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INTRODUCTION

The crystal structures of the perchlorate and chloride
ol pentaaminecyanocobalt(III)2+, 1,2,5-triphenylphosphole and
1,2,5-triphenylpyrrole were determined by single-crystal |
X-ray diffraction analysis. Points of interest ranging from
the gross crystal structure to the detailed geometry of these
compounds will be discussed. In addition a new method for
determining phases 1s presented with some experimental results
and comments regarding its use.

The crystal structure determinations in this thesis have
evolved primarily from the use of the Patterson functlon and
at times certain preconceived ideas of what the molecule
under study should look like. The cobalt complexes are the
first monocyano complexes of co®t studied by X-ray diffraction
and have indicated the cyanide bonding mode to be Co-C-N.

The structure of 1,2,5-triphenylphosphole was studied to
examine the possible aromaticity of phospholes. Claims exist
in the recent literature favoring both an aromatic and non-
aromatic structure. The three dimensional geometry of 1,2,5-
triphenylpyrrole was determined in order to examine the
possibility that results obtained for the triphenylphosphole
were an artifact of the crowding of the phenyl rings about
phosphorus and to obtain a precise geometry of the pyrrole

nucleus.



The integral of the absolute value of the electron
density function was examined in order to determine its use
as a purely'mathematical method of determining phases. This
technique has been successfully applied to three previously

determined crystal structures.



TIHE STRUCTURES OF THE PERCHLORATE AND CHLORIDE

OF PENTAAMINECYANOCOBALT(III)?2?

Introduction

Transition metal cyanide ion coordination has long been
the subject of much conjecture between experimenters from
various fields. In many cyanide complexes, metal to carbon
bdnding is often assumed and this assumption is found in many
textbooks (1).

Spectral studies attempted thus far have been unable %o
unambiguously determine the cyanide ion coordination. Re-
sults of infrared studies on a series of cyanides favor the
metal-ion to carbon atom coordination; however, the alternate
coordination cannot be completely rejected (2,3). Kuroda and
Gentile (4) have recently analyzed the visible and
ultraviolet spectra of two cobalt-cyanide complexes and they
interpret their results in terms of Co-N coordination.

Barly X-ray diflfractlion studies of transition metal
cyanide complexes, such as the ferrocyanide ion or KAg(CN),
(5), were interpreted to indicate that the metal ion is
attached to the carbon atom. However even with today's
modern instrumentation and high speed computers, atoms
differing by only one electron can still be difficult to

distinguish from one another. Even though neutron diffraction



is better suited to this type of problem, only the molecular
structures of K3Co(CN)g (6), K2Zn(CN)y (7) and Hg(CN). (8)
have been attempted thus far by neutron diffraction. All of
these studies have indicated metal to carbon bonding.

In 1968, Birk and Espenson (9) reported the chromium(II)
oxidation by [(NH3;)s(CN)Co(III)]?*. The kinetics and mecha-
nism of the reaction were explained in terms of a C-bonded
cobalt(III); however, the N-bonded model is not entirely ex-
cluded. Therefore we decided to undertake the single-crystal
X-ray diffraction analysis of [(NHj3)s(CN)Co(III)](C104).
*0.5H20.

During the refinement of the above complex the
perchlorate ions were found to be disordered. Consequently
we decided to carry on the single-crystal X-ray study of

[(NH3)s(CN)Co(III)]Cl, in conjunction with the above analysis.

Data Taking Procedure

All X-ray intensiiy data were taken on a Hilger-Watts
four-cirecle diffractometer interfaced to an SDS 910 computer
in a real time mode. Zirconium-filtered molybdenum radiation
was used, A = 0.7107A.

Data were taken using a 6-20 step-scan procedure with
steps of 0.01 degrees in theta and a counting time of 0.4096

seconds per step. The number of steps through a given



reflection varies with theta; [50 + (2 x 6)] where 6 is the
peak center in degrees. Stationary-crystal, stationary-
counter background measurements were made at the beginning
and end of the step-scan, each measurement being made for
one-half the total scan time.

As a general check on electronic and crystal stability,
the intensities of three standard reflections were measured
periodically during the data collection period. Approximate-
ly 25 reflections per hour were obtalned and logged on an IBM

seven track tape.

Experimental

[(NH3)s(CN)Co(ITII)](C1l04)2°0.5H,0

Crystals of pentaaminecyanocabalt(III) perchlorate were
prepared by the method of Siebert (10). Recrystallization
from a water solution yielded red-orange crystals.

Preliminary precession photographs showed the unit cell
to be orthorhombic with systematic absences hkl when htk =
2n+l and hOl when 1 = 2ntl. These absences are consistent
with space groups Cmem, Cmc2; or Ama2 (alternate setting).

The unit cell parameters at 25°C are a = 8.164(1), b =
20.737(4), ¢ = 7.724(1)4. These parameters and their standard
deviations were obtalned by a least-squares fit to 15 inde-

pendent reflections. The center of each reflection was found



by left-right top-bottom beam splitting on the previously
described Hilger-Watts diffractometer. Any error in the
instrumental zero was eliminated by centering the reflection
at both +26 and -26. The calculated density of 1.92gm/cc
based on four molecules per unit cell agrees quite well witﬁ
the observed density of 1.90gm/cc which was determined by
flotation techniques.

For data collection a cylindrical crystal with radius
0.08mm and a height of 0.34mm was mounted on a glass fiber.
The latter direction was the ¢ crystal axis and was coinci-
dent with the spindle axis. Complete three-dimensional data
to sinb/A = 0,.7035 at 25°C were taken for the four octants
with positive 1 index. The rest of the experimental
arrangement for intensity collection has been discussed in
some detall above.

The intensity data were corrected for Lorentz-
polarization effects. The absorption coefficient, u, is
18.14em™!. The maximum and minimum transmission factors are
78.58 and 77.16% respectively, which were calculated using a
modified version of Busing and Levy's ABCOR program (11).
Therefore no absorption correction was made.

O0f the 4543 possible observations, 1488 were found to be
less than three times the standard deviation in the back-
ground and were subsequently disregarded. The three sigma

criteria was tested on 1154 symmetry extinct reflections and



was found to hold 96% of the time. Since four octants of
equivalent intensity data were collected, a confidence test
(12) was applied. This test was used to determine if any
piece of a set of equivalent data should be disregarded.
Only 112 of the remaining 3055 possible observations failed
this confidence test. The individual values of Fo? from the
equivalent sets were then averaged to yield 750 independent
Fo? values. The standard deviations of Fo? were estimated
from the averages of the individual intensities and their
standard deviations.

Also neutron data were collected for this compound on a
crystal having approximate dimensions 2.33 x 1.07 x 4.69mm
along the a, b and ¢ crystal axes respectively. The crystal
was mounted on a glass fiber such that the ¢ crystal axis
and the spindle axis were coincident.

Three-dimensional data were collected at room temperature
with a neutron wavelength of l.1588ﬁ, utilizing a Mitsubishi
diffractometer equipped with a two circle head and a BF;
monitor counter. There were 125 observed reflections out of
197 unique observations. Each reflection required 50 steps
in intervals of 0.2 of a degree in two-theta and each observed
reflection was measured three times.

The intensities were caorrected for Lorentz, absorption

and background effects. Independent Fo? values and their



standard deviations were obtailned in a manner similar to that

described above.

[(NH3)s(CN)CO(III)]C1,

Crystals of pentaaminecyanocobalt(III) chloride, pre-
pared by the method of Siebert (10) and recrystallized from
a water solution, are orthorhombic with cell dimensions
a = 10.190(1), b = 8.740(1), ¢ = 10.335(2)&, Dm = 1.78gm/cc
(by flotation), for Z = U4, Dc = 1.76gm/cc. Systematic
absences (hkl when h+k = 2n+l and hOl when 1 = 2n+l) indicate
space groups Cmem, Cmem2; or Ama2 (alternate setting).

Complete three~dimensional X-ray diffraction intensity
data to sin®/x = 0.9041 were taken at room temperature
(Mo Ka radiation) using a crystal with dimension 0.18 x
0.28 x 0.28mm along the a, b and ¢ crystal axes respectively,
such that the ¢ axis was along the spindle axis. The rest of
the experimental arrangement for intensity collection has
been previously described.

Tne intensily data were corrected for Lorentz-
polarization effects and effects due to absorption. The
threc sigma test was applied to the intensity data and 682

of the 2003 possible observable reflections were rejected.



Solution and Refinement

[(NH3)s5(CN)Co(III)I(CL04),0.5H,0

A Howells', Phillips' and Rogers' plot (13) was obtained
using all the collected data and indicated the presence of a
center of symmetry and the appropriate space group was as-
sumed to be Cmcm. An unsharpened Patterson function was cal-
culated and a vector which was assumed to be a Co-Co vector
resulting from the c-glide was located on the Harker line.
The positions of the cobalt ligand atoms were also indicated
from this three-dimensional Patterson function. However the
direction of the cyanide group could not be determined;
hence, the immediate ligand atoms were all assigned nitrogen
scattering factors. Two cycles of positional refinement on
the cobalt and immediate ligand atoms produced a conventional
R-factor of 0.43.

The initial structure factor and electron density calcu-
lation indicated the direction of the cyanide group. It was
also evident the perchiorate ions were in two four-Iold sets
(mm symmetry) instead of an eight-fold set and were dis-
ordered. After accounting for all the perchlorate oxygens in
disordered positions fthere was still one peak left about the
size of one-fourth an oxygen. This peak was assumed to be
part of the water molecule. A difference Fourier was then

computed, and it was verifiled that all non-hydrogen atoms had



10

been accounted for, and some anisotropic motion was evident.

A full matrix least-squares refinement minimizing the
weighted R-factor was initiated with all atoms isotropic
using the program of Busing et al. (11) and the atomiec
scattering factors of Hanson et al. (14). Two trial struc-
tures were assumed for refinement, one having the carbon
atom of the cyanide group adjacent to the cobalt and the
other having the nitrogen atom next to the cobalt. When the
conventional R-factor in both cases fell below 0.15,
anisotropic refinement on all atoms except the disordered
oxygens was begun. Since the temperature factors are a
function of the occupancy numbers, it did not seem justifi-
able to refine the oxygens anisotropically. At this time the
weighting scheme was modified from one based on counting
statistics such that a plot of wA? versus Fo? was a constant.
The final conventional and weighted R-factars are; 0.082 and
0.119 respectively for the Co~C-N model, 0.085 and 0.123
respectively for the Co-N-C model.

The observed and calculated structure factors for the
Co-C~N model in space group Cmcm are given in Table la. The
final positional, anisotropic temperature factors and
standard errors are given in Table 2. In Table 2, Cl(2)
and C1(3) are the half chlorines and 0(7) belongs to the

water molecule. The more important interatomic distances,
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angles and their errors (calculated using the function and
error program of Busing et al. (1l)) are summarized in
Table 3.

It may be noted here that the average effective
isotropic B for the ammonia nitrogens 1is 4.232, 1In the Co-
C-N model the effective isotropic B's for C and N are 4.4
and 7.582 respectively, while in the Co-N-C model the
effective isotropic B's for C and N are 6.0 and 6.0A2
respectively. Also the experimental ratio of C:N integrated
electron densities for the Co-C-N model is 0.864 while the
calculated value is 0.857. For thé Co-N-C model the experi-
mental ratio of N:C integrated electron densities is 0.867.

Also the atomic parameters from the Co-C-N and Co-N-C
models of the final X-ray least-squares refinement for space
group Cmcm were used as input for refinement of the neutron
data. Attempts to refine all the positional parameters
were unsuccessful, probably due to the insufficient data.
Also there were some experimental difficultles experienced
toward the end of the data taking period. However the
ammonia hydrogens were found approximately 13 from the
nitrogens with bond angles between 105 and 118°.

Subsequent refinement using isotropic temperature

factors for the hydrogen atoms gave weighted R=factors of

0.215 and 0.230 for the Co~C~N and Co-N-C models respeciive.y.

The larger value of the R-factor is to be expected as the
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disorder of the perchlorate groups has more of an effect on
the neutron intensities.
The observed and calculated structure factors for the

Co-C-N model are given in Table 1b.

[(NH3)s(CN)Co(III)]Cl,

An unsharpened Patterson map was calculated using all
observed reflections. All non-hydrogen atomic positional
parameters were found and placed accordingly in the unit
cell., The direction of the cyanide group was assumed to be
the same as in the perchlorate case.

Using the full-matrix least-squares program of Busing
et al. (11) and the scattering factors of Hanson et al. (14)
an isotropic refinement was undertaken on all atoms. After
four iterations using a Co-C-N model in space group Cmecm
the conventional and weighted R-factors were 0.094 and 0.112
respectively. After four cycles of anisotropic refinement
the weighting scheme was modified such that a plot of wA?
versus Fo? was a constant. The final conventional and
weighted R-factors are 0.076 and 0.101 respectively.

Refinement in space groups Cmc2; and Ama2 using a
Co-C-N model gave weighted R-factors of 0.095 and 0.091
respectively. However both of these cases resulted in
meaningless distortions of the cations and shifts in the anion

positions. The centrlc space group Cmem was also indicated
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Table la. OQhserved and calculated X-ray structure factors
(x10) for pentaaminecyaneccbalt(III) perchlorate.
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Table 1bh. Obhserved and calculated neutron structure factors
(x10) for pentaaminecyanocobalt(III) perchlorate.
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Fractional atomic coordinates (x10") and anisotropic temperature factors
(x10%) for pentaaminecyanocobalt(III) perchlorate. Values not followed
by standard deviations in parentheslis are fixed by symmetry. The form
of the anisotropilc temperature factor is

exp [~(B11h? + Bpok? + B33l? + 28,,hk + 2B15hl + 2B,3k1)].

Atoe x Y z By, or B Baz Bas Biz Bis Bzs
Co 0 1110 (1) 2500 716 (20) 197(3) 919(25) 0 0 0
c1(n 0 7453 (2) 2500 1799 (61) 261(8) 1883 (63) 0 0 0
c1(2) 0 4508 (4) 2500 838(72) 390(20)  1398(98) 0 0 0
Cl(3) 0 3864 (3) 2500 1436 (6) 298 (18) 1979 (127) o 0 0

c 0 201 (6) 2500 2723(308)  227(33)  1064(181) O 0 0

5 (1) 0 2074 (5) 2500 1826 (196)  238(27) 1526(187) O 0 0
N(2) 0 -347(5) 2500 5392 (492) 228 (35) 1620(219) 0 0 0

N (3) 1707 (6) 1100 (2) 693(6) 1336(79) 375(16)  1559(187)  3(27) 374(70) -50(28)
o) 14642 (24)  3483(9) 2500 7.4(4)

0(2) 1360 (30) 4828(12) 2500 9.5(5)

0(3) 0 4239 (6) 4000(15) 9.8(3)

0 (4) 1214 (20)  7373(8) 1172(15) 12.3(3)

0(5) 0 8113(13) 2500 10.0 (6)

0 (6) 0 6767 (28) 2500 7.6(3)

o(7) 0 5569(13) 2500 6.7 (5)

g1
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Table 3. Distances (R) and angles (deg) with standard
deviations in parenthesis for pentaaminecyano-
cobalt(III) perchlorate. An atom with a super-
script one implies a transformation of the atomic
coordinates of Table 2 to (-x,y,z). An atom with
a superscript two implies a transformation to

(x,¥,0.5=-2).
Atoms Distance - Atoms Angle
Co-C 1.883(13) C~Ca~N(3) 89.3(2)
Co-N(1) 1.999(11) N(3)*=Co=N(3) 89.9(3)
Co=N(3) 1.972(5) 0(4)=C1(1)~0(6) 83.3(7)
C-N(2) 1.138(17) O(4)-CL(1)~0(k4)? 87.3(11)
- CL(1)-0(h4)  1.435(15) 0(3)-C1(2)~0(2) 102.8(5)
C1(1)-0(5)  1.369(28) 0(2)=C1(2)-0(2)! 118.3(24)
C1(1)-0(6) 1.421(58) 0(3)-C1(2)-0(3)% 128.5(12)
C1(2)-0(2) 1.293(26) 0(3)~C1(3)-0(1) 108.1(4)
C1(2)-0(3)  1.286(12) Q(1)=C1(3)=0(1)! 112.2(16)
C1(3)-0(1)  1.418(21) 0(3)-C1(3)~0(3)% 112.3(10)

C1(3)-0(3)  1.395(13)
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by the HPR statistical test (13).

Also the refinement of a Co-N-C model was carried out
in space group Cmecm., Final conventional and weighted R-
factors in this case are 0.080 and 0.105 respectively.

The observed and calculated structure factors for the
Co=-C-N model in space group Cmcm are given in Table 4. The
final positlonal, anisotroplc temperature factors and
standard errors are given in Table 5. The more important
distances, angles and their errors are summarized in
Table 6.

For this compound the average effective isotropic B of
the ammonia nitrogens is 2.48%. In the Co-C-N model the
effective isotropic B's for C and N are 2.1 and 3.0R2
respectively and the experimental ratio of C:N integrated
electron densities is 0.873. In the Co-N-C model the
effective 1sotropic B's for C and N are 2.5 and 2.62.2
respectively, while the experimental ratio of N:C integrated

electron densities is 0.900.

Discussion

The crystal structures of the perchlorate and chloride
of pentaaminecyanocobalt(III) are depicted in Figures 1 and
2 respectively. In both cases the cobalt atom lies in a

position of mm crystallographic symmetry with the cation
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Table 4. Observed and calculated structure factors (x10) for
pentaaminecyanacohalt (ITT) chlqride.
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Table 5. Fractional atomic coordinates (x10") and anisotropic temperature factors
(x10°) for pentaaminecyanocobalt(III) chloride. Values not followed by
standard deviations in parenthesis are fixed by symmetry. The form of
the anisotropic temperature factor is
exp [~(B11h?® + Bazk?® + B33sl® + 2B81.hk + 2B33hl + 28,3k1)].

Atom s y z Bi: Boz Bas Bis 8ia Bas
Co 0 2159 (1) 2500 409 (5) 470(6) 302(4) 0 0 0
N(1) 0 4444 (5) 2500 857(53) 579(49)  488(35) 0 0 0

N (2) 0 -1329(7) 2500 1046 (66) 668(57) 616 (43) e 0 0
N(3) 1928(3) 2176 (4) 2500 490 (25) 909 (42) = 535 (26) 6 (26) 0 0

N (4) 0 2125(4) 588 (3) 756 (33) 813(37) 332(20) 0 0 17 (23)
c 0 —-23(6) 2500 561(43) 682(53) 401(35) 0 0 0

€1 2838 (1) 0 0 556 (8) 735(11) 494(7) 0 0 20 (6)

6T
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Table 6. Distances (ﬁ) and angles (deg) with standard
deviatiaons in parenthesis for pentaaminecyano=-
cobalt (TIT) chlaride.

Atoms Distance Atoms Angle
Co=-N(1) 1.996(1) C~Co=N(3) 90.4(1)
Co=N(3) 1.965(4) C~CowN(4) 89.1(1)
Co=N(4) 1.975(3) N(4)=Co=N(3) 90.0(1)
Co=C 1.908(6)

C-N(2) 1.142(8)
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complex having approximately 04v symmetry. In Fligure 1 the

mirror plaﬁe at a quarter in z bisects the four nitrogens in
the equatorial plane while in Figure 2 the four-fold nitro-

gens lie in the mirror planes.

The disordered oxygens have been left out of Figure 2.
The two chlorines labelled one-half in Figure 2 share two'
oxygen atoms. The disorder about the other chlorine leads
to an approximately octahedral arrangement of oxygen atoms.
This by no means indicates that the geometry of a perchlorate
lon is anything other than tetrahedral. However since the
perchlorate ion is spherical by nature, it is not surprising
in this case that it has little preference regarding its
orientation in packing.

The average values of Co-C, Co~N and C-N bond lengths
agree quite well with previously reported values in the 1it-
erature (15-1T7).

The main interest in these structure determinations
lies in the attempt to distinguish between the Co-C-N and
Co-N-C models. It was decided that the former is the correct
bonding mode on the following evidence:

1. Integrated electron densities of both structures
favored the Co-C-N model.

2. In agll cases {(X-ray and neubtron), the Co=C=N model

gave better agreement factors.



Figure 1.

y

Illustration of molecular packing for pentaaminecyanocobalt(III)
perchlorate. The oxygens are not shown and the disordered chlorines
are labeled 1/2 Cl.

e
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a
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Figure 2. Illustratiaon of molecular packing for
pentaaminecyanocobalt(ILI) chleride.
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3. In both structures, the effective isotropic
temperature factor of the atom bonded to the cobalt atom had
a tendency to increase when the Co-N-C model was invoked.
The trend would, of course, be observed if a nitrogen were

input where a carbon should be located.
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THE STRUCTURE OF 1,2,5-TRIPHENYLPHOSPHOLE

Introduction

The potential aromatic character of the phosphole ring
§ystem has been the subject of considerable dispute in recent
years. Pentaphenylphosphole (18) was synthesized in 1960,
and later the phosphole ring system was prepared via the more
general synthesis of Cookson (19), Markel (20) and Quin (21).
Much conflicting evidence exists concerning the degree
of cyeclic delocalization and aromatic character of the
phosphole ring. Brown (22) has reported that HMO calcula-
tions on the planar phosphole ring gave a delocaligzation
energy of 1.498 as compared to 1.378 for pyrrole. Mortimer
(23) found that the heat of oxidation of pentaphenylphosphole
to its oxide 1s abnormally low, 39kcal/mole less than that
for trimethylphosphine. Quin (24) recently reported a sig-
nificant shortening of the heterocyclic phosphorus-carbon
bond lengths in the molecular structure of l-benzylphosphole
determined by X-ray film techniques. All this evidence as
well as spectral data reported on the low-fleld absorption of
the phosphole ring protons (20,21) and *!'P (21) indicated
appreciable aromaticity of the ring. However 1,2,5-tri-
phenylphosphole has been found to react with dimethyl-

acetylenedicarboxylate (25) in an addition fashion to form
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a 2:1 adduct containing one molecule of phosphole. The
triphenylphosphole also undergoes rather facile
photodimerization, a process that does not usually occur
with aromatic heterocyclopentadienes (26). It has been
estimated from vicinal PH coupling constants that the orien-
tation of the lone palr of electrons on phosphorus relative
to the w-bond in the plane of the ring is 45° (25). This
evidence seemed to indicate little aromatic character in the
phosphole ring.

In view of these contradictory indications, we under-
took an accurate single-crystal X-ray investigation of
1,2,5-triphenylphosphole to attempt to resolve this dilemma.

After our structural work had been completed, further
evidence for the non-planarity of the phosphole ring was
reported by Mislow (27), who observed (nmr) inversion at
phosphorus in l-isopropyl-2-methyl-5-phenylphosphole, The
abnormally low barrier to pyramidal inversion was interpreted

as due to delocalization in the planar transition state.

Experimental

The crystals of 1,2,5-triphenylphosphole were prepared
by the method of Cookson et al. (19) and were kindly furnished
by Dr. T. J. Barton of this laboratory. Microscopic exam-

ination revealed that the crystals were clear yellow needles
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with sharply defined faces. A sulitable specimen

(0.10 x 0.18 x 0.1l4mm) was cut from one such needle and
mounted on a glass fiber. Preliminary Weissenberg and
precession photographs exhibited 2/m Laue symmetry indicative
of the monoclinic crystal system. The only observable
systematic absences were for OkO when k = 2n+l. Posslble
space groups consistent with this extinction condition are
P2; and P2;/m. The crystal was then transferred to a fully
automated Hilger-Watts four-circle diffractometer. Accurate
theta values were obtained for twelve independent reflections
by a left-right, top-bottom beam splitting technique on this
diffractometer. A least-squares fit of the cell constants to
these angles gave a = 12.129(2), b = 5.926(4), ¢ = 12.678(2)4
and 8 = 115.85(4)°. The calculated density was 1.265gm/cc
for Z=2.

All data in the hkl and hkl octants were collected
within a theta sphere of 55° using a stationary-crystal,
stationary-counter technique with Ni-~filtered Cu Ka radiation,
A= 1.5M18ﬁ. Intensities were measured by counting at the
peak center 6(h,k,l) for ten seconds and subtracting two
five-second background counts measured at 6(h,k,1) + [0.25 +
(0.01 x 6(h,k,1))]. A total of 1163 reflections were
measured in this manner. As & general check on crystal and
electronic stability, the intensities of three reflections

were periodically monitored; no appreciable decomposition
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was detected. Also 79 integrated intensities of previously
measured reflections covering a range of values were obtained
via the step-scan method (moving-crystal, moving-counter
technique), for later use in a peak-height to integrated data
conversion (28).

The intensity data were initially corrected for Lorentz
and polarization factors. Since the absorption coefficlent
is only 1.42cm™! for Cu K, radiation, no correction for this
effect was deemed necessary. Thirty-seven reflections were
found to have net intensities less than three times the
square-root of the background and were judged to be
unobserved and omitted from the refinement. The estimated

error in each intenslity measurement was calculated by:

o(I) = /UT * Cq +‘TKTC§)2 t (Rglg)©-
where CT and CB are the total and background counts respéc—
tively. In this formula,'KT and KB are the relative random
errors in the total and background intensities and are given
values of 3 and 5% respectively. The finite difference
method was used to derive the formula for the estimated

standard error for each reflection:
1 1 1
o(F) = (LB)™ 72[(I + o(1)) /2 = 172]

where I is the calculated intensity and LP is the Lorentz-

polarization correction. These standard errors were used



during refinement to weight the 1126 observed structure fac-

tors, where w = 1/0(F)2.

Solution and Refinement

A three-dimensional Patterson synthesis was computed
from the observed data. The general absences of peaks on the
<QVO> Harker line indicated that spéde group P2; with one
molecule per asymmetric unit was the correct choice. The
position of the phosphorus atom was readily established and
despite some pseudo-symmetry a three-dimensional electron
density synthesis revealed the 22 carbon atoms. Full matrix
least-squares refinement with anisotropic temperature factors
for all atoms, using the scattering factors of Hanson et al.
(14), converged rapidly to a conventional R-factor of 0,082
and a weighted R-factor of 0.108. Hydrogen atom positions
were obtained from a difference map, but only after the peak-
height to integrated conversion aof the data had been made
(28). Subsequent isotropic refinement of the hydrogen atoms
led to a slgnificant (29) decrease in the conventional and
weighted R-factors to 0.060 and 0.079 respectively. A final
difference map revealed no peaks larger than C.Melectrons/ﬁ3.
Refinements 1in which the phosphorus atom scattering factor
was corrected for anomalous dispersion (30) led to no change

in the R-factors and no change in malecular geometry.
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Discussion

Observed and calculated structure factors are given in
Table 7. Fractional coordinates and anisotropic temperature
factors of the non-hydrogen atoms with standard deviations
are summarized in Table 8. Table 9 contains the fractional
coordinates and isotropic temperature factors of the hydrogen
atoms, which are numbered similarly to the carbon atoms to
which they are attached. Bond lengths and angles are given
in Table 10. Figure 3 shows a stereoscopic view of the mole-
cule and indicates the labeling of the atams. Molecular
packing is illustrated in Figure 4.

The equation of the least-squares plane of the four
atoms (C(2), C(3), C(4), and C(5)) of the heterocyclic ring
is

0.8835 X - 0.4266 Y - 0.1935 Z = 3.1942A

where the coefficients are direction cosines relative to a,

o

and c*. These four carbons are coplanar with root-mean-
square deviation of 0.00063. However the deviation of the
phosphorus atom from this plane is 0.1773. The non-planarity
of the ring is also illustrated by the ring torsion angles
which are: P-=C(2)-C(3)=C(k4), =6.02; C(2)~C(3)-C(H)~C(5),
0.165 C(3)-C(4)-~C(5)=P, 5.78; C(4)-C(5)~P-C(2), -7.63; and
C(5)-P=C(2)=C(3), T.T4°.
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Tahle 7. Observed and calculated structure factars (x10) for
1,2,5~triphenylphosphale.. -
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Table 8. Heavy atom fractional coordinates (x10"), anisotropic temperature factors
(x10°) and their standard deviations in parenthesis. Values not followed
by a standard deviation are fixed by symmetry. The form of the
anisotropic temperature factar is

exp [~(B11h? + B2k® + B331% + 28:1,hk + 28,3h1 + 2B8,3k1)].

Atom X N k4 811 Boz Baa Biz Bia Bas

P 3734(1) o) 882(11) 977(13) 2839 (49) 893(12) -14 (23) 538(1C) -4 (21}
ct2) 4748(4) 1956 (9) 1968(4) Bl9{44) 3372(199) 983{47) -262 (81) 515(39) -233 (9C)
c(3) 4826(4) 3851(1C) 14C8(4) 1037(52) 3218(202) 11063(52) -165 (86) 639(44) -166 (89)
Cl4) 4C2504) 3924111) 173(4) 1248(58) 3421(205) 10281501 -185 (99} 679(46) -9 (89)
c({s5} 3302(4) 2088 (9) -267(4) 1C39(49) 3121(188) 992G (46) —-36 (87) 586(4C) 37 (82)
cl6) 2507(4) 1715(101} -1512(4) 634(46) 3388(193) 1€89(5C) 298 (88) 586(41) 162 (92)
c(7) 2417(5) 3255(12) =-2374(4) 1162(56) 4385(258) 10361511 48(106}) 59C(46) 31C(103)
c(s) 1666(6) 2862(14) ~3556(5) 1365(69) 5535(314) 1058(57) 78(138) 543(52} 495(128)
c(9) 992(5) 897(14) -3903(%) 1391(7¢) 5797(355) 104C(58) -105(132) 562(54) -113(122)
c(ie) 1050(5) -645(13) -3678(5) 1341(64) 5136(319) 1118(57) -453(116) 580(49) -4C(117)
c(112 17991(4) ~-278(12) —-189G(4) 1401(62) 3988(257) 990(47) -487(125) 689146} -196(112)
c{12) 5470(4) l422(11) 3206(4) 1070(55) 3786(228) 1642(55) 14(1G0) 651(47) -84 (99)
C(13) 6346(5) 2985(13) 3948(4) 1364(68) 4175(263) 1095(55) -451(12G} 509(52) -123(111})
Ccl14) 702206} 2515(14) 5125(5) 1563(79) 5220(331) 1044158) -216(136) 41G(55) —-195(127)
C(15} 6870(61) 546(13} 5608(51 1449(721) 5867(398) 987(541) 117€(141} 472(53) 137(123)
c(16) 6006(6) -1035(14) 4890(S) 1729(82) 4715(281) 1187(64) 275(137) 80C(62) 499(119)
ctin 5321(5) ~572(11) 369 (&) 1152(56} 4342(285) 1028(52) -119(100) 543(44) 165(101)
c(18) 2414(4) ~249 (9} 1217¢3) 1012(47) 3129(198) 873(39) -45 (98) 485(35) 179 (89)
cltiso) 20941(4) 1449¢(11) 1767(5) 1168(52) 3494(217) 1236155} =32 (99} 669(47) -266 (97)
C(26) 1094(5) 1209(131) 2015(5) 1206(67) 5142(295) 1476(71) -315(136) 886(6C) -215(130)
c2t) 436(5) -755(13) 1736(5) 1074(62) 5652(315) 1363(61) -78(121) 780(53) 379(121)
c(22) 729(5) -249€(13) 1166(5) 1156162) ©838(289) 1274(64) -489(115) 607(54) 106(121)

C{(23) 1729(5) =225C(12) 922(4) 1456069) 37710229) 1145(56) =-307(111) 701(5%) 671102)

A
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Table 9. Hydrogen atom fractional coordindtes (x103),.
isotropic temperature factors (x10%) and their
standard deviations in parenthesis.

Atom X v Z B

H(3) 526(4) 511(13) 179(4) 389(117)
H(4) 404(4) 517(11) -28(3) 246 (92)
H{T) 304(5i 458{13i =212{4) 449(131)
H(8) 153(6) 379(15) ~413(5) 588(168)
H(9) 54(5) 56(13) -482(6) 562(158)
H(10) 62(5) ~244(15) -331(5) 62C(172)
H(11) 166(4) -147(12) -148(4) 345(115)
H(13) 670(4) 430 (9) 364(3) 197 (94)
H{1l4) 768(6) 382(17) 559(6) 707(188)
H(15) 732(4) 12(13) 647(4) 395(119)
H(16) 585(6) ~267(15) 524(5) 635(175)
H(17) 491(5) -191(13) 324(4) 449(132)
H(19) 273(6) 283(17) 208(6) 704(185)
H(20) 87(4) 254(10) 248(4) 277(105)
HE21) -28(8}) -1¢c114}) 188(5} 515{152)
H(22) 49(8) -433{(19) 105(8) 918(238)
H(23) 206(6) =37G(18) 6C(6) 709(186)
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)

ble 10.

parenthesis.

P-L1(2)
P-C(5}
p-C(18)

Cl6)-C 7)
C(7)-CL8)
c(8)-Ct9)
c{9r-cuio
C{ic1~-G(11)
Ca11)-Cee)

Cl18)-C{19)
C{16)-(C (20}
Ct203-C(21)
c(211-C(22)
C(22)-€(23)
C(23)-L(18)

C(5)-P-CL2)
c{s)-p~C(18}
c(2)-P~C(18)

C(18)-C(19)-C(20)
C(19)-C(20)-C(21)
C(20)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-C(18)
C(z3)~-C(18)-C(19)

CU5)-C(6}-C(T}
C(2)-C(12)~C(13)
P=C(18)-C(19]

CLe)-CL7)-H(T)
CL8)-C(T)-H(T)
C(7)-C(B)-H{8)
C(9)-C(8)-H(B)
£(8)-C(9)-H{(9)
C{10)-C(9)-H(9)
C(9)-C(10)~H(1C)
C(111-C(10)-H(1C)
C(10)-C(11)-H(11)
Cl6)-C(11)-H(11)

1.810(5})
1.806(5)
1.832(4)

1.390(7)
1.386(8)
1.380(10C)
1.367(9)
1.395(7)

1.415(8)

1.372(7)
1.386(7)
1.268(101
1.350(91}
1.384(8}
1.402(9}

92.1(2)
105.4(2)
104.3(2}

120.5(5)
119.8(6)
120.9(4)
118.5(6)
120.2(6)
119.3(4)

122.5(5)
119.8(5)
121.8{(5}

117.3(3.4)
120.2(3,2)
126.3(5.1)
113.0(5.0)
117.1(4.1)
122.904.3)
123.1(3.2)
115.113.2)
106.5(3.3})
132.7(3.3)

C(21-C(3)
C(3)-C(4)
C(4)-C(5)

Ct121-C(13)
C(13)-C(14)
C(14)-C(15)
Cl15)-C(16)
C(16)-C(17)
C(17¥-C(12)

c(2)-€C(12)
C(5)-C(6)

C(3)-H{3)
Cl4)-H(4)

P-C(2)-C(3)
C(2)-C(3)-C(4)
C(3)-Cl4)-C(5)
Cl4)-C(5})-P

C(111-C(6)=-C(T7)}
C(6)-C(T)-C(8}
C(7)-C(8)-C(9)
C(8)-C(9)}-C(10)
C(9)-€(10)-C(11)
cl10)-Cl11)-Ct &)

C(5)-C(6}-C(11)
C(2)-C(12)-C(17)
P-C(18})~C(23}

C(12)-C(13)~H(13)
C(14)-C(13)-H(13}
C(13}-C(14)~H(14)
C(15)-C(14)~H{14)
C(14)-C{15)~H(15)
Cl16)-C(15)~H(15}
C(15)-C(16)-~H(16)
Cl17)-C(16)~H(16)
CE16)-CL7I-HI(17)
C(12)0-C(17)~H(17)}

1.354(8)
1.439(7)
1.356(8)

1.414(8)
1.382(8)
1.367(1C)
1.404(10)
1.397(8)
1.385(9}

1.459(7)
1.464(6)

0.529(72}
0.951(60)

168.1(3)
115.3(5)
115.6(5)
108.C(4)

116.9(5)
121.6(6)
120.5(6)
119.3(5)
120.8(6}
120.5(5)

120.5(4)
122.3(5)
118.8(5}

123.7(2.4}
113.8(2.4)
113.1(4.4)
125,2(4.4)
125.G6(4.1)
115.7(4.1)
121.7(3.6)
118.6(3.6)
112.6(3.6)
123.9(3.6)

CeTI=-H(T)
C(8)~H(8)}
C(9)-H(9)
C(10)-H{10)
C(11)-H(11)

C(13)-H(13)
C(14)-H{14)
C(15)-H(15)
C(16)-H(16)
C{17I-H{17}

C(19)-H(19)
C(20)-H(20)
C(21}-H(21)
C(22)-H(22)
C(23)-H(23)

C(4)-C(51-C(6)
P-C(5)1-Cl6)
c(3)-c(21-Cc(12}
P~Cl2)-Cl12)

C(17)-C(12)-C(13)
C(12)-C(131-C(14]
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(15)-C(16)-C(17)
C(16)-C(17)-C(12)

C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(3)-Cl4)-H(4&)
C{5)-Cl4)-H(4)

C(18)-C(19)-H(19)
C(2C)-C(19)-H(19)
C(19)-C(2C)-H(20)}
c(211-C(2¢C)-H(20)
C(20)-C(21)-H(21)
C(22)-C(21)-H{21)}
C(211-C(22)-H(22)
C(23)-C(22)-H(22)
C(22)-C(23)-H(23)
C(18)-C(23)-H(23)

Bond distances () and angles (deg) with their standard deviations in

1.045(73)
C.876(76)
1.068(69)
1.164(87)

0.928(64)

1.047(49)
1.086(91}
1.02¢(52)
1.119(84)
0.979(73)

1.680(91)
1.€82(56)
C.99C(61)
1.119(11C)
1.101(94)

124.6(4)
126.1(4)
126.6(4)
124.7(4)

117.8(4)
12C.3(61
121.5(6)
119.1(5)
119.5(6)
121.4(5)

12341(3.5)
120.8(3.6)
12G.2(2.9)
124.1(2.9)

115.4(4.2)
123.3(4.2)
119.4{3.G)
12C.6(3.0)
125.9{4.6)
113.G(4.6)
132.3(4.9)
166.2(4.8)
119.7(4.3)
119.4(4.2)

¢



1,2,5 -TRIPHENYLPHOSPHOLE

Figure 3. Stereoscopic view of 1,2,5-triphenylphosphole
with 50% probability vibrational ellipsoids.
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Figure 4. Illustration of molecular packing for
1,2,5~-triphenylphosphole.
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The phosphorus-carbon bond distances in the heterocyclilc
ring, 1.810 and 1.806], are significantly longer than those
reported for: (a) 1,l=-dimethyl-2,4,6-triphenylphosphorin
(1.7498) (31); (b) 2,6-dimethyl-4-phenylphosphorin (1.743R)
(32); (c) l-benzylphosphole (1.783%) (24). They do however
compare favorably with the values reported for the
phosphorus-carbon(Me) bonds of Me;PO (1.813%) (33) and
1,1-dimethyl-2,4 ,6-triphenylphosphorin (1.806R1) (32). The
phosphorus-phenyl bond distance of 1.8323 agrees well with
the value (1.828R) found in triphenylphosphorin (34). Also
the phosphole ring angles are very similar to those reported
for l-benzylphosphole (24).

The carbon-carbon bonds between the phosphole ring and
the phenyl groups have an average length of l.ﬂ62x, close to
the value (1.488%) found in 1,1-dimethyl-2,4,6-triphenyl-
phosphorin (31). The C(3)-C(2)-C(12)~C(13) and
C(4)-C(5)-C(6)=C(7) dihedral angles are -0.88 and 0.30°
respectively. However the least=squares plane determined by
.C(2) through C(17) indicates that the phenyl groups are bent
slightly out of the plane of the four carbon atoms of the
phosphole ring. In Figure 3 the C(6) and C(12) phenyl groups
are bent out towards the C(18) phenyl group and the
phosphorus is bent back into the plane of the paper.

The plane bisecting the C(2)-P-C(5) angle contains C(18);

however, this phenyl ring is twisted about the P-C(18) bond
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and the C(2)-P-C(18)-C(19) dihedral angle is -26.37°. The
direction of the twist is such that C(19) moves closer to
C(17) and C(23) moves closer to C(1l) to give intramolecular
contacts of 3.79 and 3.783 respectively. Other intramolecular
contacts of interest are: P-C(11), 3.27; P-C(17), 3.25;
c(2)-c(18), 2.87; C(5)-C(18), 2.89; C(L4)-Cc(7), 2.98;
C(3)=C(13), 2.97; H(¥)-H(7), 2.13; and H(3)-H(13), 2.274.

The three phenyl groups, which are planar within the
limits of error of this analysis, have average ring bond
lengths and angles of 1.3883 and 119.9° respectively.

The molecules pack together in a herring-bond fashion as
illustrated in Figure 4. Looking down c¥, P through C(17)
and their symmetry related atoms give one herring-bond effect
and looking down a, C(18) through C(23) and their symmetry
related atoms give another.

The van der Waals contacts of less than 4} show no
unusual features, the shortest in each category being: Ce*+C,
3.73; Cee+H, 2.84; HeeeH, 2.U6; Pe++C, 3.76; and PeseH,
3.311.

Although the steric effects of the bulky phenyl
substituents on such ring systems are not clearly understood,
it is evident that:

1. The carbon-carbon band lengths in the hetercceyclic
ring are typical for butadiene (35) and therefore are not

indicative of any ring delocalization effect.
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2. The phosphorus-carbon bond lengths in the ring are
suggestive of little if any m-character.

3. The phosphorus appears to be tetrahedrally
coordinated, consequently decreasing the likelihood of
delocalization of the lone pair of electrons throughout the
ring. Hence 1t is concluded that electron delocalization
plays no important role in the ground state molecular

structure of 1,2,5-triphenylphosphole.
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THE CRYSTAL STRUCTURE OF 1,2,5-TRIPHENYLPYRROLE

Introduction

During the determination of the molecular structure of
1,2,5-triphenylphosphole (36) it was recognized that the
molecular geometry and apparent hybridlzation of the phos-
phorus atom could be an artifact of the steric crowding of
the three bulky phenyl substitulents. Consequently we decided
to determine the c¢rystal and molecular structure of
1,2,5~-triphenylpyrrole.

Earlier research on pyrrole and its derivatives has been
concerned malnly with the synthesis and reactions of these.
compounds (37,38). Mainly as a result of the instability or
nonavallability of many pyrrole compounds the discussion of
their physicochemical properties had been avoided and only
as recently as the mid-1960's has any attempt been made to
redress this neglect (39). Also recent lmprovements in
synthetic and instrumental methods have enabled more accurate
studies to be done and considerable spectral data exists in
the literature for pyrrole and its derivatlves.

Although the Raman and IR spectra (40) in the liquid
phase of pyrrole favored the planar structure of C2v Sym=

metry, the nonplanar CS structure was not rigorously excluded.
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While the nonplanar pyrrole structures were thought to be
excluded by microwave spectroscopy (41), there has been recent
speculation (42) that a rapidly'inverting nitrogen might
equélly well fit these spectral results.

As single-crystal X-ray studies of the pyrrole system
have not been done other than in fused or porphyrin systems
ample reasons e§is; for further investigations by X-ray
diffraction techniques of the pyrrole system in the solid

state.

Experimental

A sample of the compound was kindly supplied by
Dr. T. J. Barton of this laboratory. Microscopic examination
revealed that the crystals were needle shaped with sharply
defined faces. As there was no observable decomposition in
the atmosphere a crystal was mounted on a glass fiber and
preliminary Welssenberg and precession photographs exhibited
2/m Laue symmetry indicating a monoclinic space group.

The only observed systematic absences were for hkl when
htk = 2n+l, which is consistent with space groups C2, Cm or
C2/m. The unlt cell parameters at room temperature are a =
11.272(3), b = 11.807(3), ¢ = 5.956(6)R and 8 = 92.68(8)°.
These parameters and theilr standard deviations were obtained
via a least-squares fit to 12 independent reflection angles

whose centers were determined by right-left, top-bottom beam
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splltting on a previously aligned Hilger-Watts four-circle
diffractometer (Cu K, radiation, A = 1.5418R). Any error in
the instrumental zero was eliminated by centering the
reflection at both plus two-theta and minus two-theta. For
2 molecules per unit cell the calculated density is 1l.24gm/cec.

" For data collection, a crystal having approximate
dimensions 0,16 x 0,16 x 0,18mm along the a, b and ¢ crystal
axes respectlvely was mounted such that the b axis was
coincident with the splndle axis.

All data in the hkl and hkl octants were collected within

a theta sphere of 55° using a stationary-crystal, stationary-
counter technique with Ni-filtered Cu Ka radiation, A =
l.SHIBﬁ. Intensities were measured by counting at the peak
center 6(h,k,1l) for ten seconds and subtracting two five-
second background counts measured at 6(h,k,1) * [0.25 +
(0.01 x 6(h,k,1))]. A total of 531 reflections were measured
in this manner. As a general check on crystal and electronic
stabilify, the intensitles cf three reflections were
periodically monitored; no appreciable decomposition was
detected. Also 98 integrated intensities of previously
measured reflections covering a range of values were obtalned
via the step-scan method (moving-crystal, moving-counter
technique), for later use in a peak-height to integrated data

conversion (28).
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The intensity data were initially corrected for Lorentz
and polarization factors. Since the absorption coefficient
is only 5.56cm™! for Cu Ka radliation, no correction for this
effect was deemed necessary. Twelve reflections were found
to have net intensities less than three times the square-root
of the background and were judged to be unobserved and -
omitted from the refinement. The estimated error in each

intensity measurement was calculated by:

a(Il) = /GT 0t (KTCT)‘ + (KBCB <
where CT and CB are the total and background counts
respectively. In this formula, KT and KB are the relative
random errors in the total and background intensities and
are given values of 3 and 5% respectively. The finite

difference method was used to derive the formula for the

estimated standard error for each reflection:
! 1 1
o(F) = (LBY™ /2 [(T + (1)) 72 -1 /2]
where I is the calculated intensity and LP is the Lorentz-
polarization correction. These standard errors were used

during refinement to weight the 519 observed structure

factors, where w = 1/a(F)2.

Soiutlion and Refinement

An unsharpened Patterson functlon was calculated using

all observed reflections. ‘The nitrogen and two carbons lying
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on the crystallographic two-fold axis were readily found and
placed such.that the nitrogen was at the origin of the unit
cell. The two carbons belong to the phenyl group attached to
the nitrogen. This arrangement of atoms indicated space
group C2 which was later confirmed by successful refinement.
Three-dimensional electron denslty synthesis revealed the
remaining non-hydrogen atoms and full-matrix least-squares
refinement with anisotropic temperature factors for all
atoms, using the scattering factors of Hanson et al. (14)
converged rapidly to a conventional R-factor of 0.091 and a
welghted R-Factor of 0.127. Hydrogen atom positions were
obtained from a difference map and subsequent isotropic
refinement of these atoms lead to a significant (29) decrease
in the weighted and unweighted R-factors to 0.084 and 0.062
respectively. A final difference electron density map showed
no peaks larger than O.3electrons/33, indicating that all the
atoms had been accounted for. Observed and calculated
structure factors (x10) for the final cyecle of refinement are

given in Table 11.

Discussion

The final positional and anisotropic temperature factors
of the non-hydrogen atoms are given in Table 12, along with
thelr standard deviations. Table 13 contalns the fractional

coordinates and isotropic temperature factors of the hydragen



Table 11. Observed and calculated structure factors (x10) for 1,2,5-triphenyl-
pyrrole.
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Table 12. Heavy atom fractional coordinates (xlo“), anisotropic temperature
factors (x10°) and their standard deviations in parenthesis. Values
not followed by a standard deviation are fixed by symmetry. The form
of the anisotropic temperature factor is

2 2
exp [-(B11h? + Ba2k? + Basl? + 2B;.hk + 2B,3hl + 2B,3k1)],

Atom x vy z 811 822 Bss Byia Bys Bea

N c o] o} 1119 (62) 545(431) 3948(219) G -43 {(98) c

ct2) T02¢(5) -672 (6) -1271 (8) 1149 (60) 669(50) 3852(173) -78(38) ~-19C (&) -33 (76)
c(3) 442(4) -1775 (T) -787(10) 1156 (58) 892(58) 4296(204) 45(43) =23 (78) ~2C3 (9C)
ctel -159%5{4) =261 (6) 2785 (9) 859 (&7) 730(43) 4481(212) -81(38) -142 (74) -79 (82)
c(7} ~1742¢(5) =813 (8) 4801(10) 1068 (62) 960(53) 4075(192) ~172(451} -34 (89} 233 (93)
c(B) =2602(6) -51C (7) 6256(11) 1232 (65) 1220(71) 42821209} -230(56) 95 (9C) 38(104)
C(s) ~-3%58(06) 392 (7) 57G2(12) 1187 (67) 1082(67) 5097(263) ~4(51) 322(13¢6) =341(11C)
ctio) ~322416) 972 (8) 3722(11) 121C (e6l1) 941(54) 5453(248) T7(52) 207 (99) -196(105)
cc11l) -2365({5) 654 (7) 2265(10) 114C (54) 942159} 4399(202) 58(46) 103 (84) -24 (97)
ct18) (e 1206 (9) v 1121 (75) 813(67) 3291(255) ¢ 117(111) c
c¢(19) -439(4) 1787 (7) ~-19C1 (9) 1074 (5C) 1C03(6C) 3774(20C) -43{44) -2G69 (79) 113 (86)
c{zcl -43C{51 2559 (7) -1884111} 14C7 (65) 811(57) 4695(234) 68(5G) 129(132) 338 (99)
c(2l) [¢] 3544 (1C) G 14220(256) 897(86) 5026(366) o] 522(150C) Cc

9t
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Table 13. Hydrogen atom fractional coordinates (x10%),
isotropic temperature factors (x10%) and their
standard deviations in parenthesis.

Atom b'd ¥ Z B

H(3) 81(4) =241 (4) ~159 (7i 119 {94}
H(T7) -128(9) -139 (9) 520(17) 776(281)
H(8) =-277(5) -96 (5) 775(1C) 32CG(130)
H(9) -3881(6) 65 (8) 688(12) 594(182)
H(10) -3806(6) 158 (5) 328(11) 415(150)
H{1ll) -219(5) 106 (6) 66 (9) 391(131)
H{19) -56(7) 119 (&) -342(13) 536(172)
H(20} -71(6) 330 (8) -330(14) 527(177)
H(21) 0 435(17) 0 984(474)
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atoms, which are numbered similarly to the carbon atoms to
which they are attached. Bond distances and angles with
standard deviations are summarized in Table 14. Figure 5
shows a steroscopic view of the molecule and indicates the
labeling of the atoms.

The analysis shows that in the solid state the 1,2,5-
triphenylpyrrole molecule possesses a two fold symmetry axis
which runs through N, C(18), C(21) and bisects the C(3)-C(4)
bond. Thus the heterocyclic ring and the N(C3;) grouping are
both required by symmetry to be planar.

As the distances (1.368R) between carbon atoms 2 and 3,
and 4 and 5 are greater than that between carbon atoms of
ethylene (1.332R) (43), as the distance between carbon atoms
3 and 4 (1.400%) is less than that for carbon atoms in ethane
(1.536R8) (44) and approaches the carbon-carbon distances in
benzene (1.3928) (U5) and as the carbon-nitrogen distance of
the heterocyclic ring (1.3743) is less than those in
trimethylamine (1=M72K) (46), the heterocyclic ring can not
be adequately represented by a classical structure and must
be treated as a resonance hyhrid. The bond distances and
angles reported here for the pyrrole ring are in good agree-
ment with those determined by microwave spectroscopy (41).

The nitrogen-carbon 18 bond distance (1.424R) is some-
what shorter than that taken as the pure nitrogen-carbon

single bond (1.472%) (47), but is in agreement with other



Table 14,

parenthesis.

N-C(2)
N=-C(1&)

Cl6e)-CL7
C(7)-C(3)
CL8I-C(9)

C(3)=t(3)
C(7)-HLT)
C(8)-r(8)

Cl2)~-N-C(5)
C{2)1-n-C(18)

C(5)-C(6)-C(T)
C{S)-Ct6)-C(1])
N-C(1E1-C(19}

c(18)-C(19)-C(27)
C(131-C(201-C(21)

Cle)-CITY=H(T)
C18)-CLT7I-H(T])
C{T)-C(3)=-H(8)
C(9)-C(8})-HI(8)
C(8)~-C(9)=-H(I)

1.374(6)
le424(13)

1.382(8)
1.377(10)
1.394(10)

Ce994(53)
0.886(110)
1.C73(64)

109.3¢(5)
125.3(2)

119.2(5)
123.4(4)
119.4(5)

118.9(6)
12C.4(6)

120.7(6.6)
116.6(6.6)
123.8(3.2)
116.5(3.2}
117.1{4.8)

C(2)-C(3)
C(3)-Cl4)

C(9)-C(10)
ca1o-can)
C(11)-C(6)

C(9)-H(9)
CL10)=-H(1G)
Cel1)-H{1l)

N-C(2)-C(3)
C{21-C(3)-Cl4}

Cle)=-C(T7)-C(8)
C(71-C(8)-C(9)
C(8)-C(91-Ct10)

c{2cy-Cc(21r-Cci221
C(23)-C(18)-C(19

Cl10)-C(9) -9}

C{9)-C(12)-H(10)
Cl11)-C{12)=H{(1D]
Cl1G)I-C(11)-H(11})
Cl6)-Cl11)-H{11)

1.3681(8)
1.4C0(12)

1.378(10)
1.381(8)
1.409(8)

0.993(82)
1.001(74)
1.094(62)

107.41(4)
167.9(3)

122.516)
119.3(7)
119.4(7)

120.218)
121.C(7)

122.7(5.C})
118.9(3.8)
120.0(3.9)
125.7(3.81
113.5(3.8)

C(51-C(6)

c(18)-C(19)
C(19)-C(20)
c(2m-~c21

C{19)-H{19)
C(20)-H(20)
C{21)-H(2}1)

Cl4)-C(5)-Ct6)
N-C(5)-C{6])

C(91-C(10)-C(11)
C{1C)I-C(11)-CH(6)
C(l1)-C(6)-C(T)

C{2)-C(3)-H(3)
Cl4)~-C(3)-H(3)

C(18)-C(19)-H(19)}
C{2C)=C(19)-H(19}
C{19)-C(20)-H(22)
Cl(21)-C(20)-H(2C)
C{201-C(21)-H{21)

Bond distances (K) and angles (deg) with their standard deviations in

1.468(7)

1.395(6)
1.383(9)
1.386(8)

1.146(89)
C.981(95)
€.960(199)

127.1(5)
125.3(4)

12C.716)
120.6(5)
117.2(5)

121.3¢(2.7)
130.5(2.7)

111.6(4.4)
127.9(4.4)
114.2(5.5)
125.3(5.5)
119.8(C.%)

bh
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1,2,5 ~ TRIPHENYLPYRROLE

Figure 5. OStereoscopic view of 1,2,5-triphenylpyrrole with
50% probability ellipsoids.
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carbon-nitrogen bonds adjacent to benzene rings (48). The
distance (1.4683) between carbon atoms 5 and 6 agrees quilte
well with the average distances (1.4623) reported for the
heterocyclic carbon to phenyl carbon atoms of 1,2,5-triphenyl-
phosphole (36). Also the C(5)-C(6) distance is similar to
those found in 1,l-dimethyl-2,5-diphenylsilole (49) and
2,5-diphenylselenophene (49), 1.490% and 1.&85ﬁ respectively.

The phenyl groups, which are planar within the limlits of
error of this analysis, have average bond distances and
angles of 1.3873 and 120.0° respectively. Relevant dihedral
angles are 40.7° for C(4)-C(5)-C(6)-C(7) and 68.9° for
C(2)-N-C(18)-C(19).

The equatlon of the least-squares plane of the five
atoms N, C(2), C(3), C(18) and C(21) is

0.6755 X - 0.0007 Y + 0.7373 Z = 0.0017}

where the coefficlents are direction cosines relative to a, b
and c¥. These five atoms arc relatively planar with root-
mean-square deviation of 0.0018A. However the C(6) and C(9)
deviations from this plane are -0.0482 and ~0.1608%
respectively, which indicates the carbon six phenyl group is
bent back into the plane of Figure 5. The rotation of the
pnenyl rings and puckering of the C(6) phenyl group gives
rise to intramolecular close contacts of: N-C{6), 2.52;

N-C(11), 3.14; C(2)-C(18), 2.48; C(11)-C(18), 3.11;
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Figure 6. Illustration of molecular packing for
1,2,5-triphenylpyrrole.
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C(6)-C(18), 3.04; C(18)-H(11l), 2.52; and H(4)-H(7), 2.541.
Molecular packing is illustrated in Figure 6 and the
van der Waals contacts of less than 43 show no unusual
features, the shortest in each category being: Cee¢C, 3.59;
Cee«H, 2.88; HeeeH, 2.703 Ne++C, 3.65; and Ne++H, 3.53A.
This analysis confirms the conclusion given in the
phosphole studies (36) and demonstrates that the
speculation about the non-planarity of nitrogen in pyrrole

(42) is without experimental foundation.
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PHASE DETERMINATION

Introduction

It is well known that the electron density of a crystal
can be obtained by a Fourier synthesis, and that the
coefficients for the Fourier summations are the structure
factors of the various diffraction spectra. In general each
structure factor is a complex quantity composed of a
magnitude, which is readily derived from the intensity, and a
phase. Unfortunately the intensities are all the data that
are normally afforded by the diffraction experiment. Hence
it appears that crystal structures are indeterminate due to
a lack of phase information. However it can be argued that
if the structure can be deduced from the Patterson (50),
which is the Fourier transform of the intensities, then it
should be obtainable directly fraom the intensities them-
selves. It is this approach, that of generating a set of
phases using a purely mathematical method and only the
magnitudes of the structure factors, that is commonly
referred to as "dlrect methods.

The crystallographer has at his disposal today a large
number of computerized interpretative techniques of the so-
called "direct methods". Most of these are based on the same

fundamental principles (51, 52) but differ in the manner of
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handling the data and extracting the phases. In general the
phases of only a relatively few properly chosen reflections
are required to be known in order to proceed with the phase
determination. In some cases expanding the starting set of
phases beyond those required for specifying the origin

(53, 54) leads to the wrong physical solution or no solution
at all. Hence in order to develép"a new method of expanding
the starting set of phases and possibly deduce a new "direct
methods" technique, it was decided to investigate the
integral of the absolute value of the e}ectron density
function, p, to test phases. The discussion of this method
will be limited, only by application, to centrosymmetric
space groups, that 1s those in which the phasing consists of

assigning a plus or minus sign to each observed structure

factor.

Description of the Method

This method is based on the follawing arguments and
assumptions:

1. The electraon density at any point in a crystal may
be zero or positive buf never negative.

2. The electron density functian can be rather
accurately represented by a partial set of signed structure
factars. In this instance "partial set" refers to all the

data normally afforded by the X~ray experiment.



3. It can be shown from fundamental definltions that the
integral of the electron density functilon, p(?), over the
entire volume of the unit cell 1s equal to F(000), which is
the number of electrons in the unit cell. Furthermore this
is true regardless of the signs selected or the number of
structure factors used to calculate the electron density map.

b, 1In view of statements 1 and 2, replacing the
integrand, p(?), by its absolute value, [p(?)l, will not
change the results for a correct physical solution. However
considering the pseudo electron density function, p’(?),
(which is the result of a Fourier series expansion
containing some incorrectly signed structure factors) the
results are somewhat altered. The integral of p“(¥) over
the entire volume of the unit cell is again equal to F(000)
as this integral is Insensitive to the signs of the structure
factors (except F(000) which is defined to be positive).
However if p”(¥) is replaced with its absolute value, |p”(%)|,
the results of the integration will in general be larger than
F(000) since the pseudo electron density function is not
restricted to zera or positive values.

5. It can be shown that for a small number of structure

factors p(T) cannot be accurately represented and the inte-

PO o Wi PR, - .
gral of |p(T)| will also be greater than F(000). However

the initial impetus for this method was the assumption that

for a small number of correctly signed structure factors the
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value of the integral of the absolute value of the electron
density function, |p(?)|, over the entire volume of the unit
cell would be less than the value obtained if p(?) is replaced
by p’(?). Furthermore it is assumed that to a good approxi-
mation the value of these integrals can be obtained by numeri-

cal integration, providing a sufficlently small grid 1s chosen.

Application of the Method

First attempts to apply the method were on the previously
completed structures of hydrogen fluoride (55) and
pentaaminecyanocobalt(III) chloride (56). In both cases the
calculated structure factors were used as Fourier coefficients.
Signs were determined for enough of the structure factors to
give complete physical solutions in both cases.

Since the method did show promise the next structure
solution undertaken was for B-plcoline-N-oxide fumeric acid
adduct (57). The adduct, C;gH,eN,Q¢, is monoclinic, space
group P2,/¢, with one molecule per asymmetric unit and its
solution is considered a moderately difficult task for this
method. In this case it was decided to normalize the
structure factors (58) and use these E's as Fourier
coefficients. This substitution does not alter the arguments
or assumptions made for this method; however, the normal-
igation procedure does remove the sin6/)A dependence of the

structure factors.
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The adduct structure solution is divided into six major
steps which may be used as a guide for those who wish to make
further application of this method.

l. The signs of three reflections with large E values
were assigned as plus in order to specify the origin. The
reflections chosen in this instance are E(1,0,2), E(~1,2,7)
and E(~2,11,5) which have corresponding magnitudes of 4.16,
2.08 and 3.31.

2. TFour reflections with large E values are selected
and the results of the summation of the absolute value of the
electron density function for the 16 combinations of signs
are calculated. It should be noted that in this step it 1is
possible to get the same lowest value of the summation for
more than one sign combination as i1t can be shown that the
smaller the number of input reflections the smaller the number
of sign interactions. In the adduct case four reflections
were found that gave only two sign combinations with the same
low value for the summation, Table 15. However there uwere
other sets of four reflections that gave as many as four sign
combinations with the same lowest value. It was decided to
use the set of four reflections with only two possible sign
combinations, one of which was carrect, set 1 of Table 15,
and the other contained two incorrect signs, set 10 of

Table 15.



59

Table 15. Summation of the absolute value of the electron
density function over the entlre volume, SAR,
for the sixteen sets of signh combinations
generated by the four reflections (A=(2,0,4),
B=(-1,10,6), ¢=(-1,11,7) and D=(-2, 10 4), with
E(A) 3 10 E(B) 3. 19, E(C) =3,15 and E(D) 3.26.
The three origin determining reflections and
E(000) are also input for the calculation of
this table.

No ABCD SAR
1 + + + + 12.60
2 - - - - 14.00
3 -+ + + 13.10
it t - - - 13.86
5 - -t 13.95
6 + + - - 14.57
T - - -t 14,24
8 + + + - 13.75
9 -+ -+ 13.99

10 + -+ - 12.60

11 -t -« = 14,24

12 + - + + 13.75

13 -+ 4+ - 13.95

14 + - -+ 14.56

15 - -+ - 13.10

16 + 4+ -+ 13.86
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3. Attempts were then made to add two reflectlions at a
time to both sets of sign combinations. Four more reflections
were signed in this manner to give a total of eleven reflec-
tions for both starting sets, see Table 16. It should be
noted that this step could be eliminated and step 4 initiated
immediately. Hereafter the sets of reflectlons containing
the signs determined in this and the previous step will be
referred to as CS and IS, acronyms for correct set and
incorrect set.

4, Next one reflection at a time was added to both CS
and IS, first with a positive sign, then with a minus sign,
and the summétions of the [p(?)[ over the entire volume of
the unit cell were calculated. If the difference between
the two summations was greater than 1.5% the reflection was
immediately added to the starting set with the indicated
sign. The percent difference was always calculated by
taking the absolute value of the difference between the two
summations and dividing by the smallest summation. Table 17
contains the results of this step for both CS and IS and the
reflections are arranged in the order that they were tested.
After 38 tries 22 reflections had been added to both CS and
IS to give a tatal of 33 reflections in each starting set.
All 22 of the reflections added to the CS set of sign
combinations had been assigned a correct sign. Of the 16

reflections that were not added to the CS set of sign



Table 16.
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Summation of the absolute value of the electron
density function over the entire volume, SAR, for
the four sets of sign combinations generated by
the four reflections (A=(0,0,14), B=(-1,0,12),
¢=(1,8,2) and D=(2,1,1)), when (a)~. A and B are
added to set 1 of Table 15, (b) A and B are added
to set 10 of Table 15, (c) C and D are added to
set 1 of Table 15 and (d) C and D are added to
set 10 of Table 15. The values of E are: E(A)=

4,29, E(B)=2.80, E(C)=2.57 and E(D)=2.51.

No. AB SAR No. AB SAR
1 + + 13.85 1 + 4+ 13.85
2 - - 13058 2 - 13058
3 + - 14,54 3 + - 14,55
4 -+ 1b,47 y - + 14,45

(a) (b)

No. CD SAR No. CD SAR
1 + + 15.13 1 + + 14,98
2 - - 15.02 2 - - 15.09
3 + - 14.89 3 + - 15.12
it -+ 15.10 I -+ 15,04

(c) (d)
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Table 17. Reflection indices (h,k,l) and signed E observed
values, SEO, listed in the order in which they
were tested; (a) additions were made to the CS set
of phase combinations and (b) additions were made
to the IS set of phase combinations. SARP and
SARM are the summations of the absolute value of
the electron density function with the E wvalue
having a plus, P, or minus, M, sign. Percent
differences between SARP and SARM are listed

under %D.

h k 1 SEO SARP SARM %D SARP SARM %D
-2 0 10 -2.41 15.41 - 15.11 2.0 15.45 15.07 2.5
-1 1 1 -2.35 15.73 15.25 3.1 15.28 15.68 2.6

0 12 0 -=-2.07 15.50 15.63 0.8 15.47 15.63 1.0

0 7 2 =2.00 15.74 15.76 0.1 15.70 15.74 0.3

0 1 3 -1.67 15.79 15.42 2.8 15.40 15.84 2.9

0 8 0 1.98 15.22 15.80 3.8 15.20 15.79 3.9

1 4 2 -1.70 15.52 15.63 0.7 15.52 15.63 0.7

1 5 0 1.67 15.59 15.56 0.2 15.54 15.59 0.3
=1 4 5 -1.60 15.49 15.52 0.2 15.48 15.51 0.2
-2 2 5 1.82 15.45 15.75 1.9 15.44 15.73 1.9

0 4 7 -1.99 15.64 15.64 0.0 15.62 115.60 0.7
-1 7 3 1.97 15.68 15.66 0.1 15.66 15.64 0.1%

1 6 2 1.55 15.68 15.71 0.2 15.66 %5.69 0.2
-1 3 7 1.51 15.64 15,76 0.8 15.63 15.74 0.7

0 7 5 1.86 15.81 15.81 0.0 15.81 15.75 0.4

1 7 0 1.83 15.78 15.81 0.2 15.74 15.85 0.7

0 11 9 3.03 15.65 17.10 9.3 15.68 17.08 8.9

0 12 4 -2,96 16.29 16.33 0.2 16.36 16.27 0.6

0 11 S -2.82 16.73 16.16 3.5 16.81 16.16 4.0

0 10 8 2.73 15.52 17.01 9.6 17.02 15.53 9.6
-3 10 2 2.37 15.52 16.81 6.3 16.83 15.57 8.1

0 10 6 -=2.24 16.31 15,97 2.1 16.01 16.36 2.2
-1 8 12 -2.84 17.47 17.09 2.2 17.45 17.05 2.3

1 10 8 =2.74 17.78 16.74 6.2 16.73 17.72 5.9
-1 i1 3 =2.4%% 17.55 16.87 5.7 17.52 16.53 €.0

3 1 3 -2.55 17.62 16,68 5.6 16.66 17.60 5.6

0 7 12 -2.17 18.03 18.09 0.3 17.99 18.06 0.4
-1 10 7 2.39 18.17 18.17 0.0 18.16 18.10 0.3

1 11 7 -2.56 18.73 17.62 6.3 18.77 17.56 6.9
-2 8 1i0 -2.65 18.57 17.84 4.1 i8.53 17.86 3.8

1 12 8 -1.98 18.39 18.20 1.0 18.18 18.41 1.3
-2 i 13 1.93 18.06 18.46 2.2 18.45 18.03 2.3

2 8 4 1.93 18.01 18.36 1.9 17.98 18.40 2.3

1 10 10 1.85 17.95 18.44 2.7 18.41 17.98 2.4
-2 11 1 -1.62 18,75 18,24 2.8 18,75 18.22 2.9
-1 10 4 -~1.66 18.84 18.17 3.7 18.15 18.83 3.7
-3 9 5 =1.77 18.61 18.49 0.6 18.65 18.46 1.0
-3 0 8 -1.79 18.57 18.24 1.8 18.57 18.28 1.6

(a) (b)
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combinations, eight were calculated with wrong signs and three
were not picked at all. Of the eight wrong choices the
largest percent difference was 0.8% and the average was 0.3%.

5. The absolute value of the electron density function
was calculated for both CS and IS which now contain the 33
previously signed reflectlons. The Fourler transform of this
function was then calculated and in the beginning only the
reflections that had an observed E, EO, greater than 1.5 and
an E transform value, ET, greater than 0.4 were added. As
more reflections were signed these restrictions were
gradually relaxed until ET values of greater than 0.1 with
corresponding EO values greater than or equal to 1.5 and ET
values of 0.3 wilth corresponding EO values greater than or
equal to 1.0 were accepted. Also if a reflection was
pfeviously added and failed these tests 1n a subsequent
step it was removed from the set of assigned s_igns7

€. When there were more input reflections falling the
criteria of step 5 than there were new reflections being
determined 1t was decided to accept all signs calculated by
the Fourier transform procedure. Of the 534 observed
reflections 270 had EO values greater than or equal to 1.0
which were signed and used to calculate a new abhsolute value
of the electron density function and the Fourier transform
was again calculated. This pracedure was relterated until

there were only a relatively few sign changes.
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Discussion

From the final electron density map using the 270
signed EO values as Fourier coefficlents for the CS combi-
nation of signs the correct physical solution was obtained.
Of the 270 EO values for the CS combination only 14 were
assigned the wrong sign.

Although the E0 map calculated for the IS combination of
signs afforded some atomic positions, different from the CS
positions, they could not be interpreted to make "chemical
sense". Also it was observed during steps 5 and 6 for the IS
data set many of the EO values that were previously signed
were falling the criteria of step 5 and being removed or they
were changing signs in step 6. In the final cycle of Step 6
there was one sign change for the CS combinatlion and 25 sign
changes for the IS combination. Perhaps this lack of
convergence in determining signs and the number of sign
changes is indicative of an incorrect starting set of signs.
Alsc after the last cycle of Step 6 the summabion of ip(?)i
for CS and IS is 34.06 and 36.90 respectively.

Although it has not rigorously been shown that for a
correct sign choice or set of signs this method should give
a lower value of the summation than that calculated for an
incorrect set, 1t has indeed been found to he true for the

three structures attempted by this author. However the
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crucial test for this method will be the solution of a
previously unsolved structure preferably in the triclinic

crystal system,
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