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X-ray Crystallography of the Phenyltriphosphonitriles.
Ul The Crystal Structure of 2,2,4,4,6,6-Hexaphenylcyclotriphosphazatriene

By F.R.AHMED, P.SINGH* AND W. H. BARNES
Pure Physics Division, National Research Council of Canada, Ottawa 7, Canada

(Received 12 February 1968)

The crystal structure of 2,2,4,4,6,6-hexaphenylcyclotriphosphazatriene, (C¢Hs)sP3N3, has been deter-
mined from three-dimensional Patterson, Fourier, and difference syntheses, and has been refined by
least squares to an R index of 0-054 for 2900 observed reflections. The space group is PT, Z=2, and
the cell constants are a=11778, b=14-130, ¢=9-761 A, a=96°51", =107°25", y=89°32". The cyclo-
triphosphazene ring, P3N3, has an irregular slight chair form. The six chemically equivalent P-N bonds
are statistically equal in length (mean, 1-597 A), as are the six P-C bonds (mean, 1-804 A). The mean
bond angles are 103-8° for C-P-C, 117-8° for N-P-N, and 122-1° for P-N-P. The average C-C bond
length in the aromatic phenyl rings is 1-:379 A. The results are compared with available data for other
trimeric phosphonitriles, and some systematic effects of the relative electronegativities of the ligands

on bond lengths and angles are discussed.

Introduction

The crystal and molecular structures of (C¢Hs),Cl,P3N;
and of (CsH;)4Cl,PsN; have been described by Mani,
Ahmed & Barnes (1965, 1966). In both of these cyclo-
triphosphazenes the two P-N bonds of some P-N-P
segments of the P;Nj ring have significantly different
lengths depending upon the relative electronegativity
of the pairs of substituents on the two P atoms. Thus,
when the substituents are different, viz. PCl,—N-
P(C¢Hs), the P-N bond on the more strongly electro-
negative (Cl,Cl) side is shorter (1:555 A) than the one
on the side of the phenyl groups (1-612 A), whereas
when both are the same, viz. either PCl,-N-PCl, or
P(CsHs),-N-P(C¢H;), the P-N bonds have equal
lengths (1-578 A in each case). Furthermore, the cyclo-
triphosphazene ring, P;N;, deviates from planarity in
both compounds by 0-08 to 0-09 A, but has a slight
chair form in the diphenyl, and a slight (distorted) boat
form in the tetraphenyl, derivative. The present inves-
tigation completes the series with a description of
(CsH;)sP3N3, and provides accurate data for correla-
tion with the previous results. The corresponding tri-
meric phosphonitrilic fluoride (F¢P;N;) has been stud-
ied by Dougill (1963), the chloride (Cl¢P;N;) by Pompa
& Ripamonti (1959), Giglio (1960), Wilson & Carroll
(1960), and the bromide (BrgP;N3) by Giglio & Puliti
(1967), and the structure. of diphenyltetrafluorocyclo-
triphosphazene, (C¢H;s).F4P;N;, has been described by
Allen, Paul & Moeller (1967).

Crystal data
Crystals of 2,2,4,4,6,6-hexaphenylcyclotriphosphaza-
triene are very thin, colourless, triclinic prisms. No
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extraneous diffraction effects were observed as in the
case of the dichlorotetraphenyl compound (Mani,
Ahmed & Barnes, 1966). The unit-cell constants are
a=11-778, b=14-130, c=9-761 A (6=0-002, in each
case), ®=96°51’, f=107°25', y=89°32' (¢=5',in each
case), U=1538-24 A3, F.W. 597-58, Du(flotation in
aqueous potassium iodide solution)=1-28; g.cm—3 at
22°C, Z=2, D,=1290g.cm-3, u(Cu)=19-9cm™,
#(Mo)=2-3 cm~1, F(000)=624.

The space group is PI. Although the mean values
{|E|) and {|E2—1|) obtained from the distribution of
the normalized structure amplitudes are between those
calculated for P1 and PT, |E|>3 for 0-27% of the
reflections, [E|>2 for 3-93%, and [E]|>1 for 25:8%,
which are comparable with 0-3%, 5%, and 32%, re-
spectively, calculated by Karle, Dragonette & Brenner
(1965) for centrosymmetric space groups (0-01%, 1-8%,
and 37-0%, respectively for non-centrosymmetric space
groups). Furthermore, the Patterson synthesis shows
P-P Harker peaks at 2x,2y,2z.

Data collection

The crystal employed for data collection was 025 mm
in length and 0-22 x 0-08 mm in cross-section. It was
attached to a glass fibre and mounted on a eucentric
goniometer head. A preliminary survey of the recip-
rocal lattice by precession methods showed that the
crystal class was triclinic, and established the reciprocal
and direct cell constants with reasonable accuracy. The
goniometer head was then transferred to a General
Electric XRD-5 manual diffractometer and the crystal
was adjusted so that the g axis (its longest dimension)
was along the ¢ axis of the goniostat. The reciprocal
cell constants were then. remeasured with Ni-filtered
Cu radiation (1, Ko;=1-54050 A, Ka,=1-54434 A), a
1° take-off angle, and a 0-02° slit for all but the weak
reflections for which the slit width was increased to
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0-05°. The parameters b*, ¢*, and a* were measured
at y=0° with b* and c* in the equatorial plane. The
arcs were adjusted to bring a* along the ¢ axis and thus
into the equatorial plane for direct measurement at
7=90°. The angles #* and y* were measured on the
x circle by suitable adjustments of ¢ to bring the planes
a*c* and a*b*, respectively, into the plane of the x
circle. All measurements, therefore, could be made
without remounting the crystal and the final values of
all parameters were very close to those obtained from
the preliminary precession survey. Only the high-
angle reflections were employed for the reciprocal-cell
lengths.

Intensity data were collected from the same crystal
on the same instrument but with Nb-filtered Mo radia-
tion. The integrated intensities were measured by the
moving-crystal moving-counter method (Furnas, 1957)
with 2° scans over 26. The background was measured
separately for each reflection along its Laue streak at
the start, and again at the end, of the 26 scan. The tube
current was reduced by a known amount for the strong
reflections, the intensity of the 200 reflection was re-
corded at regular intervals of time for scaling purposes,
and most of the weak reflections were measurcd more
than once to improve their counting statistics. All in-
tensities were placed on the same scale and 1/Lp cor-
rections were applied to the net counts. Absorption
corrections for Mo radiation were considered to be
negligible and, therefore, were not applied.

Data collection was restricted to the sphere sin /A=
0:65 because very few reflections were observable at
higher 26 values and, of 7042 possible reflections within
the range covered, only 2900 (41-2%) had intensity
values above threshold.

Structure determination

The positions of the three P and three N atoms in the
asymmetric unit were determined from a 3-D sharpened
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Patterson synthesis with a sharpening function of
2 sin 26/(1 + cos? 20). The R index calculated for these
atoms alone, with an assumed B=2-5 A2 was 0-43.
All thirty-six C atoms were located from the first
Fourier synthesis which was evaluated with 2592 re-
flections whose phases appeared to be decided by the
contributions of the P and N atoms. The R index for
this first trial structure (hydrogen atoms excluded) was
0-18, which dropped to 0-09 after three cycles of block-
diagonal anisotropic least-squares refinement. The po-
sitions of twenty-nine of the thirty H atoms were found
from a difference synthesis computed at this stage.
After two more cycles of refinement but with all H
atoms included (the unlocated one in its theoretical
position), the R index for the observed reflections was
reduced to 0-072. The sites of the twenty-nine H atoms
were redetermined from a second difference synthesis
but, after three more refinement cycles, the R index
was about the same (0-065) although there was notice-
able improvement in the geometry of the molecule. The
shifts in the last cycle were less than 0-2¢ for most of
the parameters, and less than 0-4¢ for the remainder.
The weighting function was w=1=1+[(|F,| — 55)/45)?,
with |F,} in the range 50 to 172-1.

Although differences among chemically equivalent
bonds and angles were below the significance level, or
in the possibly significant range, the importance of the
results prompted attempts to reduce all apparent dis-
crepancies by the use of other weighting schemes. Three
cycles of refinement, therefore, were computed with
one based on counting statistics (Hall & Ahmed, 1968),
and three more with those of Hughes (1941), but the
results were approximately the same as before.

Finally, about 300 weak reflections were remeasured,
and three further cycles of refinement were carried out
with a weighting function, w=!=1+[(]F,| — 50)/40}4, so
that the weights were nearly equal in the medium range
of |F,|, but were very much reduced for the higher and
lower values. The shifts in the last cycle were less than
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0-10 for most of the parameters and less than 0-3¢ for
the others. The final R index for all observed reflections
was 0-054.

The scattering factors employed in the calculations
were those derived by Hanson, Herman, Lea & Skill-
man (1964).

Results

The final parameters, and their estimated standard de-
viations, of the P, N, and C atoms are shown in Table 1.
Those of the H atoms, derived from the least-squares
refinement, their e.s.d.’s, and the corresponding elec-
tron-density maxima, obtained from the second dif-
ference synthesis, are listed in Table 2, where each H
atom has been assigned the same number as the C atom
to which it is attached. All e.s.d.’s were calculated with
the appropriate expression for least-squares refinement
(International Tables for X-ray Crystallography, 1959,
p-330), and then increased by 30% to allow for the

omission of the unobserved reflections. The observed
structure amplitudes, and the calculated structure fac-
tors for the parameters given in Tables 1 and 2, are
tabulated in Table 3. For each of the 2900 observed
reflections, the discrepancy [4F| is either <0-1|F,| or
< Fin, where Fy is the threshold amplitude. Of the
unobserved reflections, |Fg| <|Fin| for 4106 and |Fip|
<|F¢| < 1:5]Fg| for 36.

The bond lengths and bond angles, not corrected
for thermal vibration, and their e.s.d.’s (Ahmed &
Cruickshank, 1953, for bond lengths; International
Tables for X-ray Crystallography, 1959, p.331 for bond
angles), are shown in Fig.1. The C-H bond lengths
are between 0-88 and 1-10 (mean, 0-99) A. The six
tetrahedral angles at each of the P atoms have a mean
value of 109-3° in each case.

All intermolecular distances are greater than the sum
of the corresponding atomic van der Waals radii; the
shortest distances are N---C, 3-583; N-...H, 3-23;

Table 1. Fractional coordinates, vibration tensor components (A?) for the expression T= exp [ —2n2(U,a*2h?
+ .. F2Upb*c*kl+ . . )}, and their e.s.d.”’ s(all quantities x 10%)

x y z Un

N(1) 3795 (5) 1641 (4) 1201 (6) 426 (35)
P(2) 3727 (2) 2774 (1) 1599 (2) 348 (10)
N@G3) 2619 (5) 3170 (4) 2100 (7) 507 (38)
P(4) 1567 (2) 2480 (1) 2151 (2) 367 (10)
N(5) 1684 (5) 1371 (4) 1747 (6) 428 (35)
P(6) 2749 (2) 933 (1) 1196 (2) 315 (9)

Cc) 3796 (6) 3372 (5) 83 (7) 351 37)
C(2) 3409 (7) 4292 (5) -8 (8) 656 (54)
C@3) 3471 (8) 4763 (5) —1142(9) 862 (64)
c@ 3926 (8) 4329 (6) —2180(8) 707 (57)
C(5) 4310 (8) 3413 (6) —2099 (8) 751 (59)
C(6) 4245 (7) 2923 (5) —980 (7) 615 (51)
C(7) 5080 (6) 3182 (4) 2998 (7) 442 (42)
C(8) 6162 (7) 2968 (6) 2767 (8) 495 (48)
C(9) 7220 (7) 3274 (7) 3811 (9) 499 (52)
C(10) 7208 (8) 3802 (6) 5092 (9) 639 (56)
can 6127 (8) 4002 (6) 5330 (8) 933 (69)
C(12) 5079 (7) 3702 (5) 4288 (8) 629 (52)
C(13) 1373 (6) 2670 (5) 3922 (8) 350 (41)
C(14) 1685 (8) 1979 (6) 4856 (8) 707 (60)
C(15) 1551 (9) 2130 (8) 6228 (9) 1019 (78)
C(16) 1092 (9) 2954 (9) 6672 (10) 831 (75)
Cc(17) 790 (9) 3653 (8) 5771 (11) 976 (83)
C(18) 912(9)  3509(7)  4382(10) 951 (75)
C(19) 181 (6) 2848 (5) 988 (7) 462 (44)
C(20) —873(7) 2378 (6) 879 (9) 482 (48)
C(21) —1946 (7) 2610 (6) —28 (9) 487 (51)
C(22) —1970 (8) 3342 (6) —846 (9) 641 (59)
C(23) —934 (9) 3820(6) —767(9) 952 (75)
C(24) 136 (7) 3578 (5) 159 (8) 626 (55)
C(25) 2133 (6) 326 (5) —610 (7) 365 (39)
C(26) 2867 (1) —175(6) —1298 (8) 475 (48)
c7 2440 (8) —627(7) —2696 (9) 667 (59)
C(28) 1247 (8) —586 (6) —3422(8) 714 (59)
C(29) 506 (7) —103(7) —2752(9) 475 (51)
C(30) 936 (7) 356 (6) —1345(8) 603 (55)
C@31) 3390 (6) 0(5) 2269 (7) 508 (44)
C(32) 4592 (7) —125(6) 2705 (9) 582 (52)
C(33) 5071 (9) —828(7) 3571 (11) 780 (70)
C(34) 4365 (10) —1412(6) 4001 (10) 1355 (94)
C(35) 3169 (10) —1302 (6) 3551 (10) 1422 (94)
C(36) 2668 (8) —598 (6) 2682 (9) 761 (61)

Uz Uss 2U3z;3 2Uy3 2U;2
349 (32) 600 (39) 93 (57) 518 (62) 27 (53)
299 (9) 377 (10) 124 (15) 333 (16) —10 (14)
398 (34) 630 (42) 151 (61) 610 (66) 84 (57)
341 (9) 419 (11) 173 (16) 398 (17) 97 (16)
372 (34) 646 (42) 223 (59) 578 (64) 42 (54)
285 (9) 392 (10) 146 (14) 311 (16) 25 (14)
385 (38) 355 (38) 194 (61) 209 (62) —93 (60)
437 (44) 578 (49) 348 (75) 588 (85) 127 (77)
388 (44) 667 (55) 397 (80) 667 (98) 116 (84)
684 (56) 525 (51) 364 (86) 490 (89) —152 (90)
692 (57) 479 (48) 223 (84) 663 (87) 0 (91)
484 (44) 390 (42) 152 (70) 485 (76) 86 (75)
335 (38) 394 (40) 130 (61) 358 (67) 25 (62)
682 (54) 431 (46) 150 (79) 214 (77) 40 (81)

1008 (74) 658 (60) 209 (105) 252 (92) —21 (99)
703 (60) 576 (54) 464 (91) —74 (89) —-122 (91)
613 (54) 383 (46) 175 (80) 205 (90) —130 (96)
488 (47) 461 (46) 276 (74) 377 (80) 37 (77)
523 (45) 472 (44) 200 (72) 295 (69) — 57 (66)
731 (60) 442 (48) 96 (85) 134 (87) —367 (94)

1189 (85) 393 (51) 363 (107) 173 (100) —821 (131)

1614 (110) 604 (64) 32 (134) 694 (115) —176 (143)

1415 (102) 687 (68) —410 (131) 766 (124) 670 (145)
940 (74) 574 (58) 165 (105) 563 (108) 520 (118)
472 (43) 416 (42) 204 (67) 413 (70) 242 (68)
684 (56) 640 (54) 508 (89) 407 (83) 195 (81)
809 (63) 608 (55) 256 (96) 98 (85) 199 (89)
742 (62) 620 (57) 179 (96) —66 (94) 496 (95)
631 (58) 622 (58) 537 (96) —63 (105) 269 (103)
511 (48) 579 (52) 357 (80) 296 (85) 27 (81)
403 (39) 437 (41) 243 (66) 318 (66) —49 (63)
764 (60) 489 (49) —94 (86) 181 (79) —36 (84)
883 (67) 505 (52) —127 (95) 417 (91) —95 (100)
737 (60) 405 (46) —43 (83) 280 (85) —279 (94)
994 (72) 616 (57) 374 (103) 63 (88) 67 (96)
716 (57) 498 (50) 231 (86) 368 (85) 112 (88)
322 (38) 416 (42) 126 (62) 441 (70) 186 (64)
580 (52) 716 (58) 439 (89) 473 (92) 287 (83)
939 (78) 918 (76) 610 (124) 258 (118) 706 (116)
572 (58) 645 (61) 421 (96) 452 (122) 531 (116)
365 (47) 721 (62) 399 (87) 863 (125) 83 (105)
531 (50) 724 (59) 611 (90) 569 (98) —41 (88)
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C...C,3464;C---H,2-81;H-.-H, 2:32 A, and none two molecules in the unit cell, viewed along the normal
of the P atoms is less than 4-0 A from any atom of a  to the mean planes of the P;N; rings, is illustrated in
neighbouring molecule. The relationship between the Fig.2.

Table 2. Fractional coordinates ( x 103) and isotropic temperature factors (A2) of the hydrogen atoms,
their e.s.d.’s, and observed electron densities (e.Aﬂ)

X y z B Qo
H(2) 305 (5) 459 (4) 72 (6) 0-3(1-3) 043
H(3) 315 (6) 539 (5) —115(7) 1:6 (1-5) 0-42
H(4) 395 (7) 459 (5) —298 (8) 3219 0-33
H(5) 452 (5) 309 (4) —291 (7) 1-0 (1-4) 0-39
H(6) 451 (6) 225 (5) =85(7) 1-9 (1-6) 0-35
H(8) 620 (7) 262 (5) 189 (8) 3-8 (2:0) 0-33
H(9) 799 (6) 323 (5) 361 (8) 3-0(1-8) 0-33
H(10) 795 (6) 392 (5) 591 (8) 2:9 (1-8) 0-36
H(1l) 607 (6) 429 (5) 627 (8) 2-8 (1-8) 035
H(12) 434 (5) 381 (4) 439 (6) 0-9 (1-4) 0-34
H(14) 204 (6) 136 (5) 444 (8) 2:6 (1-7) 0-33
H(15) 177 (7) 165 (6) 697 (9) 49 (2-3) 0-33
H(16) 91 (8) 309 (7) 772 (10) 6:6 (2:7) 0-30
H(17) 46 (9) 430 (7) 608 (11) 79 (3-0) 0-25
H®18) 79 (7) 392 (5) 372 (8) 31 (1-9) 0-33
H(20) —79 (6) 180 (5) 137 (7) 1-7 (1-6) 0-44
H(21) =277 (7) 226 (5) - 10 (8) 3-5(1-9) 0-35
H(22) —266 (8) 359 (6) — 146 (10) 64 (2:7) 0-24
H(23) —116 (7) 438 (6) —126 (8) 4-0 (2:1) 0-31
H(24) 97 (6) 390 (4) 20 (7) 1-3 (1-5) 0-33
H(26) 370 (6) =27 (5 —71(8) 2-9 (1-8) 0-41
H(27) 297 (7) —96 (5) —325(8) 32 (1-9) 0-26
H(28) 94 (5) —90 (4) —446 (6) 0-2 (1-2) 0-35
H(29) —26(8) —4(7) —319 (10) 66 (2:7) 0-31
H(30) 41 (6) 81 (5) —-85(7N) 1-7 (1-6) 0-32
H(32) 513 (6) 28 (5) 247 (7) 2:6 (1-8) 0-37
H(@33) 593 (7) —83 (6) 384 (9) 4-6 (2:2) 0-30
H(34) 475 (10) —195 (8) 447 (12) 9-4 (3-4) —
H(35) 263 (6) —170 (5) 382 (7) 2:6 (1-7) 0-28
H(36) 181 (6) —54 (5) 234 (8) 2:6 (1-7) 0-34

(ﬁ"f’% O/Q

Q

Fig.2. Distribution of the molecules in the unit cell as viewed along the normal to the P3N; rings.
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Table 3. Observed structure amplitudes and calculated structure factors ( x 10)
* Indicates unobserved reflection and |Fin| in place of | Fol.

x f0 FC x F0 fC X F0 FC x FO FC K FO FC X FO fC XK fC R x 0 FC K fFO fC x f0 FfC 3 0 FC
e G tx 0 -3 [ -1a 107e 73 Tee 34 101e =21 He  1yts 2 2
183 [ -18 11ie =38 26 [ 146
1320 w7 291 205 202 o 225 -210 1 128
2 624 -s87 802 [w= 9, s O [0 1 106 H 237
31371 1408 -2 2 396 3 214
4 Case 8t -29 ] 3 128 . 90
s 210 -295 22 1 . 197 s 94
6 STe -0l -201 H s 302 6 97e
T o192 182 -230 3 ° 155 7 1020
8 180 179 31 . 7 109 2 1060
9 T2e -38 160 s [1 189 9 1100
1Ic TTe -39 26 6 9 124 | 10 394
11150 1ss 3] 7 10 -85 |11 182
12 9 108 e [ 1 s |12 8
13 sce s -21 9 12 ~99 |13 243
16 9% 9 2 { 10 13 1 | 1e 267
15 99 9 -3 | 1 14 4 | 1S 208
16 10se =3¢ =99 | 12 15 3 | 1e 60
17 109 -51 13 16 w | -1 283
18 13 -4 Sete 0| 18 17 5 | -2 186
-1 -1 29 | -3 218
e Lle 0 ~1a | -2 -2 25 | -4 141
103 | -3 -3 108 | -5 930
o 283 -287 -306 | -4 -4 239 | -8 97e
1513 ~sa3 ~a21 | -3 -5 253 | -7 1010
2 3N -8y -6l | -8 -6 a21 | -8 1050
) 400 390 228 | -7 -1 180 | -9 109¢
4 3C 32 6 | -8 -8 -19) [-10 13
[T 202 | -9 -9 -3 [-n
6 181 18 132 | -10 -10 68 1-12 =5 e 2
T 204 <216 8 | ~11 -1 -6 [-13
8 262 25 -138 | -12 -12 -212 |-14 105 -122
3 -1 -1 -135 |-15 57e 48
~1s -14 15 [-18
-5 s9 |17
He 10, L= -16 -3
-11 89 |n=
o =18 29
1 o
2 [ 2 1
3 H
M o 213 ase 3
H 1 403 -3e71 4
s e -ez 2 245 239 s
7 31100 1178 6
] He =7, e 1 4 830 -16 7
9 5 336 -3 ]
10 o 188 188 9
1 T 189 192 | 10
12 8 700 -21 |11
-1 9 109 -17 | 12
-2 10 88 T | 13
-3 11250 248 [ 14
- 12 1s8 1712 [ 3s
-5 -10 135 143 | 13 e2e -s53 | 1s
oy 149 u
-1 lize 22 171 183 [ws 13, L= 1 [ 15 100 72 | -1
- 50 282 16 10%e -52 | -2
-9 S0l 1 e -34 0 1c1e 23 | 27 123 -118 [ <)
-10 9Ns 1 107« -&5 -1 3 -4
-1 109 103 2 107¢ -30 -2 1a16 -1420 -5
-12 9%e -14 3 108 108 [ -3 -38 -6
-13 146 -136 4 109 Al | -4 450 -aes | -7
131 -116 S Mlle =50 | -5 se2 -s82 | -8 1060 -11
L 1020 11 6 113e 11 | -8 201 =220 | -9 1100 -63
104e =29 | -1 106v 2 | -T 376 -313 [-10
° 1080 -S4 [ -2 108e =92 | -8 269 -1 [-11 boLm 2
1 109¢ =& | -3 10T+ -90 | -9 180 185 [-12
2 12e 38 | =4 107 =11 [-10 241 237 [-13 91 -100
3 895 -Sa | -5 109e 22 | -11 236 215 |-14 98
. 110 =96 | -6 Iloe -32 |-12 8es -32 [-15 340
s 90e 2T | =7 1lle =17 |-1) 108 90 |-1& 750
s Sle - -1s 18 [z 238
? 143 =181 = -1, e 1 | -15 145 -132 [-18 78
] 94 -16 119 =114 13
9 152 1 160s =22 | =17 10ee 27 {nm= 206
10 sae 123 -18 1loe &) 25
u 101e =51 101e [ 90e
-1 103« s 125 He 2y Le 2 1 93e
- 18 106 103 2 97e
-3 1090 =12 1040 0 136 -12) 3 1000
e 112¢ ~100 108¢ 1 . 105¢
-5 108 2 s 108
-6 -10, Lx 1 1090 ) 6 120
-1 112¢ . 1 o7
-8 1 139 -160 101e s [l 232
-9 141 148 102¢ Y 9 23
~10 82. -18 102¢ 1 10 174
-1 260 =351 1048 ] 1n 13
-1z 13t -128 139 M 12 TTe
1 -ue 107¢ 1 218
" 98e <78 109¢ 14 192
1020 -5 1100 15 196
[4 107¢  -40 16 166
i e -13 Wl s 1 -1 92¢
2 -2 960
3 6te 1 o 1120 -27 -3 99e
. 1 12e -2 - 103«
s 2 1lae 105 -5 131
3 -1 112 102 -8 e
T -2 112e 56 -1
4 =3 112e -es - “te s 2
9 -9
o Ma -l4y Le L -10 182 -204 0 63 55
o2 ~11  6e -89 1 104 =
b4 o =12 90e 2 2 251 =231
-s 1 -13 9as A7 3121 156
-5 2 . -1a 98e 28 4 131 13
-6 3 -15 102 s 159 -1s8
-1 . -16 10Ts 39 & 256 288
-s s -7 i 82 T 274 289
-9 6 s 33 -350
-10 1 He -4y L= 2 9 205 -213
[ 860 -11
ne 9 90¢ 39
10 163 ~1es
° 1198 -120 -5 110e 19 98 -22
1 108s 12 920 28 200 201
2 13 96e -8) ke 0.t 2 1060 27
H [CRRTS IRty 1100 -74
. 15 105 -18 0 249 -233 155 -142
5 16 t10e 7 11318 ~1316 63s =68
s 196 198 | - -880 s4e 51
1 113 -100 | -10 -1 oTe 42
-1 58 315 | -1 —aa? 156 154
-2 21 2m | -12 251 183 1a2
-3 &3 -39 | -1y 33 168 1e8
-4 123 -126 | -1a 2 18 43
-5 136 127 | -1s -a5 150 -154
-6 161 -170 | -18 -10 #5e -43
-1 211 -218 21 94 b8
-2 a1e 21 [ me o1 126 -118
[T Y] -180 202 -245
ne 1co 82 0 s2e -3 -108 3 83
93 76 1 815 ~a31 -48 1040 75
[ 9%e -12 2171 -e -121 108+ -1
1 1020 2 3 13 1ss -109
2 1060 9 4 ele -22 21 T te 2
3 1ee -11 5 69 -29 -14)
N 6 167 1) 091 0 Tee -15
¢ «ca -a08 He say e 1 7 o311 308 -386 1 1. e
1 %61 590 8 78 sl -a38 2
2 691 705 0 218 -21p 9 25) -261 432 2
30 s ¢ -18 15a 15 1256 219 | 10 193 -1se -391 .
< 358 -siC 2 w09 s07 | 11 a3 - s
3§88 -77 LA P ] 3202 -278 12 9. 143 3
8 2% 267 s 287 -282 | 1) 12e -1 7
7365 -3ss 0 512 -475 s 9l To 14 101 -8} e
8 15e -ae 11721 ~1708 & 229 -216 [ 13 170 18 -17 108 -39 9
9 e s 2 7 38 -3s2 a9 -23 10
16 236 237 3 8 89 -9 | -t 197 -39 we Sete 2| a1
1nooare o317 . 9 180 133 [ -2 17 ~len i 12
12 91e a8 s 10 98 s [ -3 @2 3 o 150 188 | 13
13 95 66 o 1o -4 ere -53 1 see 30 | 14
14 99e -78 7 12 -5 100 B I U Ty 2 112 -13e [ 21
13156 -147 8 1" ) 1100 © 3 210 210 | -2
16 18 19 | -13 loae 79 9 e s loae -1 1. 93¢ -39 no3 e 2 4 are aes | -3




F. R. AHMED, P. SINGH AND W. H. BARNES 321

Table 3 (cont.)

® L] ¥C x f0 FC | x fQ FC L3 fO FC L3 o FC L3 FO 24 I3 fC fC « (1] I3 x (L] 14 x 0 (3 x 0 £ x 0 T
10 132 -1l18 6 100e -Te ~15 99 8 148 -170 o =3 32 -3%0
11 100e¢ =24 7 102¢ -1 ~1s 0 -7 98 12 1 -4 o5e s
12 103e S0 8 104e -8 ~17 108e 33 10te 85 2 -5 89 L1
13 107« a8 9 106* -27 -18 112e % 105e 76 3 -6 700 1
14 110e 19 10 109« 31 199 2% - -7 129 ~132
-1 120 -12% 11 112e 99 Hy =1, L 3 s -3 157 159
<2 379 =393 | =1 9ae =24 e 3 N 9 26w 32
-3 98 -97 -2 Q4o 25 o 1% 178 T -10 las -149
-4 106 87 | -3 9ee & 1 909 -908 91 -100 ] -1 Bee -12
=% 292 -21a -- 97e -a0 2 553 -5&2 Boe  ~49 9 =12 108 105
~6 147 -182 -5 129 -131 3 323 32% 86 -6 10 -13 94 83
-7 119 183 -6 99 -31 o 730 -7a7 8¢ 16 1 14 104 -84
-8 90e &b -7 101 " s 222 ~244 GCe =34 12 -1 95 -3)
-9 93e =4 =8 104¢ -o& 6 338 32 Sle 79 13 -16 106e -29
=10 ee ~-18 =9 106e -1 1 101 e 93 “0 -1 =17 1l0s -3}
ha =T, L= 2 =11 99 10 =10 184 172 8 86 -74 122 -119 -2
-12 102¢ -%8 | -11 124 95 9 81 -9 10 ~s0 | -3
c -13 10%s -70 10 23 228 10te o -4
1 -14 109s ~1& He 13, Ls 2 11 198 207 O4s =47 -5
2 12 . -1 152 -135 | -6
3 K= 10, L* 2 0 109¢ -18 13 93e -15 110 -~11 -
‘ U 109¢ -3¢ | 16 156 130 ur <102 | -2
s o 36 3 2 Lwoe  8s | 35 101 -52 151 -1a5 | -9
s 1o9ae w1 3 ey 81 | e 161 182 see  3C | -10
' 2 1s0 -1is “ 1120 =26 | 17 1120 =18 ate =81 |-l
8 3 0t B4 =1 1C8» ST -1 359 346 88 =~27 -12
9 - 9. ‘. =2 109 =36 ~2 401 395 114 12t =13
1c 5 161 ~l8) =3 109e -70 =3} 401 -391 S8 ~-98
1 6 1000 -as ~a 1100 -5) <4 16 -82 Qe 27 | ne
12 To1oze 70| -5 s =21 [ -5 s1e e 121 22
ty 8 104e 0 -6 112e 26 -6 721 =135 184 =178 o
14 9 107 -&7 =7 65 -12 102 -103 1
15 10 110e 38 He -13, L® 2 -8 68 104 54 2
16 1 12e 62 -9 302 -306 1080 ~29 3
-1 -1 '3 ) 14 | -10 Crre s1 11le -80 e
-2 -2 13 -110 1 -ss | -1t 32 332 s
-3 -3 93 2 130 =12 99 ~-103 =By Lo 3 Y
- - See -7 3 126 | =13 103 -1 7
-5 -5 9% =30 4 -2% ~14 92e 9 Tae 58 [
-t -6 128 -108 5 31 =15 97 3 129 ~-115 -1
-1 -1 99e =59 IS 113 [ -16 160 -160 152 140 -2
-8 -8 142 155 i3 42 | =17 10%e - Toe 3 -3
-9 -9 102e 8 -89 | -1 1090 76 132 -13s | -4 o 1%
-10 -10 105¢ =72 9 -57 80e  -u -5 1108
-11 -11 208 95 | -1 s6 | nx 2, La 3 199 207 | -s 2 32
-12 -1z e 78 | -2 32 a5 16 | -1 3 ee
-1y -3 -49 o 503 505 see ~38 | -8 o s0s -33
-1s Mo =10, Le 2 | =4 -87 187 -2 e 125 | -9 5 ars 17y
-15 =5 58 2 4 100 127 116 =10 L) B4 %8
-16 110s 10 -0y | -8 126 y o221 2 ver 87 T 89 -iar
152 | -7 3 4 176 -180 99e 43 |we =11, tn 8 118 -134
3 8, ie 2 15 -8 21 s b7¢ =35 103 1c 9 93 o8
w0 | -9 e s 700 5 1000 ~23 ° 10 96r 60
c 23 248 184 T 128 ~120 112e ~38 1 1t iCls 88
1164 -15e 286 [ we -tay Le 2 ¢ 72 - 87 87 2 12 10ae &2
2 83 L1 35 9 (3% 17 429 436 3 108e 59
3 10e 118 ~119 0 106e 37 10 95 9 % 69 4 109+ -19
4 1% -iTo ire L 1Cee =60 11 89 -52 126 =115 s 7%e 20
5 182 19 109 2 106 =114 12 93 47 6 9 L3 %¢ -7
& 198 206 ~69 3 107e 16 13 139 132 81e -5 T T6e =35
T 9ze =3 -89 4 1cse 58 | 1s 102e -38 242 -202 ] 241 -203
e 95e 33 27 % 1C9¢ -87 1% 125 -107 ase -57 9 1N 134 ~117 108s 3 238 =229
S oee ice 21 6 1ll0e 21 16 1lle 5 116 m 10 104e -3 80e -31
1€ 101 83 -125 {7 1ec 17e | -1 359 3e2 91e 26 | 11 108e =35 131 -2
11 1cae =62 ns | -2 440 -as? 95e b6 | 12 109e =14 | ase -22
12 icae =19 133 | ke -14, Le 2 =3 554 -5ba 97T a8 -1 B88s -17 H 7y 179
13 112e 22 14 | -+ 111 -100 1000 44 | -2 89e -5 X s1e =31
-1 8te ~50 I 1e7 =1 105 “ -5 115 =127 1040 46 -3 a9 19 1 Qe 9
-2 132 Mg 53| -2 lose 8 -s 408 a0 1c6e -10 [ -4 126 132 i gte -10
-3 82e o T =3 106 -2 -7 -5 143 134 H % -15
-4 8de s 12, - 301e e0 | -8 215 217 9 te 3| =6 qes -89 N 110 -102
=9 169 167 ‘ ~41 =5 115 e -9 18% 189 “16 108e -15 -7 9%« ~19 | 108¢ =-33
-o gee T ~1ce | =6 1100 -9 | <10 165 -132 [-17 112s 104 132 145 | -8 98e )9 | 11ze -20 | -6 140 124
-1 89 Sa -80 -1 19 81 sle 36 [ -9 1c0e -se ! -5 84 =100
-8 9te 67 ‘ 6 | ma 18y Le 2 [~12 197 213 | Ke 91e 83 [-10 103« -10¢ THe ~g, Le & -6 99 90
=9 185 =1&s =13 109« sl ~-13 92 -22 92¢ 41 =11 107e =25 | =7 116 109
-1C 148 <151 0 lile 32 |lé 148 -1ke ° 96 4s |-12 121 107 | 0 622 e30 | -8 ‘&3s
Sl 1C0e 62 We Ml ts 2 1 1lle 18 [~15 100s -24 f 96e 58 Yoy 13 322 | -9 a1e -8
-12 1c3e 4 ‘ 11e =60 | ~16 10se -22 H e -120 (we 12,0y 3 2 ese -a7 | -10 109 -90
“13 ke -2 o sae -20 ' ~17 101 -9 3 1c0e 1 V3 212 -7 |11 93 e
-16 168e 33, 1 188 =131 | We -13,1s 2 . 5 18 o 107e -28 690 36 | -12  9be s
! 2 HE =24 L 3 5 105+ =50 5 115 -11% =13 93 ~107
Heo -8 Le 2, 3 -1 1100 -19 6 1C8s -6 6 393 -398 { -14 103s -21
H . -2 il =S c 49 49 T 11e s6 7 17 12 =13 12% 102
C 1sC 13y | 5 1 S0e (3] L] 9le -40 ' a8 323 33 -1s
[SS T A L3 Lol Co Lo ) 2 621 619 9 101 =114 9 1 133
7 152 1s0 7 3 10 121 =118 10 ase -84 | me
3 1se <10 | s “ 1 100 =92 L1159 183
& o1re -189 | 5 12 93e -1l LY 95e 81 0
5 1c1 -109 | 6 1 ake -40 13 9%« =13 1
t e "o 1 1s 97e -11 14 126 -103 2
7 gee -%2 s 15 990 11 © 4% g07e 23 3 92 38
8 aie 1% 9 18 00e TS 16 llle 20 “ 4 ~36
9 1R 1le 10 -1 1030 32 -1 er 5 Gee 4
1c e 9 -2 107e 32 =11 106e =19 =2 " -85 L3 96 -36
1 eke nl -3 -12 109 > -3 sl 521 T o130 -133
12 1cCe 1r -4 Te Lo 3 -1} 112 -5 -4 10% 1s 8 101 15
13 103 =59 . -5 -3 ol =35 9 104e  -14
le 107e -89 -6 808 29 | me -9, Le 3 -5 83 ~90 | 10 120 -109
15 1lle  -&t -7 82¢ -4} -7 2%6 =251 11 lile =37
-1 386 401 -8 8l =53 ne =1, Lw - -8 TTe 32 -1 10 ~-11%
-2 13 22 | -9 225 -24% -9 80e -ae | -2 -5
-3 2cc ~-187 =10 140 =152 0 543 =535 -10 8se  -35 -3 90e -38
-e 76 -el ! -1 870 -4 1 See -3e <11 ese 32 | -& 96 -105
=5 143 130 =12 8% -11 2 15 =157 -12 137 123 -5
-t -84 , -t3 Qe =20 3 392 -)%¢ -13 Qhe  ~)4 =t
=1 218 =201 =14 Qb 28 & 487 -352) -4 8. %1 -1
-e2er 237 -15 ore 0 s 203 -298 -15 1020 ~35 | -8
=9 156 160 =18 100 1 [ 18 100 -1 106e  ~aé -9
-1c 92e =35 =17 103e 16 1 Tae 20 =17 1lle “s -10
=11 9%« -8 107 =90 8 95 -86 -1t
=12 139 XYY Ha 111 =20 9 125 1nr L3 b L= . -12
=13 1C2e 86 | 80 -17 10 328 338 -13
-1 1C5e -28 ° 800 3 1no sy -1 o 146 180
-15 109 -2y 1 186 196 12 136 102 1 239 25C | Hs -8, Le &
2 293 280 13 91 e 2 sle 40
e QL Q! 3 or 14 1Cle -2 3 130 -112 0 151 =149
| - 85e 37 15 178 =156 “ 5. 1 1% =29
¢ are -5 ! s 1712312 ST 176 156 | 1s 108 -16 s 135 113 2 e -12
1 are L1 ) 90 Js -1 5%5¢ .8 L] 88 =73 3 168 -le7
2 1sC 13y 0 T 211 =210 He  13s Le 3 -2 482 449 1 90 L 4 115 =104
3oece -3 | ® 88 -e5 -3 303 -299 6 208 186 s 9y ar
«oate 71 9 166 161 0 120 2| -4 60e -2¢ 9 132 s 6 107 187
s 91 91 10 191 68 -1 12e 13 | -5 306 290 10 1000 21 T ke -37
¢ 9%5e  -T¢ 11 104e  -11 -2 112« - -8 b5 12 i1 1Cae 45 8 89 -8%
1oaes -7C 12 108s 79 -3 1120 =21 | -7 360 -3% 12 1cre 9 268 260
3 99 39 13 111 104 -8 1% 124 13 11lle =39 10 .
9 1C2e 33 14 He =13, L= 3 -9 123 -109 -1 80 =36 1o -2
1 a1 -1co0 1% =T, L= 3 ~10 413 -&30 -2 80e -29 12 102e =32
1 1cse =22 ) -1 ] 9 -90 -11 340 3l -3 215 235 13 105 -1
12 112 61 -2 1 100e T -12 112 130 -4 170 179 14 109 -36
-l les -las =3 2 128 139 -13 . =69 -5 83e -63 -1 8 -102
2 13C -l1<C -4 3 10le 32 -is 95 34 -6 8ee 15 -2 5% 31y
-3 ale =87 -5 4 102» =22 -1%  1sa 162 -7 169 152 -3 32 351
-4 HRe -3 -6 S 103« 10 -16 l03s =57 -8 89 -S54 ~4 146 -l47
=5 119 -1l -1 & 105¢ 55 =17 101 =118 -9 111 ~-17% =5 80e  -65
-t 1. e -8 1185 ~16) -10 ue 1 -6 126 1%
=7 3 11 -9 a4 1C9e -B87 M 2, L= - -11  1e% 152 -7 15 -1586
-6 ass g -10 9 e 1S -12 2000 52| -8 213 -218
-5 ase  2a -1l P o 8 -13 103t | -9 83 .12
(16106 16 -12 -2 105 19 113 -130 -14 10Te 43 [ -10 92e 32
=1 <o =51 -1 =3 100e 26 2 90 ni =15 111 =31 =11 83 -80
=12 1Cre -26 -14 -4 1% -148 3 1sc 135 -12 99e  -78
=13 110+ =-e8 =15 =5 103s =83 4 174 -117 Ha -6, LS . -13 102e .
-i6 110e ~-l¢ 14 -6 111 90 s 81 -100 -14 10%e 93
13 -1 10% 51 6 139 123 0 8¢ 100 | -15 109 9
Mo este 3] -1 -8 107 -2 T 106 -116 1oere 31
-2 -9 110e 22 8 Ble  -& 2 s8e -15 | Me 9 le &
| 0 see -11 ) -3 9 23 223 3210 19
H 1 26 430 el w3 =14, Le 3 10 89 “ - 12+ -170 o 120 10%
2 48} odd -5 11 93e -5 5 98 1m0 1 Q4e 8
° e 26 3 163 -186 -6 0 10% -62 12 188 149 ) e “6 2 95 k]
[} 9 “6 “ (18 ” -1 1 118 -114 13 1Cle -5I T o281 -286 3 97 69
2 23 1121 "9 -1% 102 -107 5 280 273 -8 2 10%e 15 14 103e -69 8 168 -j69 - 99e 7
3 oee 8 | =12 140 -146 | -l6 106e 63 6 11e -80 | -9 3 106e 62 | 15 101s -30 9 113 193 5 99 -88
- 97e  -87 ~13 111 =102 =17 110« 33 T eCB  -427 =10 & 107« -39 -1 589 598 10 90+ -8 6 101s -1
s 99 -33 ~is 9% -217 a8 2% 249 =11 5 108s -17 -2 193 165 -14 101e 18 1 fue -85 T 103 60



322 X-RAY CRYSTALLOGRAPHY OF THE PHENYLTRIPHOSPHONITRILES. 111

X f0 g
Tl 109. .y,

z

AEE T T TSIV,

°
1
2
3
4 .
s 3
o 10 s 45
7 1 T olee gy
8 12
9 13 8 - oL e 4
10 14 1ioe g =9 les -
1 -1 24 -1 3
12 -2 B 12 1e . ~17
-1 -3 ~12
-2 -5 26
-3 -5 ~1s
-~ -8 ~30
~118
-37
-4

LR T PN,

-1, e
0 2e Ly

AT PN

He -1, e

SUoane

$Ldiray,
LET R RN

S R S
CVeen~ZRENzs

'
=iy
Sokl

AL AT T P

[T
senlilnzs

LT PN

Sa

AR LT PN,
L4
sudln

do bl e
CureniiTINEy

CENO v,

s
'

He -1, .

e,
NeREIRE

AL R T T PN

<X

102¢

LR T TN

9
10 1toe gy

He -1y e

R T TP

n
-92
110s ~p4

Y R e
CurudliTines

LR T C

AT PN

Pl
~N~RFCRES

Hoelp, g

LA LI PN



F. R. AHMED, P. SINGH AND W. H. BARNES 323

Table 3 (cont.)

v okCRC X f0 KC x F0 FC x FO FC x FO FC x FO FC x FC FC x f0 FC x FO KC x 0 KC ® k0 K x f0 e
219 291 3 -4 122 -108 | -4 1076 -la lwe ~12, Le 8 |-12 Il1e -77 (T3 T 5 106e 15 | -5 03¢ -29
oo ~ce o6 | we c1y e 1 -3 97e -1l | -5 108, -T5 42 6 1Ces 10 | -6 97 90
202 -232 -3 -6 98s 62 | -6 109 -o 0 102e -11 [we -2, ts 9 -3 T 1100 33 | -7 105
9le a2 4 o 96s 80 =7 99 -16 | -7 1100 39 1 9 9 -9 8 1l1ae 63 | -8 10Te 9
94 109 n2 1132 150 2 26 -9 109 36
182 =129 2 91e 10 3 108s -a1 |me 10, Ls 9 [-10 110e -a1
1610 -27 |we -7, 1 7 3 98 22 . 100 -11s
152 13 s 18 91 s 1100 19 We -2, L 10
108e &3 0 226 -23+ 5 100e ° 13 -1
307 =306 1138 189 6 102 -70 v 126 162 []
e 60 2 225 230 1 loke -4 110 -110 1
170 =27 317 -120 8 106e -3 898 b6 [me -12, 1= B 131 - 2
19¢  -30 «  8be -73 9 109¢ -3e [ 3 3
80s =5 s ese 13 92¢ T8 | -1 125 -120 920 30 .
sle -1 6 90s -92 | me -1l L= 7 9%e =17 | -2 102e -35 940 -24 s
81 12 7 93 -59 -5 o
186 203 & 95 -17 | -1 9% -m 7
3 9 9pe =25 [ -2 9oe -8 )
91e -8 | 10 10te 64 | -3 90 8 9
94e -80 | 11 104s 3T | -4 98e -14 18 -1
97e -42 | 12 1080 31 | -3 990 =32 o 102e 87 | -2
1000 3t | 13 1l2e 37 | -6 105 -98 1 102e =60 | -3
10se -8t | -1 300 289 | -7 126 112 [-15 1100 -18 2 106e 41 | -&
107e 77 | -2 359 310 [ -8 1S4 163 3 105 20 | -3
Mie 95 [ -3 330 -3¢ | -9 103 2 [He 2,1+ 8 4 1CTe -90 | -8
-+ 258 -2%9 | -10 108s 1 3 133 -109 | -7
Sete 7| -5 aae 34 | -1l 126 18 6 108e -20 | -8
-6 211 203 T o1 13 | -
92¢  5a | -7 103 -126 |wm -12, Le 1 -10
18 -103 | -8 90e 20 1100 Me -ilyte 9 -1l
126 -122 | =9 200 199 0 146 -150 -1z
9ee 14 | -10 98 3 1 101e -24 -12 1Cas =29 ka3, e -1 165 137
93¢ 9 |-11  s8e -29 2 102s 60 10 7
102 -96 | -12 10le -26 31020 -34
990 =27 | ~13 10ae o 4 102e -A1
119 126 | -1+ lose s 160 119
1y 87 [ -1 dile -7 & 108 4
107s -s0 7 108e -105
109¢ 30 4 8 1100 -a9
93« 70
930 -4 60
e =107 .8
qee -38 -aC
94e -83 -3
9% =67 -1
137 -121 -2
85 -1 -2¢
1000 -5 -50
13 11 =51
105¢ 10 “s
108e  -x 19
[ETEIY) -125
-43
FLAN T -8
-26
170 -18¢ -«0
183 -1e8
17 -105 ?
3le -40 h
92 .19 i1
gas 53 -3 He =134 Le 9
18 176 “
a3e -20 268 0 1c9e -85
92e -5 26 1o1cee 13
a5e -2 -1 2 e -37
98e -20 95
102 -12 98 He 13, Le 9
105e -3¢ -28
109e 12 -102 -1 118 -101
8. &7 =37 -2 110s -12
130 ~1e6 29 -3 1ls 29
1y a2 =29 -4 110e -2+
22 282 58 -5 Mie -1l
81e =12 -269
2 -101 -68 we 0, Le 10
168 lsb -25 He 4y le 10
122 108 219
18 -1y 167
103 - 50
9se 2 “
98 82 o8
101s  -b4 8
105e -3¢ -109 °
153 158 -1 1
-8 2
6vte 1 -1s 3
-1e 122 -10% «
0 1s0 -142 ? s
LU P oo -1e °
2 9ee e o 1cas -29 7
C 369 383 3 9Te a7 1o1cee 17 [
1o 1e2 «  98e -60 2 109+ -3 , 9
2 18 -Re 5 100e 7% 3 110e =91 -14 120 =92 | -3 92¢ -56 | -1 93 29 7 110e
oAy 12 6 109 110 [ -1 ti0e -20 i -15 d11e a2 | -4 93 a6 | -2 148 -1a8 | -1 1c2¢
15y 181 To10se 8 | -2 110e 5 -5 9as 12 | -3 221 229 | -2 102e
5 143 -15) 8 10Te -s | -3 1l0s 2 ne o by le 8 | - 96e 85 | -4 142 140 | -3 9
¢ 135 -128 9 110s 0 | -& 1lle 28 -1 9%  es [ -5 117 -118 | -4 103
Tooser 1@ | -1 97e .36 | -3 1lle 3% ° - 1coe =32 | -6 ore 34 | -8 104
e Sls b | -2 9Te 0 | -& 1l2e -82 1 -9 1c2e -8 | -7 98e -4 | -6 1Cas
9 Q4s -10 | -3 S7e -38 2 -1C 103s -40 [ -8 122 -103 | -7 106s
16 Q% 27 | -4 98¢ -80 | Mx -9, ts 7 3 -1l 1ces -as [ -9 108 -95 [ -8 107e
I1oacte 871 | -5 98e 58 . -12 133 -13e [ -10 10ae -89 [ -9 109¢
12 104s 15 [ -6 105 98 o 113 -108 s -t3 Ble -5 f-11 106e -8) |-10 118
13 1c8e -el | -7 101e 11 1138 -ude 3 -12 109¢ -5
-t 8y -1y | -8 88 -9 2 Be -94 1 -1 Le v [ -1 Ule T8 ke -4y L
-2 216 -22¢ | -9 10ee 12 3 208 -198 -1
-3 Ter ~ec | -1C 106s -10 « 810 38 -2 © 95 -1 o a8
-4 18 11y | -1l 108 -108 s g9 11 -3 12 -se 1 89e
-5 119 -ve | -12 1lle -5 o 155 -15% - 2 s -18 2 188
-6 405 -a26 1 oese 12 -5 3 97e -ap 3 92e
-1 LIS -189 | ke cee Le T & 1as 127 -5 4 98e -83 . 9ae
-0 gse -1y 9 iy 3 -1 5 1000 -3 s 200
-9 sge -22 o 80 80 | t0 186 -$9 -8 & 1Cts =11 & 12e
-1 SCe -ab 1128 <109 | 11 109e -33 -9 7 10es =28 7 101e
-1L169 K0y 2 185 -lds | -1 1l -118 -10 e 106s 68 8 104s
S12 137 les 3 147 =149 | -2 a8 30 9 1c8e 53 9 1C7e
-13 100e -85 4 Bee =672 | -3 89 19 “e 10 1cte
S1e Q€3 =33 s 152 -1e0 | -4 90s  se he -1C, L- 8 1 1e
S1% aC7e -3 6 Bse -1y | -5 icr 89 ° -1 88 R
Sle 123 -1y T 91e 82 | -6 920 10 1 o102 -2 8
8 9ee 2w | -1 129 -1cs 2 -3 an
9 sre 37| -8 161 -10) 3 -4 104
10 100+ 50 | -9 see 12 . -5 110
1t 103e -4 [ =10 10ls -49 5 -6 112
12 106s -13 | -11 103e -6t 6 -7 93e
13 110+ -s8 | =12 1Cer -a% v -5 95
SUo21r -229 | 13 109e 94 [ a7e
-2 11 1ed 9 -10 148
=3 348 3aA | e -10, Ls 7 10 -11 1c2e
-4 185 -les 1 -12 10%e
-5 181 -119 o 9z 29 12 1m2e 10 -13 107e
-6 Bee 18 193 ) -1 -1a 1i0e 68
-1 see 19 2 9as -8 -2 we <lleLs B
-B 192 -19% 3 Qes =52 -3 e S.te 9
-9 111 -98 o 12 .12 -«
-10 99 12 s 9te 11 -5 0 1Cas -49
SEL1%2 dee & 99 -1e -6 1139 -3
-1z ass -s7 Toac1e -8 -7 2 1C6s -1s
<13 103 10 8 103e 43 -8 3 108e 1
-té 150 130 9 1ces 8 -9 + 1cee -67
-1S 110e 6 | 10 108s a8 -10 5 109 <6
1o 12 -1 -1 10%e 21
LR T -12 -2 105« -le
mr 100 Le 7 -13 -3 106 12
0 100e -13 -14 10e 60 -+ 92 80
Loy ez |- a0 ey -5 107 19
2 100e 15 | -2 s2e =37 e T 8 -6 1cBe 29 -85
3 10le -7 | -3 9ge 8 -1 19 60 | -10 1076 3
“ 1026 53 | -6 94e 51 o 1z 118 -8 110e -3 | <11 109 32
5 10%e 52 | -5 9%s .57 1 106e 90 -9 1ize =37
6 107e -5 | -5 45 -8 2 107e -9 He <10, te 9@
1o109e =37 | -1 112 -113 3 108e 33 LN T ]
s1o1e -3r | -8 9% 28 « 109+ 69 O 99e -se
-2 1014 89 | -9 102¢ 89 s 1lle 15 o 8y -33 1o99e -1
-3 10le 5% | <10 ¢4 -48 -1 106 -s6 L 89 -es 2 1000 -33
-4 114 -i01 | -1t 1ces 21 -2 106e -76 2 90s 3 3 102 -36
~§ 102 -«9 | -12 180 188 -3 107s 39 3 %2 63 4 104e -40




324 X-RAY CRYSTALLOGRAPHY

OF THE PHENYLTRIPHOSPHONITRILES. III

Table 3 (cont.)
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Table 4. Summary of the agreement between the chemically equivalent bonds (A) and angles (°)

Bond Number Range o(r.m.s.) Mean x2 P limits
P-N 6 1-584-1-610 0-006 1-597 10-65 0-10-0-05
P-C 6 1-799-1-811 0-007 1-804 2-11 0-95-0-50
Angle
N-P-N 3 117-4-118-2 0-3 117-8 3-56 0-20-0-10
P-N-P 3 121-3-123-0 0-4 122-1 9-14 0-05-0-01
C-P-C 3 103321044 0-3 103-8 6-78 0-05-0-01
C-P-N 12 108-2-109-4 03 108-6 21:67 0-05-0-01

Discussion

Bond lengths and angles

All atoms of the same molecule of hexaphenylcyclo-
triphosphazene are crystallographically independent,
whereas there is a plane of symmetry througha P---N
diagonal and normal to the cyclotriphosphazene ring
in the hexafluoro, hexachloro, and hexabromo ana-
logues. The hexaphenyl derivative, therefore, has six
crystallographically independent P-N bonds, while
each of the three hexahalogen compounds has three
only.

The agreement among chemically equivalent bonds
and angles in the hexaphenyl molecule is summarized
in Table 4, where the values of y2 and P indicate clearly
that the observed discrepancies among chemically equi-
valent bonds are not significant. Some of the observed
differences among the chemically equivalent angles,

however, are in the possibly significant range with a-

maximum deviation of 0-9° (¢=0-4). The thirty-six
C-C bonds vary in length from 1-357 to 1:397 A, with
a mean of 1-379 A which is virtually the same as that
(1-377 A) for the diphenyl and tetraphenyl molecules
(Mani, Ahmed & Barnes, 1965, 1966). The difference
of 0-015 A between the mean C-C bond length in
hexaphenylcyclotriphosphazene and 1394 A for a C-C

aromatic bond (Sutton, 1965) can be attributed to the
omission of thermal-vibration corrections in the present
investigation.

Planarity of the rings

The equations for the unweighted mean planes
through the cyclotriphosphazene and each of the six
phenyl rings, calculated by the method of Blow (1960),
and referred to orthogonal axes, x’ along a, y’ in the
ab plane, and z’ along c¢* (where x’,y’,z" are in A) are
as follows:

Cyclotriphosphazene [N(1) to P(6)]

0-2181x'—0-2209y' + 095062z’ — 1:4521 =0,
Phenyl 1 [C(1) to C(6)]

0:7952x" 4+ 0-2866y' + 05344z —4¢9672=0,
Phenyl II [C(7) to C(12)]

0:-1175x" 4+0-9046y" —0-4097z' —3-2246 =0,
Phenyl ITI [C(13) to C(18)]

0:8577x' +0-3622y" +0-3650z' —2-9562=0,
Phenyl IV [C(19) to C(24)]

0-3685x" —0:5698y" —0-7345z" +2:9167=0,
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Phenyl V [C(25) to C(30)]

0-3022x" +0-8845y' —0-3554z' — 1-4778=0,  (6)
Pheny! VI [C(31) to C(36)]
0-1701x" —0-5493y' —0-81812'+0-9995=0. (7

For these planes, y2=377, 1-3, 2-3, 18, 1-1, 1-4, 2.9,
respectively, and therefore only the atoms of the P;N;
ring deviate significantly from their mean plane; the
six C atoms of each phenyl ring are coplanar within
the accuracy of the present determination.

A projection of the molecule (excluding the H atoms)
along a normal to plane (1) showing the perpendicular
distances of the atoms from this plane is presented in

oon rian CaD
¢y V6
Sy - 319

canL=>
28% S - 113

€(34) ~3467
9 1 H 3A
Fig.3. Normal projection of the molecule onto the unweighted
mean plane of the P3Nj3 ring, and distances (A) of the atoms
from it. E.s.d.’s of the normal distances are 0-002, 0-006 and
0-007 A for P, N and C, respectively.

2
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Fig.3. The four atoms, N(1), P(2), P(4), N(5) are
exactly coplanar while N(3) and P(6) are off this plane
on opposite sides with P(6) at a greater distance
(+0-072 A) than N(3) (—0-031 A). The P;N; ring,
therefore, has an irregular slight chair form with a
mirror plane normal to the mean plane of the ring
and through the P(6)- - - N(3) diagonal. The deviation
from planarity cannot be attributed to intermolecular
interactions because there are no abnormally short
intermolecular distances. Each N atom, however, is
situated approximately half way between two H atoms
of the same molecule at distances which are slightly
shorter than the sum (2:7 A) of the van der Waals
radii, thus N(1)---H(6), 2-62; N(1)---H(32), 2-65;
N(3)- - -H(12), 2:60; N(3)---H(24), 2-55; N(5)---
H(14), 2-54; N(5)- - - H(30), 2:57 A. The relatively even
distribution of these distances, and the small, but sig-
nificant, departure of the P;N, ring from exact planar-
ity, may be the result of weak intramolecular interac-
tions between each N atom and the two nearest H
atoms.

The dihedral angles between the cyclotriphosphazene
ring and each of the six phenyl rings vary from 51-7 to
63-0°, with a mean of 57-5°, compared with mean
values of 54-4° in the tetraphenyldichloro, and 51-8°
in the diphenyltetrachloro molecules. Those between
each pair of phenyl rings attached to the same P atom
vary from 80-9 to 82-3°, with a mean of 81:6°, com-
pared with mean values of 87-5 and 83-7° in the other
two derivatives, respectively. Finally, the dihedral
angles between pairs of adjacent phenyl rings which
are cis with respect to the P;Nj ring vary from 69-4
to 82:4°, with a mean of 75-8°, compared with a mean
of 86-4° in the two molecules of the asymmetric unit
of the tetraphenyldichloro compound.

Residual electron-density distribution

A difference synthesis evaluated at the end of the
refinement, and with all atoms subtracted, shows a

Fig.4. Residual electron-density distribution (a) at +0-4 A from the mean plane of the P3Nj; ring, (b) in the plane of the P3N3

ring, (¢) at —0-4 A

from the mean plane of the P3Njs ring; first contour at +0-1 e.A-3, then at intervals of +0-05e.A-3,
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residual electron-density distribution of less than
+0-25e.A-3 [0(40)=0-09]. The largest positive con-
centrations occur on, or near, the P-N bonds close to
the sites of the N atoms, and on some of the P-C bonds
near the sites of the C atoms, while the largest negative
ones appear near the sites of the three P atoms. Three
sections (in the mean plane of the P;N; ring and at
+0-4 A from it) are shown in Fig.4. The residual con-
centrations of electron density. near the sites of the N
atoms may be indicative of delocalization of the lone
pair of electrons of each of these atoms as previously
mentioned (Mani, Ahmed & Barnes, 1965, p.697) in
connection with the diphenyltetrachloro derivative.

Effects of the ligands on the cyclotriphosphazene ring

The electronegativities of the ligands on the phos-
phonitrilic trimers, (R,PN);, where R =CzHs (present
paper), Br (Giglio & Puliti, 1967), Cl (Pompa & Ripa-
monti, 1959; Giglio, 1960; Wilson & Carroll, 1960),
F (Dougill, 1963), are 25 (for C), 2-8, 3-0, 4-0, respec-
tively, and cover half of the electronegativity scale of
Pauling (1960, p.93). The effect of the ligands’ electro-
negativity on the P-N bond lengths, the exocyclic
R-P-R angles, and the internal N-P-N and P-N-P
angles is shown in Fig. 5 [(a), (b) and (c), respectively],
where the circles represent the weighted mean values
and the vertical lines designate their e.s.d.’s. (The
results of Giglio, 1960, and Wilson & Carroll, 1960,
have been combined for R=Cl.) It is clear from Fig.
5(a) that an increase in the ligands’ electronegativity
results in a systematic decrease in the P-N bond length,
which can be accounted for by more efficient overlap
of the orbitals of the P and N atoms with a consequent
increase in the P-N bond strength and total bond
energy. At the same time, there is a systematic decrease
in the exocyclic R-P-R angle (1038, 102-6, 102-1, 99-2°)
as demonstrated in Fig.5(4). This is accompanied by
a tendency for the internal N-P-N angle to increase
(117-8, 117-2, 119-2, 119-4°) and the P-N-P angle to
decrease (122-1, 122-4, 121-6, 120-5°), as illustrated in
Fig.5(c), but these changes are neither systematic nor
uniform, although the average internal angle in each
P;N; ring remains very close to 120° regardless of R
[see the dotted line in Fig.5(c)]. Consequently, the
P;N; ring has a slight chair form when R=CgHs, Br,
or Cl, and becomes planar when R=F.

In the cyclotriphosphazenes with mixed substituents,
the two P-N bonds in a P-N-P segment are, in general,
dependent on the relative electronegativities of the two
pairs of substituents on the two bordering P atoms of
the segment. When the two pairs of ligands are the
same, the two intermediate P-N bonds are of equal
lengths (as in the (R,PN); molecules). However, when
the two pairs of ligands are different, the P-N bond
on the side of the P atom with the more electronegative
pair of substituents is appreciably shorter than that on
the other side, but the overall mean of both bonds de-
creases as the overall mean electronegativity of both
pairs of ligands increases.

X-RAY CRYSTALLOGRAPHY OF THE PHENYLTRIPHOSPHONITRILES. III

In (C5H5)2CI4P3N3 (Mani, Ahmed & Barl’les, 1965)
the mean P-N bond length is 1-555 A on the Cl, Cl side,
and 1-613 A on the C¢Hs, CsH; side, of N in the same
P-N-P segment; the average electronegativity of all
four ligands is 4(3-0 for Cl+2-5 for C)=2-75, and the
mean of both bond lengths is 1-584 A shown as cross
(1) in Fig.5(a). In (C¢H;)4CLLP;N; (Mani, Ahmed &
Barnes, 1966) the corresponding mean bond lengths
are 1556 and 1-609 A, respectively, and the overall
mean is 1-582 A shown as cross (2) in Fig.5(a). In
(C¢Hs),F4P;N; (Allen, Moeller & Paul, 1968) they are
1-537 (F, F replacing Cl,Cl) and 1-599 A, respectively,
and the overall mean is 1-568 A shown as cross (3) in
Fig.5(a); the average electronegativity in this case is
1(4-0 for F+2-5 for C)=3-25. All three crosses, (1),
(2), (3), are within +0-001s A of the ‘P-N bond length
versus electronegativity’ curve.
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Fig.5. Graphs of (¢) P-N bond lengths (A), (b)) R-P-R bond
angles (°) and (¢) N-P-N and P-N-P bond angles (°) versus
the mean electronegativity of the substituents when R=
CgHs, Br, Cl, F in the trimeric phosphonitriles (R;PN);.
Vertical lines represent e.s.d.’s of weighted means. See text
for crosses (1) to (6).
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In the P-N-P segment of the P;N; ring in
(CeH5s),Cl4P3N3, where all four substituents on the P
atoms are Cl atoms, the two P-N bonds have the same
length, 1:578 A (om =0-0035), and in the corresponding
segment in (C4H;),F,P;N; the two bonds also have
equal lengths, 1:559 A (6,,=0-01); these two bond
lengths are shown as crosses (4) and (5) in Fig.5(a)
and are off the curve by only 0-003 and 0-004 A, re-
spectively.

All the aforementioned results are consistent in con-
firming that the mean P-N bond length in a P-N-P
segment is uniformly dependent on the average ¢lectro-
negativity of the four substituents on the two P atoms
bordering the segment. This rule, however, does not
appear to be directly applicable when the four sub-
stituents are similar and less electronegative than the
remaining two ligands of the P;Nj ring. Such a con-
figuration occurs in the (CgHs)4Cl,P;N3; molecules,
where the two P-N bonds in the P(C4H;),~N-P(CsHs),
segment are 1-580, 1-579 A in molecule I, 1-582, 1-573 A
in molecule II, and the overall mean is 1:578 A (gm=
0-004) which is significantly shorter than the value of
1:597 A (6., =0-003) for the mean P-N bond length in
(C¢Hs)sP3N; by 0-019 A (1=3-8); see cross (6) in Fig.
5(a). Furthermore, the P-N-P angle in this segment

(A)
2:02
B ‘}f 8
201 -
2:00 |~
Q C
1-99 |-
198 |-
p-Cl % D
197
1
X P-C
|
181 —
L % A
180 -
i B
178 1 | 1 | ! ] L | | L |
2:4 25 26 27 28 29 30 31

Fig. 6. The weighted]mean P-Cand P-Cl bond lengths (A) versus
the overall mean electronegativity of the six substituents
in the molecules of (4) hexaphenyl-, (B) tetraphenyldichloro-
(C) diphenyltetrachloro-, and (D) hexachlorocyclotriphos-
phazene; e.s.d.’s of means indicated by vertical lines.
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is 124-9° (0, =0-4) which is appreciably larger than
the corresponding value of 122:1° (gp,,=0-2) in
(CsHs)sP3N;. According to Craig & Paddock (1962),
however, an increase in this angle is indicative of in-
creased migration of the lone-pair electrons of the N
atoms. This may account for both observed features
(short P-N bonds, and large P-N-P angle) of the
P(CﬁHs)z—N—P(C6Hs)2 segment in (C6H5)4C12P3N3. Itis
noteworthy also that the mean length of the adjacent
P-N bonds, which have the P atoms of this segment
in common, is 1-609 A so that the overall mean value
of the P-N bonds in, and adjacent to, the segment
is 1:594 A which is less than the P-N bond length in
(C¢Hs)6P;N; by only 0003 A. The tendency of the P
atoms in a N-P(C¢H;),~N-P(CsH5s),~N segment to gain
electrons from the adjacent N atoms, therefore, appears
to be the same in (C4H;s)4CI,P;N; as in (CgHs)sP3N;
but is not distributed uniformly in the former, presum-
ably because of the greater electronegativity of the pair
of Cl atoms on the third P of the P;N; ring compared
with that of the pair of CsHs groups in the hexaphenyl
derivative. It would be interesting to find out if these
features occur in (C¢Hjs),F,P;N;.

Finally, in the phenylchlorocyclotriphosphazene
series, (C¢H;):ClyP3N;, where x=0,2,4,6, y=6,4,2,0,
and x+y=6, the P-C and P-CI bond lengths, par-
ticularly the latter, appear to be influenced by the mean
electronegativity [$(x x 2:5 for C+ y x 3-0 for Cl)=2-50
when x=6, y=0; 2-67 when x=4, y=2; 2:83 when
x=2,y=4; 3-00 when x=0, y=6] of all six ligands.
Thus, the weighted mean P-C bond length is 1-804 A
(6m=0003) in (C¢Hs)ePsNs, 1:792 A (0m=0-004) in
(C¢Hs)sCl,PsN;, and 1788 A (6,,=0-004) in
(CsHs),Cl4P;N;, and the weighted mean P-Cl bond
length is 2:017 A (6m=0003) in (C¢Hs),Cl,P;N;,
1998 A (6, =0-001) in (C¢Hs),Cl,PsN;, and 1-973 A
(6m=0-004) in ClgP;N;. These results are shown graph-
ically in Fig.6 where the P-R bond lengths (R=C,Cl)
have been plotted against the overall mean electro-
negativity of the six ligands. Both the mean P-C and
the mean P-Cl bond lengths decrease regularly with
increassing average electronegativity of all the exo-
cyclic groups.

Further analysis and interpretation of the results of
the crystal structure investigations of the cyclotriphos-
phazenes is left to those actively engaged in molecular
orbital theory.

Crystals for the present investigation were supplied
by Dr R.A.Shaw, and some preliminary work on the
space group was carried out by Dr N.V.Mani. The
computer programs for the IBM 360 system were
written by Ahmed, Hall, Pippy & Huber (1966). Data
preparation was carried out by Mrs M. E. Pippy, and
the programs were run by the staff of the N.R.C. Com-
putation Centre. A copy of a forthcoming paper on
diphenylphosphonitrilic fluoride trimer (diphenyltetra-
fluorocyclotriphosphazene) by Allen, Moeller &
Paul (1968) was courteously provided by Dr C. W,
Allen.
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Crystal Structure of /N-Salicylideneglycinatoaquocopper(Il) Tetrahydrate

By T.UEkI, T.AsHIDA, Y.SAsADA* AND M. KAKUDO

Institute for Protein Research, Osaka University, Osaka, Japan

(Received 25 September 1967 and in revised form 14 March 1968)

N-Salicylideneglycinatoaquocopper(Il) tetrahydrate, [Cu(CoH7NO3).(H,0)}.4H-0, crystallizes in the
monoclinic space group C2/c, with eight formula units per unit cell, of dimensions, a=10-721, b=
17769, c=13-895 A, =94-71°. Intensity data were collected on a diffractometer with Mo Ka radiation.
The molecular structure of the complex is essentially the same as that found by other workers in N-
salicylideneglycinatoaquocopper(II) hemihydrate. The environment of the copper(II) ion is a square
pyramid, with four short and one long coordination bond. The crystal structure of the tetrahydrate is
entirely different from that of the hemihydrate; the complexes are not bound together by coordination
bonds, but are connected by nine hydrogen bonds to form a three-dimensional network. The bond
distances of N-C(3) of the salicylaldimine residue and C(2)-N of the glycine residue are 1302 A and 1-461
respectively. A comparison on these bonds of the related compounds was also made in relation to the

transamination reactions.

Introduction

Kishita, Nakahara & Kubo (1964) prepared com-
plexes from copper(Il) ion and N-salicylideneglycine
at various temperatures. Below 10°C they obtained
N-salicylideneglycinatoaquocopper(ll)  tetrahydrate
[Cu(CyH,;NO3).(H,0)] . 4H,0 (SGCT) andabove 30°C
they obtained the hemihydrate (SGCH). The struc-
tures of the complexes were discussed on the basis of
the magnetic susceptibility. The value of the magnetic
moment obtained, 1-86 Bohr magnetons, suggested
that the copper(Il) ions were separated from each
other so as not to permit appreciable spin interaction
between them.

* Present address: Tokyo Institute of Technology, Oh-
Okayama, Meguro-ku, Tokyo, Japan.

In this laboratory the crystal structure of SGCH was
established (Ueki, Ashida, Sasada & Kakudo, 1967)
and it was found that the complex had a five-coordi-
nated square pyramid configuration. In the structure
the fifth weak coordination bond is formed by the
‘free’ carboxyl oxygen atom of an adjacent complex.
Therefore, the crystal structure of SGCT, especially
the hydrogen bonding system of the free crystalliza-
tion water molecules [water molecules which do not
coordinate to the copper(Il) ion] and the coordination
configuration of the copper(Il) ion, were of much in-
terest.

Since this complex is expected to be a catalytic inter-
mediate in the non-enzymatic transamination reactions
(Eichhorn & Marchand, 1956: Longenecker & Snell,
1957), the bond distances concerning the nitrogen atom
are also of interest.



