted by the (FILSB leest squares progrem. The
packa;.ee requires a TESTE subroutine for CPLSE to generate a magnetic tepe
containing the independent coefficlents in the series, & program to as-
sign the proper triple profducts of sine and cosine terms to each coeffi-
cdent and to soxt the data, and finally a program to eccoamplish the
actusl summation. The summation progrem, GENFS, is believed to be cap-
able of handling all space groups with explicit accommodation of symmetry.
The progren which handles symmetry, GCONV, however, can accomuodste only
triclinic, mxoclinic, an orthorhombic symmetries. If other symmetries
are required, snother version of CGCONV must be written. The subroutines
COMPR and SURT, which respectively pack the information sbout each reflec~
tion into two words, and sort the resulting words according to the indices
for most efficient summation, can be used for any symmetry. Because of
the eage of writing in FORTRAN, only one example of a TESIB subroutine is
ineluded in this package. This subroutine, DUBFS, generstes both Fo and
(FQ-F c) tapes for the genersl non-centric case,

The timé regquired for summation may be estimated from the example
of 5 minates required to cslculste 16 sections of & threewdimnsimai
Fourier of Pl symmetry, using & 61 x 61 point grid and sbout 3000 reflec-
tions.

Each progrem is desoridbed in detall separately, together with

varicus limitations.
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The megretic tape required by GCOHV consists of binary records of
five words each, cantaining h, k, £, A, snd B respectively. The final
record 1is recognized by its having a valus of h equal to or exceeding
1000. The remainder of the information in the final record is ignored.
DUEFS generates separate F_ and r o——Fc) topes on tepe unite A~5 and B-5
respectively, and insures that h a 0. Thils letter requirement iz de-
manded by the GENFS progrem. For unobserved reflections (recognized
by negetive SIGMA values (9)), (& m:!.n‘Ae) and (B min“Bc) ave written on
the AF tope, and A, end B, on the F tepe, only if ‘Fcf exceeds
|» Dl; otherwise nothing is written on cither tape. For reflections
with SIQA equal to 127 (the meximm volue, and & signal for omission
from the least squares ¢elculstions), A, and B, are written on the ¥_

tape and nothing ls written on the & ¥ tape.
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DUBFSE

SUBROUTINE TESTB »

DIMENSION SLAM(10,21),FTBL{10,21),R{48,3),RD(3),51(k8,3),Bac(6),
1WOT(100),X(100), ¥ (100),2(100) ,B11{100),B22(100) ,B12(100),G(100),
2m(mo$,sa(h8,3),83(1;8,53,1)3‘9'2(1000),DRV1(1000),F(10),M(&500)
3, IDRV(1000), B 1(72) ,FN( T2 ,833(100;,13(3,00,%5)
1;513(100),&55100).mm).mso(loo »COMPD(9),A(100,9,10),

EQUIVALENCE (B11,BISO)

COMMON B180,X,Y,Z,FOBS,DEL,JR,KR, LR, MP, SIGMA, NFOBS, HSIGMA,
1FUNOBS, NWOT, NRIT, NTPA , NTPB, NT'PC, RIPD, JKL,FOB, SLAM, PTBL, R, 51, 62, 83
2, MINI ,MAXT , MINJ , MAXJ , LANGX,, MANGE,, ANCLE , BORDM, U, V, VV, ALPHA ,BETA,
3CAMH , NSF,COSA, COSB, COBG, DO, A, B, DRV2, NSERI,, COMPD, FRACX, FRACB,
LFRACA ,FRACK, F'0BS, NLS, NAN, NTBL, NEQV , NITER, JITER, NSUPP, NPUNCH,
SNCENT, MPUNPR, WT, WA, WB, WP, WQ, WR, S11, 22, 833, 512, 813, 823, RD, NPAR,
6NISOT,5CALE,AL,A2,B1,B2,FB, SCLUN, SLMX, WIGh , NOT, NUM1, PN, FD, MR,
76, I9BL, B22, B33, B12, B13,B23, IDRV, DRV1 ,FCLC, SINC, COSC, SPCAIC, SINL,
stm;&W@,m,WSR,R,m,Dm,m,W,T,GBH,GBH,@QQ,EEC,SMC,F,
9 NIL

msszm,—sn«m) 10,5,5
10 ®(%13) 8,9,8
8 M=13

REWIND 1h
REWIND 9
9 JI=JR
KT=KR
LT=LR
SINT=BINC
1P (JT) 13,14,14
13 JT=-J7
KT=-KT
LP=-LT
SIND=-SINT
1k SICMA=NSIGMA
n‘ész(amm?.*@ms) 1,12,5
IF(SIGMA) 3,k,k,
IF(DEL) 4,5,5
ADEL=IEL*COSC
BDEL=DEL#SINT
ACBS=FOBS#COSC
BOBS=FOBS#SINT
WRITE TAFE 14,JT,KT,LT,ANEL,BIEL
GO TO 11
12 ACBS=FCLC*COSC
BOBE=FCLC*SINT
11 WRITE TAPE 9,JT,KT,LT,ACBS,BOBRS
5 IF(NIT-NTL) 6,6,7
6 JT=1000
WRITE TAPE 1k,JT,KT,LT,ADEL,ADEL
WRITE TAPE 9,JT,KT,LT,ADEL,ADEL
END FIIE 14
END FIIE 9

£\



- 91 -

FEWIND 1h
REWIND 9
7 RETURN
Enp (1,1,0,0,0,0,1,1,0,1,0,0,0,0,0)
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CCONV

This program assigns one or mare triple products of sine and
cosine terms to each reflection and allows for multiplicity of non-
generel reflections for monoelinic, arthorhombic, end triclinic space
groups. It does not specificelly check for forbidden combinations of
indices, although for same space groups such tests may be implicitly
possible. The program es presently written can sccept wp to 7000

reflections, The indices h, k, # may not exceed 255 in absolute valus.

Zaput

Formet (14I3). Input consists of a2 single card containing in order
KI, NAH, NAX, NAL, NBH, NBK, RBL, NCA, NCB, NCC, NCD, NK, and NL, and a
single binary tape similar to cne pgenersted by DUBPS. XI is the number
of the tepe unit on which the input tepe is mounted. This tepe is reed
end rewond so that the processed date can be written on the same tape
unit for input to GENFS. NAH through HBL are coefficients in the parity
tests TA and TB, to be described below, NCA through NCD ere symnetzfy
cofe vords sssigned to the various reflections on the busis of the results
of the symmetry tests TA and TB. MK end NL are codes to ildentify mono-
clinic and triclinic space groups. Both of these nunbers should be
negative for triclinic space groups; only KL should be negative for
monoclinic space groups; an@ neither should be negative for orthorhombic
5pace groups.

Triple products assignable to each reflection and code mmibers as-

signed to each, are:
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Triple Product Code mmber

+ A cos 2shx cos 2rky cos 2riz 128
- A 8in 2qhx cos 2xky sin 2xdz
- A cos 2shx sin 2nky sin 2afz
~ A sin 2shx sin 2sky cos 2:bz
4+ B sin 21hx cos 2mky cos 2abz
+ B cos 2ahx ¢08 2vky sin 2néz
+ B coe 2rhx sin 2xky cos 2adz
~ B sin 2shx ein 2xky sin 2nds

oo bR

NCA, NCB, NCC, and NCD are sums of the code numbers for the appropriste
trigonametric terma for various classes of reflections. The identity of
these classes will very with space group oand appropriste coefficients for
the indices h, k, and § must be selected. GCenersl forme for the two
parity tests are:

Test TA = NAH-h + HAK-k + NAL-Z

Test TB = KBHh + IBK.k + NBL-§
The four possible cowbinations of even and odd parity of these teste
are associated with NCA-NCD as follows:

Parity test.
Symmetry -
code TA B
NCA even even
RCB even odd
Nee ’ odd even
NCD - odd odd

An exemple way be useful. For space group I 2/c, the expression for

the Pouricr serdes s
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L[R2 2 2 '
o(x,y,3) = 5~ ry r {AcosaﬁhxcosaukycosZﬁ.sz - Asin2shx
€ he0 keO f= o0
4 even

0 0 g
cos@nkysin2nbzy+ L L L. {-AsinZ:chx
h=0 k=0 B= —x
2 0dd

sin2nkycos2nfz - Acosemxsiﬁnkysiwuz}]

The space group is monoclinic; hence NI, = -1 and NK = 0. Only one perity
test is required. Thus RAR = NAK = NAL = O will give a dummy test TA
which 1s aslwaeys even. TB should be O+h + O¢k + 1+£4; hence §BH = NBK = O
end MBL = 1, NCC and NCD are not needed and cen be left zero. Reflection
essigned symmetry code NCA have £ even, so NCA = 128 + 64 = 192, Simi-
larly, NCB = 32 + 16 = 48,

As previocusly mentioned, subroutines COMPR and SORT are required
by GCONV.



- 95 -
Geonv

DIMENSION xmx(vooo),m(?ooo)
coMMON J,K,L,NA,NB, I0TA,JOTA, NCA, HCB, NCC, NCD, NTA, NTB, IR, INDEX, IAMP
1 FORMAT (1 13)
8 ﬁm INPUT TAPE 5,1,KI,NAH,NAK,NAL,NBH, NBK,NBL, NCA,NCB,NCC,NCD, K,
IF (KI) 3,3,4
3 CALL EXIT
L REWIND KI
DO 2 I=1,7000
INDEX (I )=0
2 IAMP(I)=0
IR=1
7 READ TAPE KI,J,K,L,A,B
IF(J~1000) 5,6,6
S IR=IR+1
RPA=NAH®J+HAK#K+NAL*L
WTB=NBE*J+{BK*K+NBL*L,
Irémd) 9,10,10
10 (L) 9,11,7
11 A=0,5%A
B=0,5#B
9 IF(NK) 12,13,13
13 P(X) 12,14,12 -
14 A=0.5%A
B=0.5%B
12 NA=100.%A
NB=100.#B
CALL COMPR
INPEX(IR) =I0TA
IAMP(IR) =JOTA
GO TO 7
6 REWIND KI
CALL SORT
WRITE TAPE KI,IR,IR,IR
WRITE TAPE KI,((INMX(I),IAB&‘P(I)),Ial,IR)
END FIIE KI
REWIND KI
GOTO 8
EMp(1,1,0,0,0,0,1,1,0,1,0,0,0,0,0)



COMPR

IOTA
JOTA

NCB
NCC

NTA



SORT

CoM

ONE
MASK
Con
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ENTRY
SXA
CAL
ANB
ARS
CLA
ors
SUB
ORS
CLA
ST0
AXT
AXT
AXT

-CLA

ARA
TZE
TXI
CLA
ST0
CLA
STO
TRA
TXI
CLA
8To
CLA
8T0
X1
TXL
AXT
TXI
TXI
CLA
870
ClLA
STO

SORT

E,b

MASK

C+l

C+3

IR

C+1

ONE

C+32

coM

CON

0,4

Y-

1,1

coN
INDEX+1,1
B
*+1,4,1
INDEX+1,1
INB+1,4
I1aMP+1,1
IAB+1,L

c
*+1,2,1
INDEX+1,1
IUDEX+1,2
IAMP+]1,1
IAMP+1,2
#*+1,1,1
A,L,0

0,4

*4]1, 0,1
#4+1,2,1
INB+1,4
INDEX+1,2
IAB+1, k4
TAMP+1,2
D,2,0

con

COH

co
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puMMY COMMON
IR coMMOIT
INDEX COMMON
IAMP  COMMON
INB COMMOL
IAB COMMON
END

13

1
7000
7000
7000
7000
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GENFS

The program vhich actuslly performs the summation is flexible
enough to calculate a single point or consecutively to perform three
dimensional summations on several crystals. Bach summation ls specified
by a single data card thet defines 2 date tape unit, initial point for
the summation, increments along each axis, the range along each axis, a
scele factor, e title for the summetiom, ;nd two numbers which control
the flexible formet output. This program requires two subroutines,
PORM and XPAND.

Zaput

Pormat (1313,F8.2,4A6). The numbers to be listed on each data
card are IDEL, NXO, KYO, NZO, NDX, MDY, Dz, MX, MY, MZ, WF, NSPACE,
NSHIFT, VOL, end TITIE. The initiel point of the sumeticn is (x,y,z) =
(1X0/HDEL, YO/ HDEL, NZO/NDEL), end the increments in the three directions
are NDX/NDEL, HDY/NDEL, and NDZ/NDEL. All of these numbers, snd indeed
all mumbers on the dats card, must be positive or zero., NDX, NDY and
NDZ mmist be positive. NDEL can be any integer between 1 and 500 in-
clueive; X0, NYO, RZ0O, DX, NDY, and iDZ must be less then IDEL. MX,
MY, and MZ are the number of individusl x-, y-, &nd z~ values for which
the sunmation is executed. MK and f«ﬂ cannot exceed 121, but MY has no
limit. NSPACE end NSHIPT sllow veriations in the output format so the
sections can be used fof direct contouring. NSPACE lines will be skipped
between successive lines of output and e;ach line will beginbiiSHm spaces
to the left of the previous line. IF defines the tape unit on which the

date tepe is mounted. If successive data cards refer to the same unit,
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the data are read only once. A value of zero in NF terminates execution;
thus a2 blank c¢erd should follow the last card actuslly speclifying s sum-
mation. VOL defines a scale factor: 4f VOL 1s positive, the scale fac~
tor will be 4/VOL. If VOL 18 negative or gzero, unity will be used for

scaling. TITLE is a heeding of not more than 24 letters, printed at the

beginning of each segment of output.

OQutput
The sumation is always printed in the form of sections at constent

¥. The title, y-value for the section, x and z coordinetes for the
point in the upper left corner, and x and z increments are printed at
the beginning of each segment of output. Each segment consists of MZ
lines of output (scme of which mey be blenk for certain combinations of
MZ and NSHIPT), esch line consisting of summstion values at constant z,
and with x incressing from left to right. If values of the sunmetion
for MX values of x will not fit on a single line, 2 second segment of
output follows the first, beginning on & new (page and headed in a fashion
similer to the first. This segment, and as many succeeding segments as
are necessary, should be fitted to the right of the first.

Only four digits of output (including sign) are sllowed for each
word; hence scaling is fmportant., If numbers exceed four digits, the
least significant four will be printed. The sign will be dropped if a
negetive number exceeds three digits.

It mey be helpful to give the effect of some example of NSHIFT and
HEPACE, HNSPACE = 2 and NSHIPT = O will give an spproximately squsre net
of points. An engle of 130° between g and ¢, with spproximetely equal
increments in the two directions, cen be achieved by using NSPACE =
NSHIPT = 2.
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GENFS

1 FORMAT (1313,F8.2,4A6)
L PORMAT gaaﬁoroo MANY REFLECTIONS.)
18 PORMAT (L7ROOVERSIZED DATA. ADVANCE TO NEXT CONTROL CARD. )
51 FORMAT (6H Y IS 13,15;13,183 POR THIS SBCTION./13H (X0,2z0) 18 (13,
11H/13%,14,13,1H/13,26H). (DELTA X,DELTA 2) IS (I3,IH/I3,IH,I3,IH/I
23,28). //}
TO FORMAT g OX23F5.1)
84 PORMAT (/)
104 PORMAT (1HLLAG)
DIMENSION FC(121),PS(121),MX0(121),NREFL(7200),C(500),DC(50),D8(50
1),R(121,121),TITIR(4)
COMMON IOTA,JOTA,NJ,NK, NL, IMPLY, NA,NB,MS,R
HF0=10000
19 READ INPUT TAPE 5,1, NDEL,NXO,NYO,NZO,HNDX,NDY,NDZ,MX,MY ,MZ, IiF , NSPAC
1B,NSHIFT,VOL, (TITIE(1),I=1,L
NSP=JSPACE +1
IF ({DBL~500) 16,16,17
17 WRITE OUTPUT TAPE 6,18
G0 TO 19
16 P(Mz-121) 9k,04,17
ol 1P (ME-121) 95,95,17
95 NXO=NXO- (NXO/NDEL J*NIEL
NYO=NYO- (NYO/NDEL }*NDEL
NZO=NZ0~ (NZO/NDEL ) *NDEL
3 Ww(MZ) 3,3,2
2 IF(WP-1PO) 5,103,5
5 REWIND NF
READ TAPE IO, NR,NR,NR
NR=NR+MR
IF (NR~-T200) 102,102,996
96 WRITE CUTPUT TAPR 6,4
GO TO 13
102 RELD TAPE NF, (NREFL(I),I=1,HR)
9 REWIND NP
103 NFO=NF
P(VOL) 13,13,1k
13 SCAIE = ,01
GO TO 15
14 8CAIE=.04/VOL
15 DEL=NDEL
TANG=IDEL~ (NDEL/4 )
Q=6.2831853/DEL
DO 20 I=1,NDEL
AT=I-1
C(1)=COoSF (AT*Q)
AC=ABSF(C(T))
w( AC ~.00001) 107,107,20
107 ¢(1)=0.
20 CQTINUE
NY=NYO-HDY



21 RY=NY+NDY
NC=1-NY
DO 22 I=1,50
NO=HNC+NY
25 1r{uC-NIEL) 23,23,24
2k HC=HC-HDEL
GO TO 25
23 pe(I)=c(xc)
NS=JIC+IARG
IR (NS-HDEL) 26,26,27
27 HS=NS-NDEL
26 ps(I1)=c(Ns)
22 COUTINUE
MBA=0
17=0
IL=0
NSKIP=0
DO 28 I=1,MZ
MIO(T)=1
DO 28 J=1,MX
28 r{J,I)=0.
PCC=0,
PCE=0.
PSC=0.
FSS=0.
NDT=1
Sk IF (IDI-NR) 53,33,33
53 IO‘EA::I‘WL(NDTS
JOTA=NREFL(NDT+1)
CALL XPAND
FasNA
FB=IB
w(NL) 8,97,97
8 NL=~NL
SILﬂ’“lo
GO TO 98
97 SIL=l.
98 P (iK) 99,100,100
39 KFM=1-HK
SIK‘—“—I.
GO TO 101
100 SIX=l.
KFM=NK+1
101 IF&IU-IJ; 33,32,33
32 IF(NL-IL) 33,34,33
34 CK=DC(KFM)
SK=DS(XFM )*SIK
IF (IMPLY-128) 35,36,36
36 FCC=FCCAFANCK
IMPLY=IMPLY-128
35 IF(IMPLY-6L) 37,38,38
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38 PSS=FSS-FARCK#SIL
IMPLY = IMPLY -6k

37 ]}"(nfm—v}?) 39:‘4’0:"0

40 PCS=FCS-FA*GK#SIL
DPLY=IMPLY~32

33 IF(IMPLY-16) h1,k2,k2

42 PSCPSC-FARSK
manmx-»lﬁ

L1 r(uB) b3,b4,h

43 IF(IMPLY-8) ﬁs,hs 46

U6 PSC=FSC+IBWCK
DMPLY=IMPLY~8

Ls T (IMPLY-4) LT,48,48

48 FCO=PCS+FB*CK*3IL
IMPLY=DMPLY -4

L7 (IMPLY-2) 49,50,50

50 FCC=FCC+PBA*SK
IMPLY =IMPLY~-2

4o IP(IMPLY) bk, kb, 52

52 FSS-PES-FP*SK*SIL

Lbh NDT=NDT+2
GO TO 54

33 HDNDZ*IL
NARG=NZO¥IL+1-ND

55 m(mm——mmx.) 56,56, T4
74 NARG=NARC-NDEL

GO TO 55
56 NARP=NARG+IANG

IF (WARP-NDEL) 57,57,58
58 NARP=NARP-NDEL

57 FC(I)=FC(I)+PCC* C(NARG)+FCS* C(NARP
5 ; 5 ;wsc* C(NARG )+FSS* C{RARP

53 FS(I)=FS(I
106 IL=WL

FCC:=0,

FCE8=0,

’SC=0.

PES=0,

P (:P-17) 31,67,31
67 TP (10r-1R) 34,31, 31
31 NHX=IDX*IJ

HARG=NXO#1J+1~-NAX

DO 60 J=1,MX

HARG=NARC+INHX
61 TF(NARG-IDEL) 62,62,63
63 RARG=NARG-NDEL

cO TQ 61
62 CHX=SCALE#C(HARG)

NARP=NARG+IANG

IF (JARP-HIEL) 64,6h,65
65 HARP =NARP-IDEL
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DO 60 I=1,MZ
60 R{J,I)=R(J,I)+CHX¥C(1)+cHX*FS(I)
DO 66 I=l,MZ
mixgao‘
66 ¥s(1)=0.
LI=NJ
’ IF(I‘m-M) 32‘,68,68
68 WRITE OUTPUT TAPE 6,10k, (TITLE(KT),KT=1,4)
WRITE CUIPUT TAPE 6,51,NY,NIEL,JX0,NDEL, NZO, NDEL, DX, NDEL, NDZ, KDEL
MS= (M7~ 1 PHUSHIFT+1
88 J2 =1
72 (MS-116) 69,71, T2
T1 DO T3 I=1,NSP
73 WRITE OUIPUT TAPE 6,84
NEKIP={SKIP+1
J2 = JZ + 1
MUS=MS-HSHIPT
GO TO T2
69 MEB=ME+( (120-MS)/5 I#5-115
83 MIX0=(120-M5)/54X0(JZ )-1~NSHIFT/5
IF (MX-MTX0) 87,75,75
87 MTX0=MX
75 CALL FORM
JOX=Mx0(JZ)
IF( MIX0-JOX) 89,79,79
79 WRITE OUTPUT TAPE 6,70, (R(JX=JZ )=JX=JOX, HIXO0)
MEO(JZ ) =MIKO+1
GO TO 93
89 WRITE OUTPUT TAPE 6,84
93 IF (NSPACE) 77,T7,76
76 DO T8 1=1,NSPACE
78 WRITE OUTPUT TAPE 6,84
TT JZ=T2Z4L
MS=MS-NEHIPT
80 1P (M3) 81,81,8
81 MSRB45
GO T 80
ge 1r(Jz-mz) 83,8%,85
85 WRITE OUTPUT TAPE 6,104, (TITLE(KT),KT=1,k)
X ={MXO (1 )~1 )*NDX+1X0
WRITE OUTPUT TAPE 6,51,NY,NDRL,NX, SIEL, K20, NDEL, NDX, NDEL, NDZ , NDEL
IF (1-Mx0(1)) 91,86,86
86 MS=MSB+NSKIP*NSHIFT-5+ (NSHIFT/5 J# (HSKIP/NSKIP)*5
¥ (MS) 30,90,%
90 MS = MSAS
2 NEKIP=0
GO TO 88
91 IF(1Y-NYO~ (MY-1)#DY) 21,19,19
3 CALL EXIT
E¥p(2,1,0,0,0,0,1,1,0,1,0,0,0,0,0)



TEN

DM

L 105 T -

ENTRY PORM
c1A MS
LRS 35
DVP HUN
RQL 18
ST HQ
RS 35
DVP TEN
RQL 12
871Q A2
ARS 12
ORA T
ORA HQ
ORA X
&I 207,
TRA 1,k
BSS 1
BSS 1



XPAND

10TA
JOTA
i

NL .
IMPLY

_1%-

RQL
819
COMMOE
COMMON
COMMOR
COMMON
COMMON
COMMON
caMon
COMMON
END

Bt B b b b

XPARD

o
O\g

BCHBCFEECES



PHOTO

One of the little-used but useful subroutines written for the
block disgonel lenst squares program as a TESTE subroutine is PHOTO,
& . program Vhich prepared the lists of dsta in Table 3 of this thesis.
This subroutine is included hers as an example that even progrems to
be used only infrequently ere worth writing if s pseudo-language 1is
used, and in appreciation to the authors of FORTRAN.
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PHOTO

SUBROUTINE TESTB
DIMENSION DA (400),DB(3),DC(17537),DD(34),DE(3018),1¥ (5),DG(12)
COMMOYN DA,FOBS,DEL,JR,KR,LR,DB, NSIGMA, DC, SFOBS, DD, SLMX, IE,FCIC,
18INC,C0SC, SPCALC, SINL, ¥, NT'T, DG, NT'L
1k PORMAT (1H1)
16 FORMAT (/Tx214//)
17 PORMAT (4X13,15,16)
18 PORMAT (4x13,15,18%15)
¥ (sT~-sSIMX) 10,5,5
10 IF(%-13) 8,5,8
8 M=13
WRITE OUTPUT TAPE 6,15
IH0=1000
IKO=1000
2 SIGMA=NSIGMA
TH=JR
JFUBS<FORS
JPCAL=CFCALL
IF(COSC) 2,11,11
2 JCOSCm-1
GO TO 13
11 JCOSC=1
13 ZPORS=JFOBS
ZRCAL-JPCAL
o*(  FOBS-ZFOBS-0.5) 22,23,23
23 JFOBS=JPOBS+1 ‘
22 IF (SFCALC-ZRCAL-0.5) 24,25,25
25 JPCAL=JFCAL+1
2l JFCAL=JFCAL#ICOSC
IF(IH-IFO0) 20,21,20
20 IHO=IH
30 IKO=KR
WRITE OUTPUT TAPE 6,16,IH,KR
cC 70 31
21 IF(KR-IKO) 30,31,30
31 IF (SICMA~127.#SFOBS) 1,12,12
1 IF(SICMA) 3,44
3 JPOBS=-JFOBS
k WRITE OUTPUT TAPE 6,17,LR,JPOBS,JPCAL
00 T0 5
12 WRITE OUTPUT TAPE 6,18,1R,JFOBS,JFCAL
5 iF(NTI'-NPL) 6,6'7
6 WRITE OUTPUT TAPE 6,15
T RETURN
£mn{1,9,0,0,0,0,1,0,0,1,0,0,0,0,0)



SPCLP

Originelly written for use on the IBM TO4 computer at the Navel
Oxfinance Tegt Station at China Lake, Californie and in such a form as to
produce @ate for input to the structure factors programs in use at that
facility, the program was later modified to produce decimal cards useble
as input for the modified Gantzel-Sparks-Trusblood programs. This pro-
gram is rether specislized, 4in that it sssumes the data were collected
in exectly the manner used for DEBY., Lorentz-polarization factors sult-
sble to the General Electric £PG gonilostat are calculated, together with
an anelytical background eorrection, en S-correction for scattering
angles greater than 40°, daily scale factors, and a maximm of four 4if-
forent filter Pactors. The beckpround end S-correction values are ob-

tained by second order interpolation from curves entered as dats.

Input
Card 1. Formet (T2H). The first 72 characters on this cerd will
be used as a title,
Card 2, Format (%¥6.2,2F7.5,217,4F6.3). The unit cell parsmeters
8, b, ¢, cos B; the velue of }\als two numbers Ji and NDATA, which are not
used in the present version of the program; and four filter factors wl-rh,
ey

Cards 3-5., Formet (10P7.h). Alternate values of the abscisea and

v are reed in the order a, b, Cy cOg B’ s JN, imATA, Fl, Fz’ FB, Fl‘-
ordinete of points defining the S—-curve are punched on these cards, in
order of increasing size of the absecissa., Pifteen pairs of numbers mey be

used, and the sbscissa must be in units of einb/A.
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Cards 6-13. FPormet (5(F7.5,F7.2)). These eight cerds mey contein
abscisss and ordinate pairs of up to 40 points defining a background
curve, terms of counte per second versus einé/A. As with the S-curve,
the sbscissa and ordinate velues ave entered alternately, in order of
incresaing size of the abscissa.

Cards 1k £f. Format (34.0,I4,2F9.2), The remaining cards are
either "daily scale factor” cards or "reflection” cards. Each card 1s
assumed to contain six mabers, meny of which mey be zero on "dsily scale
factor” cards. These mubers are h, k, 8, F,» C, and T, vhere on "reflec-

tion” cards h, k, end £ are identified es the Miller indices, F, is 1, 2,

i
3, or & snd identifics the filter factor to be used for the reflectiom, C
1s the nuber of radiation pulses recorded for the reflection, snd T i

the time required to record the C pulses. If on any cerd, T is negetive,
that card is recognized as a "daily scale factor” card, and the megnitude
of T is used as a daily scale factor for all following cards, watil e new
seale fector caxd is encountered. A value of T = O indicates the end of

the date list,

Qutput

The progrem prints h, k, £, sino/A, I, T, (2%, [F_I%, ana ||,
and in eddition punches a data card for the CPLSB lesst squares program,
for each reflection. Here, I is the recorded intensity sfter subtraction
of & beeiground correction, and Imcd is I multiplied by the S-correction,
If I ic negative, I . is |1-5(20)|, and the value of 1 is entered for

lFol on the CFLSB data card, together with & negetive SICMA value.
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SPGLP

DRENSION IF(500),AC(500),AT(500), ARILT(500)
DIMENSION AH(500),AK(500),AL(500),SINTHL(500),DLPINV(500),
2omm(5oo) oInTH(500), 0PSQ(500),CFOBS1(500), ovonsz(;oo),
mss?si ORDS(15),ABSB(40),0RDB(LO)
61 PORMAT )
2
%8 PORMAT E}Fl; .0,1Ik,2F9.2)
35 FORMAT (315 ,¥9.5,2F10.2,F9.5,2F10.2)
Lo FORMAT (3F6.2,2F7.5,2I7,4F6.3)
L1 rORVAT(1OPT.4)
42 FORAT (5(F7.5,F7.2))
53 PORMAT (213, 1k,15,54X13) ‘
60 PORMAT (720 H K L  SINTH/L I RAW I MOD 2/Lp
2 /ro/2a 10/v0///)
SINSGF  (X,Y,2) = XHQRALYWYHB47#7RC-XWZHD
INTIP(X1,Y1,X2,Y2) = (Y2-¥Y1)/(¥2-x1)
?mr(? ,Y1,X2,Y2,X3,Y3 )= (INTIF(X2,Y2,X3,Y3 )~ INTIF(X1,Y1,X2,Y2) )/
2(x3-X1
IHPF (X1,Y1,%2,Y2,X3,Y3,X )=Y2+ (X-X2 )# (INTIF (X2,Y2,X3,¥3) )+ (X-X2 )#
2 (X-X1)*(INT2F (X2,Y2,X1,Y1,X3,Y3))
READ INPUT TAPE 5,61
READ 3:3*013 TAPE 5,40, CA,CB,CC,CCOSB,CLMB,JN,DATA, (AFILT(I),
21 = 1
READ IWPUT TAPE 5,41, (Asssgl),omsgl), I=1,15)
READ INPUT TAPE 5,42, (ABSB(I),0RDB(I), I=1,L0)
DQ bh I = 1,500
LH(I) = 0.
AK(I; = Q.
AL(T) = O.
OINTR(I) = O.
o1NT™ (I) = O.
DLPINV(I) = O.
arsa(1) = o.
wons%x% = 0.
orPoB2(1) = O.
54 SINTHL(I) = 0.
A=1./ (4. #cam29 (1, -CCOSB**2))
B=1,/(b.#Cpwe2)
C = 1./(h.*CCMe2%(1,-CCOSB*2)
D = CCOSB/(2.#CA#CC*(1,~CCOSB#*2))
WRITE CUTPUT TAPE 6,61
WRITE OUTPUT TAPE 6,60
I=0
L& I=I+1
¥ (I-500) 51,51,52
51 READ INPUT TAPE 5,38,AH(I),AK(I),AL(1),IF(1),AC(1),AT(T)
T (AT(1)) 1b,15,45 ,
L9 SINSQT = snm(m(l) AK(1),AL(1))
SINTHL(I) = sm(smsqr)

i
o
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IF (SINTHL(1)-1.%09) 26,26,2%
25 sI¥MHL(X) = O.
GO TO 46
26 P (SINTHL(I)-.8087) 24,24,k6
17 SCORR = 1.
GO TO 27
20 SCOFR = ORDS({ITH)
GO T 27
2h IF(SINTHL(I)-.34202) 17,17,18
18 SINTHL(I) = 9969 #SINTHL(I)
ITH = O
21 ITH = ITH + 1
IF SINTHL (I)-ABSS(ITH))19,20,21
19 SCORR INPF (ABSS (ITH-1),ORDS (ITH-1),ABSS(ITH), ORDS(ITH),
mss(mu),oms(mu),snm(x))
27 1T = 0
3L ITH = ITH + 1
IF (SINTHL(I)-ABSB(ITH))29,3%0,31
30 BCORR = ORDB(ITH)
00 TO L4
29 BCORR = IUPF(ABSB(ITH-1),0RDB(ITH~-1),ABSB(ITH),ORDB(ITH),
2ABED (ITH+1 ), ORDB(ITH+1 ), SINTHL(I))
bl ITH = IF(I)-1
OINTR(I) = (AC(I)*BK*APILT({ITH))/AT(I)-BCORR
5 NSQ = CLMBW2®SINSQTR
nwnw{xg = SQRTF(S Mso#(1.-8N5Q))/(1.+(1.-8HSQ-SNSQ*2)
DLPINV 8. %DLPINV(I)
¥ (OINTR(I) 45,45,33
33 onm»x (1) = SCORR*OQINTR(I)
oFse (1) = onm:(x)wm’nwix)

w@mé:g = 10,#SQRIF(0aPsQ(I))
wFp2(1) = roBsi(1)
HSIG = 1

60 TO 50
45 OTHIM(I )=SCORR*OTNTR(T)
aFsa(1) = oTuTM(I)* DLPTNV(I)
CFOBC2 gx)»lo.*sm(wsa(x))
#0Bs1(I)=1.
HSIG=-1
50 J=AH(I)
K=0X (1)
1=AL(T)
WRITE OUTPUT TAPE 6,3, , L » SINTEL(I),O0INTR(1),
aOme(I),me(x),wsg(x),wosse(1)
P=10,WFOBS1(T)
WRITE OUTPUT TAPE T7,53,K,L,NSIC,NF,J
GO TO 46
14 BK = -AT(I)
GO TO U6
15 CALL EXIT
E(1,1,0,0,0,0,1,1,0,1,0,0,0,0,0)
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LP
To correct data collected on equi-inelinaticon Weissenberg films
for the lorentg-polarizstion factors, this progrsm was constructed.
The output consists of gin Mg the sine of the equi-inclinstion angle,
for each net of reciprocal spece normel to the rotetion sxis, and of

h, k, £, sinas’, (I.P)‘l, I, [Foia, and chf for each reflection.

EBrror Indicetionsg

If the machine halts with 0325 in the P register, the product
R,i* exceeds unity. If this ocours, either h (located in the address
vhich appears in the B register) or R, (located in cell 0398) is in
error. The error should be corrected and the START switch pressed to
continue. If the machine halte with 0327 in the P register, the sin-6
value of some reflection exceeds unity. The address of the incorrect
reflaction appears in the B register. To ignore this reflection, control
switch 1 should be placed in the (FF position and the START owitch de-
presged. If control switch 1 is in the ON position, the progrem will
try sgain to process the incorrect reflection; thus if an error is
found, the correct dsts word can be entered in the address which appesrs
in the B register, control switch 1 placed ON, and START depressed. The
progrem will in this cese process the corrected data word and continue

normally.

Data
A date tepe should be prepsred containing the unit cell constants, a

code word to indilcate the proper order of printing of the inddices, and
the data for each reflection, in the following order:
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a control word, & 0000 30 0076
A x 1070
-6
‘m X% 10
nx 10.6
P X 10’6
cos am X 10"6

cos an x 10‘6

e0s Czp x 10

x~lr2r3 0 0000 00 Orlra,r:5

m' code word, 0 8388 83 8Gu'm’

reflection word, +n'n’+p'p'IIIII

reflection word, +n'n'4p'p'IIIII

ete.

end of tape code, O 9999 99 9939

eontrol word, 6 0000 30 0221
my, n en@ p are the lengths of the unit cell edges, chosen g0 that n is
the rotation axis of the crystsl. The corresponding aigles are o, o,
and ap; i.¢,y if m, n, and p ere b, 2, and ¢ respectively, then am = B,
an = ¢, and ap = y. The nudbers Ty and r3 aye same permutetion of the
digits 1, 2, and 3, indiceting the printing order of m', n', and p', the
indices assoclated with m, n, and p respectively. In the exesmple Jjust
given vhere n corresponds with a, n' will correspond with h, and should
be printed first. Similarly m' should be printed second, end p' third.
The proper word rlr2r3 would be 213.

Following the sbove words must be s list of m' code words snd words

for individusl reflections, Each value of m' detected by the progrem
will be used for all following reflections until a new m' word is found.

The code word 0 99599 93 9999 end & brench command end the tape.
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ration

The following steps should be cbeyed in using this program.

1. Read program into the computer with the PZT switch down. Plage
Lending Zeroes switch up, and set output switches in the desired posi-
tions, All ocutput uses the SPO conmand.

2. Mount the date tepe, place a read command in the C register,
plece the computer in the execute phase, and depress the START switch.

The program will sutomatically be executed.



0013
001k
0015
0016
o017
0018
0013

021
0022
0023
002k
0025

0027
0028
0029
0Q30
0031
0032
003

o03h

0035

0037
0038
0033
ooko
00k1
00k3
o00hs5
ooh7
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0050
0051
0052
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005k
0055
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00529
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0062
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LP

0000 10 CAD 0202
olk10 L0 STA 0302
0000 CAD 0202
ob1o STA 0302
0000 BUN 0335
Lohl SPO 0384
0100 09 SPO 0031
0000 CAD 0241
2310 STA 0388
0000 CAD oh22
0000 MUL 0422
oko8 TFL 0302
0000 BUN 0201
0000 MUL Ok22
0408 IFL 0302
0000 BUN 0201
0000 0000
1600 4800
0000 0000
0053 0062
4955 0063
0000 ooky
0000

g

RS 0008
ADD 0326
ADA Ob12
BUN 0309
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R 00Tk
0071
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0055
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0063
0065
0067
0063
0070
00T

0073
0074

0076

OHHOOCOOOOOCOOOCOOOCOOMMOQOOMMOOMHMODOOCOO0O000O0O000O0CO0O0OL0O0C00
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g
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g88gaes

8

§38

o)
B

:

EEEEEREEEEE R R
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58I 8888BUNEREREGE

19 ADL 0380
19 ADL 0378
21 DEB 008k
42 LDB 0087
10 CAD 0379
1% MUL O3k
Ly sLT 0006
16 RND 0001
21 DBB 0093
12 ADD 0378
14 MUL 0379
4o SLT 0006
16 RND Ob17
ko sTA 0378
10 CAD Ohzo
1k MUL 0430
Ly sur 0001
15 DIV 0378
48 sRT 0001
16 RND 0003
Lo sTA 0378
L2 1DB 0087
10 CAD Oh3l
14 MUL Ob31
Loy sLT 0006



0113 O 0000 16 RND 0002
0114 O 0000 14 MUL 0379
0115 0 0001 43 SLT 0006
0116 0 0000 16 RND 0001
0117 0O 0000 k40 S8TA 0397
0118 0 0000 10 CAD 0378
0119 1 0000 14 MUL 0380
0120 O 0001 49 SLT 0003
0121 O 0000 15 DIV 0397
0122 0O 0001 438 ERT 0001
0123 0 0000 16 RND 0000
012k 1 0000 kO STA 0398
0125 © 0001 21 DBB 0110
0126 0 0000 10 CAD Ob31
0127 O 0000 14 MUL 0432
0128 © 0001 4> SLT 0006
0129 O 0000 16 RND 0000
0130 © 0000 4O sTA Ohol
0131 O 0000 10 CAD Oh3hk
0132 0 0000 1k MUL O435
0133 0O 0001 49 SLT 0006
0134k 0 0000 15 RND 0000
0135 0 0000 13 SUB 0436
013 O 0001 48 SRT 0002
0137 0 0000 15 DIV 0401
0138 0 0001 48 SRT 0002
01%3 O 0000 16 RND 0000
01k0 0 0000 L0 STA 0402
0141 0O 0000 10 CAD O3l
0142 0 0000 1k MUL o33
01k3 0 0001 49 SLT 0006
o1kl 0 0000 16 RWD 0000
0145 0O 0000 40 STA 0401
0146 O 000D 10 CAD Ok3h
01h7T O 0000 1k MUL Ok36
0148 0 0001 L9 SLT 0006
0143 0O 0000 16 RND 0000
0150 O 0000 13 SUB OL3y
0151 O 0001 48 SRT 0002
0152 O 0000 15 DIV ohol
0153 O 0001 48 SRT 0002
0154 0 0000 16 R 0000
0155 O 0000 Lo STA 0Lo3
0156 0 0000 10 CAD 0OL32
0157 0 0000 14 MUL 0433
0158 © 0001 49 SLT 0006
0159 0 0000 16 RWD 0000
0160 0 0000 Lo S7TA ObOL
0161 O 000D 10 CAD Ok35
0162 © 0000 14 MUL OL36
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o175
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0
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0197
0198
0199
0200
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0263
0264
0265
0266
0267
0268
026>
0270
0271
0272
0273
027k
o275
0276
0277
0278
027>
0280
0281

0283
0284
0285
0286
0287

0289
0290
0251
02912
0293
0254
0235
027%
0257
0298
0299
0300
0301
0302
0303
0304
0305
03006
0307
0308
0303
0310
0311
0312

HOOMMMOOMODOOOQOOOOOCUCOOOOO0OLOODOOOQUOUOOCLOOCDOOOWOOOCO
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0000
0000
0010
0000
0000
0000
0000
0000
0001
0000
0001
0000
Q000
0001
0000
0000
0000
0001
0000
0000
0001
200
0000
0000
0001
0000
0000
0001

12 ADD
L0 STA
18 CFa
34k BCH
10 CAD
17 EXT
40 sTA
10 CAD
13 SUA
40 STA
13 sUA
Lo sTA
14 UL
Ly SLT
16 RuD
12 ADD
Lo 8TA
10 CAA
13 SUB
1k vuL
Ly sLT
16 RND
by sTP
30 BUN
48 SRT
16 RUD
14 MUL
43 sur
15 DIV
48 SRT
16 RND
Lo sTA
14 MUL
45 sLT
16 RID
40 sTA
L4 sTP
30 BUH
43 SRT
16 RiD
Lo 8TA
k2 1DB
10 CAD
18 CPA
34 BCL
o1 HoOP
Lo sTA
21 DBB
42 1LDB

ob10
ol15
0323
0326
0000
0371
olu16
0330
o415
ok20
ohis
ok21
ou21
0006
0800
0330
ok21
ok15
0386
olk20
0006
0540
0071
00L5
0003
000k
0379
0002
ok21
0002
0540
ok17
o416
0007
0540
ol18
0071
0045
0003
1340
ol1y
02 %
o412
o277
ookl
ok12
ok12
0305
0288

5108 26 IFL 0415



0313
0314
0315
0316
0317
0318
0319
0320
o321
0322
0323
032k
0325
0326
o327
0328
0323
0330
0331
0332
0333
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0001 21 DBR
0000 L2 LDB
0080 25 RIF
o412 Lo STB
0000 10 CAD
ob10 18 CFA

BUN
BUN
HLT
HLT
BUN
HLT
BCS
CAD
Lo
L6 CLL

TEWEBS8WERE

FHEEEE

10 09 SPO
30 09 SPO
11 09 SPO
10 09 SPO
11 09 SPO
09 SPO
26 IFL
10 CAD
0b10 18 CFA
0001 34 BCL
01 ROP
10 CAD
STA
STA
STA
STA
CAD
STA
STA
CAD
STA
STA
BUN

B5532E88REERSE

BEECEESEEEE

0000
0000
0000
oh10
2310
0000
ob1o

okio
0000

0000 10 CAD
ob1o Lo sTa
0000 10 CAD

COO0OO0OO0O0OQOO0O0CO0O0CO0OVOCOIOOQOOMHKHFHMFQOOOOOROHOOOKHROQOUOQOOOOOOO

0312
0297
ok12
0257
027
0302

BCL 0220
IFL 0346

0016
0335
9999
0000
0188
0800
0222
0000
0288
ok15
0330
0351
ok16
030k
0233
038>
0000
0003
000k
0005
0006
0293
0293
0237
0335
0357
0350
0378
0380
0381
0332
o241
0333
0383
023k
0233
0297
0013

6229 27 DFL 0236

o241

0383
0234
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o410 4O STA 0297
oLl10 LO STA 0233
0000 30 BUN 0186
6229 26 IFL 0346
oll10 26 IFL 0346
0000 20 BUN 0343
6223 27 IPL 0346
0410 27 DFL 0346
0000 42 LDB 0383
0000 30 BUN 0138

0000 02 0000

0000 01 0000

0000 00 o433

1616 62 L3355
64

0054 0033
0202 02 0216
8300 00 0000
0000 00 0015
0000 01 0000
0000 01 1111
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REFEREINCES
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PROPOSITION 1

It is argued that & new coordination state for titanium hes been
observed, although unrecognized, in recent research. The proposed
sentavalent titanium is present in s couplex observed so fer only in
solution, but it is proposed by analogy with s roughly similer complex
isolated in crystalline form end of sufficient stability for its crystel
gtructure to have been determined by X-ray diffraction techniques that
the postulated complex is real and cen be crystallized. It is proposed
thet crystallization be attempted a:d if successful that the structure
of the crystals be determined sus the best way of determining the nature
of titanium coordination. In the event crystellization proves impossible,
evidence for the existence of the complex in solution can be obtained by
several alternate technigues suggested.

In the course of work on ethylene polymerizetion eastalysts, Dreslow
and lewburg (hereefter Bii)(1) have discovered that solutions of bis(cyclo-
pentadienyl) titenium dichloride in toluene or a-heptane reocct with
diethyl aluminum chloride to give alnost lmmedistely a red color, vwhich
then slowly changes to green end fianelly to blue. Reactlon with tri-
ethylaluminum in & slight excess gives the blue color elmost lizmediately.
Bl sugwest that the reaction sequence is (1) formation of a complex;

(2) alkylcotion of the titenium; (3) reduction from Y to TiIII. They
propose (I) as the red complex (R = Cl or Et), and present evidence to
gshow that (I1) may be the intermediante in elkylation. To explein the
differcnce in reduction rate with 24Bt, or AﬁEtecs as elkylating asgent,

)
B suggest that the stability of the titanium~carbon boad may depend upon
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the compound with which the titanium is complexed, or that reduction
involves a bislkylated forr of titenium so that the greater alkylating

power of ALEt, is important.

3
It is proposed that (III) is e more likely structure for the complex

with MC;ZEtQ and that (I) with R = Bt is probably the complex with MEtB.
The difference between (I) and (III) would then satisfactorily explain
the faster reduction by MC&B. An examination of (III) shows that the
Cp C2 Et Et CE Cp C& Cp C2 Et
' N\ 7 N S NI NSNS
Cs—Ti Ag ‘ Al Ti T4 ¥
IN /7 N\ ANV 1IN 7N\
Cp C2# Et Et C¢é Cp C& Cp C# Et
(111) (Iv)

05H5 groups must be pushed far to cne side by an approaching ethyl group
in the alkylation step, as shown in (VI), whereas there is an opening

elready available in (I). PFurthermore the intermediate (I) can be written

Et Bt
| Et ~
Cp Tte-- A" VN Cp  Ch Et
~f | Bt / e, | N\ S
TLC4 Y ci /Tli /Az\
Cp/ e gy — BBt cs Cp\Cﬁ Et
Et
(v) (v1)



- 131 -

in the somewhet more stable form (V), vhereas no corresponding structure
exists for intermediste (III). With this proposed mechanism, BN's pos-
tulate of verying Ti-C strength cen be discarded. Proof of the existence
of (III) would not, however, invali@ate their secand suggestion. With
the nev mechianism, either complex formation or alkylation cen control

the overall rate of formetion of the finecl blue complex., The details

of mechsnlsm are not our purpose here. It 1s simply noted that the
existence of (III) would provide ancther interpretation of the avasilable
data, equelly valid with thet proposed by BH and much more interesting
from the structural viewpoint.

The.next guestion of interest is whether the red complex observed
there can be crystallized, and whether crystallization would change the
molecular structure. In support of the first point, it is noted that
Natta, et al., who epparently did not observe the initisl red complex,
have lgolated the finsl blue complex in crystalline form and have
succeeded in performing a structure determinstion using the X-ray diffrac-
tion technique (2). This meterisl wes found to have structure (VII).

Indeed, it is by anslogy with (VII) end becsuse of the common occurrence

Cp Ch T

\fm/ \AB/

Cp/ \cz/ \Et
(vii)

of doubly-bridged metal complexes thet (III) 4s fevored over (I). As to
whether (III) should not be written in the form of a dimer (IV) so that

titanium might reside in its feirly common octahedral configuration, it
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is observed that the great bulk of the C5I-'£5 group renders this possibility
very unlikely. Thus structure (III), if it exists, is not likely to di-
merize during the process of crystallizetion. The seme msy be sald of
structure (V), inesmuch as tetrshedrel coordination ie 2 very commonly
observed property of titanium. Thus, 1t is felt that the complex

(c5z15 )zcwicszmta cen be crystallized and that e determinstion of the
structure by X-ray diffraction would unerbigucusly define the complex
which has been obsaerved in solution,

In the event that the proposed crystals could not be obtained,
geveral slternative methods of cenfirming the existence of the proposed
canplex are aveileble. These methods sll require prior asssuwmptions about
the substance under exemination. For the sake of exsmple, therefore, we
shall assume in the following discussion that a complex exists and thsat
it assumes either form (I) or form (III). The proposed techniques would
confirm one of these structures or foroce consideration of others.

Three methods of obtaining informstion for the confirmation of one
of the proposed structures in solution are considersd: (1) X-ray diffrac-
tion by the liquid; (2) infrared absorption; and (3) nuclear magnetic
resonance ebsorption (MMR). Because of expected poor resolution in the
liquid the X-ray diffraction patterns slone could not distinguish between
the structures, but some evidence could be obtained in support of one or
the other. The infrared sbsorption spectra of CpQM and szuxz compounds,
where i1 is sane transition metal and X is 2 halide, have not been snalyzed
except for identification of the CH stretching frequency, but a comparison
of several availsble spectra of the two above classes shows several strong

resonence peaks which are inverient in position for meny different M end X
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atoms, The intensities of these lines mey be useful in declding vhether
or not the two 0555 groups in the proposed complex are perallel. Finally
the NMR spectrum of the postulated camplex will be of doubitful usefulness.
Only experiment will decide on the wvalue of this method, since 1t is ex-
pected that hydrogen environments on the two complexes are insufficlently
dissimilar for a selection of structures to be made on the basis of proton
resonance, and since the spectre of chlorine and titenium, which should
certainly differ enough to allow identification, might be rendered unob-
serveble by quadrupole relaxation. The three methods in conjunction could
probably offer evidence strong enough for selectiom of aw of the two pos~
5ible structures, however. These will now be examlned separately in more
detail,

X-rey diffraction. The vector plots expected for structures (I) and

(1I1) are given in Figures la and 1lb recpectively. These show distinct
diffcrences between 2.5 and & A. The region around 3.5 A 15 wmost promising
as a point of distinetion., The twenty ?eaks G¢-Cp of the two structures
form ¢ band in each case sbout 0.8 A 1n width, and centered at sbout 2.8
and 3.3 A for structures (III) and (1), respectively. The large number

of these vectors makes it unlikely that resolution of individual peaks

is possible whether or not the cyclopentadienyl groups are rotating, but
the conglomerate peek center chould serve to distinguish between the two
structures.

Infrared spectra. Figures 2 and 35 show respectively the spectra

of CpFe (3) and Cp,T4iBr, (4). It will be seen that the strong bends at
aboutAE.B, 7.0, 10.0 end 12.3% y are virtuelly unchanged in positions

and relative intensities. The same iz true of these bands in Cpaﬂi, CpgRu,
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CpQZrBrg, and Cpavc,e However, the 7.0 p band in Cnge iz greatly

o
weakened in ('.‘peT:!.}?}r2 s although wnchenged ir pocition. This change in
intensity seems to be common to sll of the sbove halides in comparison
with the reduced metal dicyclopentedienyls. DBeceuse of the invariance
in pogition of these lines, we may sefely assume that they are all
associnted with energy levels characteristic solely of the 05H5 rings,
whatever their detasiled origin. Furthermore, since the only consistent
difference between the rings of the two series of compounds is thelr
relative position (parellel in Cpyll and tilted in Cp,i,), we may assume
that the inhibitica of the 9.0 4 zbscrption is in some way assoclisted
with this tilt. This assumption has been made on the basis of a comn-
parison of all relevent published spectra, but cennot bhe used as o
working hypothesis without being tested by the repetition of the spectre
under carefully controlled circumstences. It should be further checked
with the many pairs of ccmpounds, CpEM and Cpaan » Which are now known.
In sddition, Natte's complex should prove a valusble compsrison.

uclear magnetic resonance. As has previously been indicated,

protaon resonance will probably be of little use, The only concelvable
difference between structures (I) and (III) would have to come from ring-
ring interaction. This is unlikely to be detectable.

MR spectra of either titanium or chlorine resonance should serve
conclusively to distinguish between the two structures, butl the possi~
bility of observation of these spectro is gquestionsble., The difficulty
in both cases ic the same: broodening of the magnetic regonance lines
by shoxrt quadrupole relexation times. Some work om chlorine MR gpectra

hes been successful because of a special symmetry in the envirvooment of
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the nuclei which destroys the electric field gradlent at the aucleus and
foriids quadrupole relaxation. Ko specilsal symetry exlsts in the chlorine
environment here, but the nuclel are partly shiclded from translent elec~
trical fields due to solvent molecules by the bulky C5H5 groups. This
may render the spectra observeble.

Prcobebly more hope can be held for observation of the titanlum MR
spectrun beéause of the high symmetry of the titanium position, perticu~
larly in structure (III). This hope may be naive because no NMR spectrum
hes besn reported for titenium ond because the size of the quadrupole
moment is not known, This lack of information, however, is probably
due more to the relative youth of the IMR technique than to any inherent
impossibility of observing the titznium spectrum. DPilcyclopentedienyl
titaniuwm, the CpeTi halides, and Hatte's complex should serve to help
in interpreting the titanium spectrum if it can Indeed be observed.

In sumary, then, several methods have been cutlined which could
prove the existence, elther in the solid state or in solution, of e
postulcoted complex conteining pentevalent titanium.* Even 1f this
coordination state 1s not observed, the alternative complex 1s one
contalning two metal atams bridged by & single halogen atom. The
novelty of elther structure demands investigation to prove which is

correct.

*cince this proposition was originelly offered zdditional support
for the exlstence of pentavalent titanium has aeppeared. Bryce-Smith
and Perkine (5) have obtaeined a yellovw solid from e mixture of TiCBe,
tertiary-butyl chloride, and cycloheptatriene in n-hexane for which they
propose the structure (Cpiy)t(TiCls)~. However this material is not well-
characterized end even if the empirical formulas 1s correct there is no
evidence thet titenium is not octehedrslly surrounded by chlorine atoms
in & dimeric [TipC8 o]™ ton. The existence of pentavalent titenium thus
remaing a very interesting point.
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PROPOSITION II

One popular method of improving present rather desirable varleties of
crop plents is by transference of e single chromoscme oOr perhaps only pert
of = chromosome, bearing genees for a desired tralt, to the veriety from
some more Or less distently related species by crossing the two species,
selving or repestedly crossing the hybrid until sn individual appears
containing the desired trait, and then repeatedly back crossing selected
progeny of this individual to the origilasl crop varlety until a new crop
variety is obtained, bearing the desired new treit and identical or
sinilar in all other characteristics to the original variety. The most
difficult single step in this procedure, particularly when very distantly
related species sre used, 1s frequently the obtaining of the originsl or Fl
hybri;l. Apart from cases vwhere the species involved are too dissimilar
for fertilizetion to oceur, or vwhere the product of a successful fertiliza-
tion 18 a so-called "zygotic lethal” unable to maintain the life processes,
BRIy cases are encountered wherein fertilization takes place and the result-
ing embryo grows to a greater or lesser extent, frequently reaching maturity,
but in vhich the endosperm necessary to sustain the ewbryo e8 a germinating
seed fails to develop. In these ceses a seed may develop, either normal
or shrivelled in external appesrance but usually light in weight, or the
eunbryo may begin to disintegrate at an early stege and the ovule fail to
form a seed. GSalvaging of the embryos in the ceses where the embryos
mature but the endosperm fails to develop properly is possible and very
widely practiced, as a result of initiel work by Honanig (1), Tukey (2,3),

end otherc. Hannig wss the first to obtain seedlings from species
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enbryos removed from the plent before ripening of the seed and Tukey
first suggested the value of the technigue in breeding progrems. Tukey's
first use of the technigue was in obtaining both selved and crosgsed
seedlings fram early-bearing cherries which form normal enbryos but fell

to produce ripe seeds. Embryo culture, as the technique is called, in-

volves removal of the mature (or scumetimes slightly immeture) ewbryo
fras the plent, sterile separetion of the embryo from any endosperm
present, and culture of the embryo for severanl deys or more st about

30°C in sterile capped vials containing a nutrient mixture composed of a
carbohydrate {usuelly sucrose), sgar, and various salts, in water.
Either immediately or after some initial period the culturc is exposed to
weak light. Vhen roots and leaves cppear the seedlings are transferred
to soil and trested like any other valuable seedlings. Time and agsin,
vigorous hybrids develop from such embryos, showing no sign of the
difficulties in their birth.

It is proposed that success in raising seedlings by the methods of
embryo culture can be extended to the embryos which do not fully mature
and possibly even to some of the "zygotic lethals" by inclusion in the
nutricnt medium of additionsl factors necessary to embryonic growth.
Sucecesc of ermbryo culture is based on the fact that after some period the
embryo (now o seedling) becomes self sufficient. Thus therc appears no
& priori reason why even very immature embryos cannot be successfully
raised, provided they are given certain additionanl growth factors or en-
zymes normally supplied by the nurtwring tissue of the mother plent. In
the cases of zygotic lethals, it might be necessary to provide the plant
throughout its life with same chemicels or "plant vitamins,” but even

these plants could profuce suto-vieble offspring which might be valusble,
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It is swrprising that even in the breeding of well studied and
sgriculturally valuable crops where emwbryo culture is a gtandard practice,
the above-~proposed extension of the method is not suggested. An example
in the recent litersture where this technique would be useful is the sweet-

clover cross Melilotus messenensie x M. officinalls, where it is reported

(4) thet fertilizetion epparently takes place but the embryos do not de-
velop to such & size that embryo culture could be expsected Lo succeed.
This same erticle reports the successful crossing of two sweetclover
species by employment of the embryc culture method of Tukey. bMartin (5)
in reporting on meny crosses of green-sprouting broecoll says that many
fallures of seed-set occur efter pertisl development of the ovules and
hints that zygotic lethelity may be & csuse. VWhether ordinsry embryo
culture has been tried in this case is not cleer.

The idea of extending embryo culture to imusture embryos is not
nev, but does not seem to be appreciated either as an aid to obtaining
seed from normally pseudo-sterile species or in breeding programs. Some
years ago, initiel work in this field was done by van Overbeek, Conklin,
Blekeslee, Siu , end Hasgen-Smit (6-8), who carefully explored the problem

of raising immature embryos of Daturs stramonium (Jimson weed) and were

able to extend the technique from large embryos in the most mature, or
torpedo stage, to smaller torpedo embryos, then to those in the less

mature, heart-shaped stage, end finally in one example, to a little-

differentianted proembryo. To successfully raise the younger embryos the
authors used in addition to sucrose and nineral salts & mixture of chemi-
eals known to promote growth and either cocoaut milk (endosperm of the

coconut) or & coecnut-milk extract. The cxbtract had e much higher specific
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ectivity (on a dry-weight basis) and did not contain a root-inhibitor
present in the native coconut milk, The use of coconut milk in culture
of corn embryos was shown to be elther unnecessary or unhelpful, depend-~
ing on the maturity of the embryo (7), indiceti:g that the growth factor
found in this natural endosperm cannot alone be used to raise immature
embryos of all kinds of plants.

It is sugpgested that the van Overbeek, et al. technique be used as
a sterting polat in attempts to culture any immature embryos of interest.
If this technique fails, the first change suggested is to replace the
coconut-milk extract with a homogencte of the endosperm of the species of
interest. The technique for any specles should first be perfected on
species embryos in order not to waste hybrld materisl. The procedure
below, essentielly that of ven Overbeck, et el., is suggested as & start-
ing point.

The coconut milk is sterilely extrected, concentrated ebout five times
under vecuuan and at temperatures under 50°C, and enough ethenol is added
to the coucentrate to make an 80% ethanolic solution. A precipitste is
obtained, which is successively sheken with butanol, dlethyl ether, and
80% ethenol. The resulting material is then added to the basic medium
described below at a concentration of sbout 2.5 mg. of extrect per ml, of
medium. Van Overbeek, et al. do not mention storage of this extract, but
it would probaebly remain effective for periods of several weeks under
refrigeretion. The basic mediun consists of a water solution of 1%
sucrose, 0.0% agar, Tukey's mineral mixture, and chemicals at the
following concentrations: 3.0 mM glycine, 0.2 md adenine, 0.15 mM thiemin,

20.0 m? ascorbic acid, 0.2 oM pyridoxin, 25.0 mM suceinic acid, 1.0 mM
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nicotinic acid, and 0.5mM pantothenic acid. Tukey's mixture coneists of
b5,.4% KC8, 11.36% each of CaS0, , Mgs0y,, CaB(POh)z, and FePO,, and 2.07%

Ki0,, and is used at the concentration of 1.5 gme per liter of medium.

3)
The optimm culture temperature for Datura embrycs wé.s found to be
32°C (8), growth rate being reduced by a factor of three, f£ive degrees
on either side of this tempersture. Commonly used temperatures are 25~
30°C.
With the use of the above medium as a start, culture techniques for
immature embryos of many species could probably be developed. Judging
from the widespreed distribution of such growth agents as B-indolescetic

ecid, similer cultural techniques should aepply to large numbers of specles.
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PROPOSITION III

It is proposed that a change in welghting scheme froam that normally
used in the refinement of crystal structures is demanded vhen the majority
of experimental data heve stendard deviations smaller than sbout 5% of IFOI
and the structure contains heavy atoms vhose scattering factors ere not
well known, Conslderstion of the error present in these scattering factors
is then required. This considerstion is also capable of yielding lower
standard devietions for light etoms when more than one heavy stom of iden—~
tical type are in the structure, The case probsbly most profitsble, that
where there are two identical heavy atcme in the asymmetric unit, is
congidered as en example. Throughout the following discussion, the
validity of the general least squeres procedure 1s assumed.

Considering refinement only of positional perameters vhere

xiJ’
le, xéd’ and x33 are the three positional perameters of atom j, the

usunl least squares procedure is to use as observatioasl equations

oF
ck
1,4 iJ

or the corresponding expression involving IFOIE instesd of }FO}. In this
expression, iFQkI is the observed value of the k= structure factor, ‘Fck‘
is the corresponding calculated value based on a set of approximate atomic
coordinates, and Ve is 8 welght ascigned to the kEE obgervational equation,
The summetlion is taken over all independent positional persmeters. ILeast
gsquares theory shows that 1f the coefficients (éFck/éxiJ) are accurately

known, the most proﬁable values of the A.xi which the given data are

J
o]
capeble of yielding ere obtained by equating W, to l/a§ and solving the
ok
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equations in the ususl way. With past methods of datae collection, errors
in the cobserved structure factors have greatly exceeded errors in the
atomic form factors, and the latter sources of error heve been neglected.
This gpproximtion is still valid vwhen the structure contains only light
atoms whose form factors are well known, even if the best of modern methods
are used for datz collection. But for many of the heavy atoms commonly
used in the "heavy stom technique” of solving structures, improvements in
the calculﬂtioﬁ of form factors have not kept pace with the development
of experimental technique. For structures containing such atans, some
change in the refinement technique is needed. The general form in which
the equations should be recsst is

&

ck
1?5 Wk 3{:‘: a xu = wk(Fok.Fck) » vwhere the

swmntion is over light stoms only, and vhere the "observed" quantity
(Fok'F ck) can be written ([P ok'Fhk}'Flk) to emphasize the fact that errors
in the heavy atom contribution to the structure factor, Fhk’ should be
considered in assigning weights., Here, F,Ek is the cantribution of the
light stoms to P ek

To consider the size of errors in likely to be encountered, let

Fhk
“us consider a specific example. Assumwe a centrosymmetric structure con-
talning two bromine stoms in the asymmetric unit, snd imegl:e that the
experimentel date ave collected with molybdemum K@ characteristic radiation,
in such e way that %'o = (0.5 + o.oleol). Probably the best atomic form
factor currently available for bromine is that of Thomec aud Umeda (1).
Campericon of this form factor with the beet previously aveilable (2)

reveals a difference of sbout 1.3 electrons, s difference nearly independent
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of secattering angle. This difference probably 1s a lower limit of un~
certainty for the older curve. An estimate of the uacertainty in the
Thomas-Uneds form fector for bromine can be made by caapsrison of their
Cu+ form factor with one still more accurete, the Cu+ form factor derived
by Berghuis, et al. (3) from a self-concistent-field electron distribution.
The differences between these two Cu+ curves are as much as 0.5 electrons,
and indicate s lower limit on the uncertsinty of the Thomag-Umeda cu’
curve. Because ull of Thomes' and Umeds's form factors were calculated
in similar weys with data of presumably similar accuracy, we can also
sedopt 0.2 electrons, independent of scattering angle, &s a limiting sccur-
acy for the bromine form factor. A further correction must be made for
the ancaalous dispersion of MoKO radistion by bromine: Dauben and
Templeton (4) give this correction &5 -0.3 electrons. Including this

correction, the uncerteinty of the bromine form factor, Tp
Br

egual to 1.0 electrone. If this velue is assumed independent of scatter-

» can be set

ing angle, the error in FBr’ the cantribution of a bromine atom to the

structure factor, is (l.OIFBrl /fBr) = 1.0 g , where g ic the “"geometri-

eal" part of the structure factor.

Vith the assumptions made thus Tar, it is clesr that the proper
weight for the kg'-é observational equation is
| 1.0 F, \° d
2 ; 2,2 U m 2 Eml 2

/0y = 1/[(0.5 + 0.03 Ipokl ) +( 5 ) ()" + f%r Z‘(B“"x \ o, 1
Br i i i

where F

Hk
metrics) part of Fc contributed by the heevy atoms, and x

is the contribution to Fck of the heavy atons, Dpc is the geo-
4 ore the posi-
tionnl parameters of these atoms. It is equally obvious that the weights

are bilased in favor of reflections dandneted by the light ctoms. The third
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term in the aebove sum is large; for reflections highly sensitive to
bromine locatioms, snd the second term is large whenever the totel cone-
tributions of the brouine atoms to Fe is large. Thus only date which
are both insengitive to the locations of bromine atoms and to which the
total bromine contribution ‘15 small are given higheét welghts. For this
reason, the case of two independent but identicel hesvy stoms ig the most

favorable because only 4n this case can the most fevorsble cace, o

g
Hy

-gH2 =4 1, oceur with reasonsble frequency.

This method affords a generalizetion of the case vhere the heavy
atoms arc in special positions and do not contribute to refiections of
certain symmetry clasees, and in vhich case it has freguently been the

practice to refine the remaining (ususlly light) atoms on these data alane.
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PROPOSTITION IV

It has been generally sssumed that aromatic carboxylic ecids are
planar in the abgence of crowding from large ortho substituents. It is
proposed that involvement of the carboxyl group in hydrogen bonds at large
angles to the sromatic plane can cause twists about the ccarbo:qyl‘ca romatic
bond of perheps 10° or more. To demonstrate cases where such twists sre
observed an@ & case where sttention should have been paid to this effect
but was not, attention is directed to three recent crystal structure de-
terminations, those of copper salicylate tetrshydrate (1), zinc salicylate
dihydrete (2), and ammonium hydrogen salicylate hydrate (3).

In copper salicyiate tetrshydrate, there is one salicylate rsdical
per acymuetric unit. The only stoms in this radical which are signifi-
cently out of the meen plane of the group are the two carboxyl oxygens,
at distances of 0.13 A and 0.17 A. These distances correspond to a twist
of the cerboxyl group of sbout 7.6° about the CC-CM bond, but in this
compound one of the oxygens seems to be covalently bonded to a copper
atom which is far from the sromatic plene and thus the hydrogen bond in
which the second oxygen is involved 1z only partly respoansible for this
twist. 1In the related coumpound, zinc salicylate dihydrate, the zine-
oxygen bond is probebly icuic and thus less likely to ¢ause distortion of
the acld radicel., Indeed, in this structure the oxygen atom nearest the
zine iz neerly coplaner with the aromatic ring elthough the zine stonm is
not. Only the second oxygen atom, vhich participates in e hydrogen bond
directed out of the srometic plane, ic significantly (0.17 E) out of this

plane,
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To show that small deviatlons from planarity cen be eanergetically
favoreble if they materislly reduce hydrogen bond lengths, we can
exemine the following fects: Lippincott and Schroeder (4) have proposed
a potentiel function for hydrogen bands of various types which gives a
good description of many of the properties of these bonds end which in
particular gives a good fit to experimental ensrgy-versus~length data for
OH:+*+0 bonds. Using their published curve to obtain energy values for a
given bonding distance, and calculating the increase in hydrogen bond
lengtihs required by postulated planar carboxyl groups, we find the changes
in the copper sslicylete structure to be fram 2.67 to 2.74 £ in length or
2 kcal/mole in energy, and in the zinc salicylate structure to be from 2.5k
to 2.69 A 1n length, or asbout 4 kcal/mole in esergy. Pauling (5) estimates
4 kcal/mole as the extra resonance energy found in benzoic acid over that
expected for isolated CGHS end COUH groups. If this is assumed to be the
total energy lost when the carboxyl group is rotated 20° from its most
stable configuration, any reasonable relstionship between rotation angle
andl locs of resonance energy will show o net gain caused by the twists
observed in the two metal salicylate structures above in comparison with
planar carboxyl groups. In particular, the popular cosine relationship
predicts a loss of 0.0k kc&l/mcle in resonance energy compared with a gain
of 2 to b keal/mole in hydrogen bon@ing energy in the two cases. The wonder,
then, 1c that the rotation is not greater, gilving minimm hydrogen-bond
lengths, regardless of angle of twist. However the intramolecular hydrogen
bonds must also be considered, and these sre stretched by eny twist. These
bonds and possibly other packing factors must be responsible for the small

degrees of twisting observed.
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As an example of the need for directing attention to the effect
considered here, the structure of ammomium hydrogen salicylate hydrate
(3) 1c considered. This structure was determined with two dimensional
dats (3 zones) on the assumption that the salicylate radicals are com~
pletely planar. The published structure gives the smmonium ion five
neerect neighbors, but shows that all carhoxyl oxygen atoms are involved
in hydrogen bonds, mostly at large angles from the plenes of the two
independent salicylate radicals. If the cerboxyl groups zre roteted 10-15
degrees, thece hydrogen bonds are mostly reduced in length (one of the
longer ones 1s considered to be destroyed) and the mmber of ammonium
nearest neighbors becames four, all of which seen to be involved irn hydro-
gen bonding. It is dangerous to propose changes in o structure which have
not been checked by célculatim of structure factors, but these changes
represent a very reasctnable possidbility vwhich was not considered by the
original suthors. Their R-value of 22% for the less favorable zones,
compored with 17% for the zone most nearly parsllel with the salicylate
radiccls, shows that some improvement is possible. Some detailed changes
are suggested belowr, with the realizstion thet the changes are only aspproxi-
. maticns. Becsuse of the high resolution of the (hOf) zone and the fact
thaet the planes of both selicylate radicals are nearly parasllel with this‘
zone, only changes in the y-paremeters of the carboxyl oxygen stoms are
suggestel. The proposed changes correspond spproximastely to rotations of
15° of both independent carboxyl groups, and they shorten the four hydrogen
bond lengthe from 2.8%, 2.83, 2.88, and 2.72 A to 2.73, 2.7, 2.76, and 2.57
A respectively. An O-N distance iz lengthened from 2.34 to 3,09 ﬁ, resulting

in removal of one of the nearest neighbors of the emmoniuwn ion. The remaining
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four neighbors are at reasonable hydrogen-bonding engles. The old and

postulated new coordinates of the four atoms involved in chenges are:

stom x/a 01d y/b new y/b z/c
0, 0.2237 ~0.757 -0.681 ~0,1049
0, 0.2471 0.292 0.220 -0.0551
0, -0.0587 ~0.650 -0.575 -0.1878
Oy -0.0208 0.500 0.429 -0.03:2
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PROPOSITICN V

C. Hackett (1) has recently reported an unexpected response of
severel kinds of plents under hydroponic culture to the presence in the
culture liquid of emall emounts of aluminum {about 5 parte per millionm).
Previously only toxic effects of aluminum had been recognized, but
Hackett found that in sprouting seeds and very young seedlings of the
five spccles investigeted that smell emounts of aluminum csuse a stimulet-
ing effect, particularly on the growth of roots. Increese in the aluminum
concentretion to 25 ppm in most casses reduced the rete of root growth to
or below the rate observed in the absence of aluminum (except for possible
trace omounts). In the youngest ﬁlan’z:s shoot growth was unaffected, but
in older plents the growth of shoots was slightly reduced by the presence
of aluminum in the nutrient medium. o effect on root growth of older
plentsc was Observed,

It 1o proposed that these effectc of aluminum on plant growth are
the result of complexing of the neturel growth hormone or guxin, P-
indoloacetic acid, by aluminum. This hormone is known to stimmlate normal
growth of both stems and roots grestly when present in amounts not exceed-
ing some Optimunm concentretions, but to suppress growth when present in
excess auounte. Quite generally the optirmm concentration is far lower in
roots than in other plant tiscsues, and the amounts of suxin present in'
roots generally exceeds the optimun sncunt. Thus rewmoval of excess
auxin from availability to the growing root ticsues by same method such
as formetion of e steble complex with sluminum would be expected to produce

a stimlative effect on root growth. Conversely, If eluminum served to



- 154 -

remove avallsble suxin from stem or leaf tissue, a2 reduction in growth
rate should normally be observed., Soame slight reduction in the growth

of shoots, but probebly no significant amount, 1s Observed by Hackett.

The aboence of this effect can be asttributed to the fret that zcluminum
seems to be imperfectly transported in plants.® Thie probably indlcetes
that 1ittle sluminum peunetrates to the vascular system in trsunsportable
form. Auxin 1s normally transported from cell to cell gquite independently
of tﬁe vasculer system, end of course acte in the growing cell layers
outside of this system. Thus if aluminum is supposed to penetrete only
into the swrface lsyers of the growing roots but not to the vascular sys—
tem, znd to form within or between the growing cells a stsble B-indole-
acetic acld complex, destroying the effect of much of this waterial on the
groving cells, the stimulation of root growth, the lack of effect upon
stem growth, and the uneven dlstribution in the plant are explsined. The
last of these effects is only incidental to this proposal. It may be

that aluminum is trensported freely sbout the plant but is stored to &
greater cxtent in the roots. Free trensport of eluminus would not in the
present case affect the growth of stewms because any sluminum transported
to the upper plant perts would presumably have been couplexed with f~indole~
acetic acid in the roote and could not later remove free awxin from other

tissues. The retarding effect of higher M+3 concentrations is also

¥Hutchinson (2, p. 32) reports "A number of authors have concluded
that there is a gradient in aluminum conteunt, the amount falling off
fran the root to the lesf. This is certainly true in & number of speciles
of plants growing on very =ecid so0il, the most extreme cases being the
solfatare plante Gescribed by von Frber, in wvhich accumulation occurs
in the root, but not necessarily in the serial parts.”



- 155 -~

explained by this proposal. If too much asuxin is remcved by complex
formation, root growth will suffer from lack of stimuletion.

Explenation of the lack of effect of aluminum on the growth of roots
in older plants ie also possible in view of the indication (3) that seeds
eontain fairly lerge quantities of suxin., Sprouting seeds and very young
seedlings must retain some of this excess, whereas in a more mature plant
necessarily producing its own supply of auxin a lower concentration, not
greatly exceeding the optimum, might be expected. In such a case any re-
moval of active P-indoleacetic acid by camplexing with eluminum might
have no effect or 2 suppressing effect.

Evidence for the proof of this proposal is obtainable in several
ways. The proposed complex between sluminum and B-indoleamcetic acid
should be investigated for stability in the pH range of 37 (Hackett's
putrient solutien was kept near pH 3.8, but the pH within the plants is
presumebly nesrer 7). The effect on the growth of roots of ions similar
to eluminum in complexing properties should be investigeted. (The only
ions besides M‘@ in Hackett's medium likely to form complexes were
0.01 ppm Cu*t, 0.5 ppm Pe*?, and possibly Me**, st 3 ppm.) Some of these
metals should have effects similar to Af'2. The effect of A4'~ spplied
to ster tips should be observed, and should be found to be nomexistent in
smell concentrations and retarding in higher emounts. Finally the effect
of small amounts of M+3 on cultures of root tissues coanpletely deprived
of auxin should be investigated, If the sbove proposal is correct, no
effect (or possibly e deleterious effect) should be found. A retarding
| effect should result upon the addition of aluminum to similar cultures

cantoining extremely emall amounts of suxin.
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