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therefore suggest that the lengthening of the C(1)-C(7)
bond is caused by this rotation, which has decreased
the overlap between the two p, orbitals and therefore
decreased the double-bond character of the bond.

The molecule is distorted from planarity by an un-
usual amount. Omitting the ‘outside’ atoms of the iso-
butyl group, C(10), C(11), C(12), the distortion of one
half of the molecule from complete planarity may be
approximately described by a rotation of the (nearly)
planar group C(1), C(7), C(8), N, C(9), Cu through an
angle of 25° about the line C(1)-C(9). Equations for
various least-squares planes and the distances of the
several atoms from these planes are given in Table 4.
Comparison of these distances with those found in
other compounds shows a number of differences. The
metal atom is farther (1-12 A) out of the plane defined
by the benzene ring, the farthest heretofore reported
being 0:75 A in bis-(N-t-butylsalicylaldiminato)palla-
dium(Il) (Day, Glick & Hoard, 1968). The nitrogen
atom is also farther (0-25 A) out of the plane and is out
in the same direction as the metal, whereas in other
compounds it is out in the opposite direction from the
metal atom (cf. Table 6, Jain & Lingafelter, 1967). The
dihedral angle between the coordination plane CuN,O,
and the mean plane of the o-hydroxyacetophenone
imine residue is 136-6°, which may be compared with
the corresponding angle of 144-4° in bis-(N-t-butylsali-
cylaldiminato)palladium.

Acta Cryst. (1970). B26, 1812

COPPER(1I1) COMPLEX WITH o-HYDROXYACETOPHENONE-ISOBUTYLIMINE

The packing of the molecules may be seen in Fig.
2. None of the intermolecular contact distances is un-
usual.

This investigation was supported by the U.S. Natio-
nal Science Foundation under Grant GP-9201.
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The Crystal Structure of Compounds with (N-P), Rings. VIL.* Refinement of the Crystal

Structure of Hexabromocyclotriphosphazene, N3;P3;Brs

By H. ZOER AND A. J. WAGNER
Laboratory of Structural Chemistry, The University, Bloemsingel 10, Groningen, The Netherlands

(Received 4 August 1969)

The crystal structure of N3P3Brg, as determined by Giglio & Puliti (1967), has been refined from three-
dimensional intensity ‘data, collected with Mo radiation on an automatic three-circle diffractometer.
Two crystals were used. Data processing and refinement were carried out independently with the data
obtained from each crystal. The intensities were corrected for absorption and during the refinement a
correction for extinction was applied according to Zachariasen (1967, 1968). Atomic coordinates
obtained from the two crystals agree within the standard deviations. The molecules N3P3Brg lie on
crystallographic mirror planes of the space group Pnma, with unit-cell dimensions a= 14-463 (0-002),
b=13-410(0-003) and c=6-601 (0:001) A. There are four short intermolecular Br--.Br distances
(3-65-3-85 A) and a short N - - Br distance (3-24 A). The two independent angles P-N-P of a molecule
are significantly different: 119-3 (0-6) and 122-4 (0-5)°. Other chemically equivalent bond lengths and
angles are equal within experimental error. Mean values (and individual standard deviations) are P-N
1-576 (0-008), P-Br 2:162 (0-004) A, N-P-N 118-5 (0-5) and Br-P-Br 102-1 (0-1)°. The (N-P)3 ring is
non-planar and slightly chair-shaped. The dihedral angles of the ring bonds are —6-7, 6-3 and — 5-5°
and the largest distance from a ring atom to the least-squares plane through the ring is 0-047 A.

Introduction

The crystal structures of several chloro- and fluoro-
cyclophosphazenes are known with some precision,

* Part VI: Olthof (1969).

viz. N;P;Clg (Wilson & Carroll, 1960), N,P,Cls [two
crystal modifications, K form (Hazekamp, Migchelsen
& Vos, 1962) and T form (Wagner & Vos, 1968)),
N;sPsClyg (Schlueter & Jacobson, 1968), N;P;Fg (Dou-
gill, 1963) and N,P,Fy (McGeachin & Tromans,
1961).
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As to the bromo compounds the only crystal struc-
ture known is that of the trimer N;P;Brs. This struc-
ture was determined by Giglio & Puliti (1967) from
the intensities of 538 X-ray reflexions, estimated visu-
ally on Weissenberg films. The accuracy of the results
is not high, e.g. the values found for the P-Br bond
lengths range from 2-14 to 2-20 A with an individual
standard deviation of 0-015 A.

We intend to investigate the crystal structures of the
homologous bromocyclophosphazenes in order to elu-
cidate the conformations of the phosphazene rings.
Refinement of the crystal structure of the trimer
N;P;Brg, from new experimental data, seemed neces-
sary, if reliable comparisons with the structures of
related compounds are to be made.

Since absorption effects of X-rays in crystals of the
bromocyclophosphazenes will be very substantial
(linear absorption coefficient for Mo radiation more
than 200 cm~1), we thought it worth while to use two
independent sets of intensities, obtained from two
different crystals, for the refinement of the crystal
structure of N;3;P;Brs, in order to see whether the
determined atomic coordinates would be essentially
the same.

The results of the refinement of N;P;Brg are given
in the present paper. The crystal structure of the
tetramer N,P,Brs, which has been determined by us,
will be described in a following paper.

Experimental

The substance was prepared from phosphorus(III)
bromide, ammonium bromide and bromine according
to the procedure of Coxon, Sowerby & Tranter (1965).
From the reaction mixture, containing trimeric and
tetrameric bromocyclophosphazene and possibly higher
homologues, suitable crystals of N;P;Brg were obtained
by fractional crystallization from petroleum.

The crystals are orthorhombic. Weissenberg photo-
graphs showed the systematic absences 0k!/ for k+/=
2n+1 and AkO for A=2n+ 1. The space group therefore
is Pnma (no. 62) or Pn2;a (no. 33). The unit cell
contains four molecules N;P;Brs. In the refinement it
was assumed that Pama is the correct space group,
implying that the molecules have a crystallographic
mirror plane.
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Accurate unit-cell dimensions were determined from
zero-level Weissenberg photographs around the b
and c¢ axes. Reflexions from a NaCl crystal were
superposed on the films for calibration. The lengths
of the unit-cell edges are:

Present work
a=14463, s.d. 0002 A
b=13-410 0-003
c= 6601 0-001

Giglio & Puliti (1967)

14-43, s.d. 0-02 A
1336 0-02
663 0-01

Intensities were measured at room temperature on a
single-crystal three-circle automatic Nonius diffractom-
eter by the 6-20 scan method. All 1176 independent
reflexions up to sin §/2=0-60 A-! were measured
using Zr filtered Mo radiation. The intensities of all
reflexions were measured twice; two different crystals
(I and II) of approximate dimensions 0-1x0-1x0-2
mm and 0-2x0:2x0-3 mm respectively were used.
Crystal I gave 995 non-zero reflexions and crystal II
1004. The data for each crystal were processed sepa-
rately and the refinement was carried out with each
series of F, values independently.

The intensities were corrected for Lorentz and pola-
rization effects and for absorption. The latter correc-
tions were calculated with a computer program based
on the Busing & Levy (1957) scheme. The linear
absorption coefficient for Mo radiation is very high,
viz. 203 cm~l. The transmission factor (1/V)
§ exp (—ud)dV ranged from 0:10 to 0-14 for I and
from 0-02 to 0-06 for II. After the absorption correc-
tion the F, values of the two crystals were compared.
After scaling the factor R'=3||Fi|—|Ful|/3|Fi] was
10-6% for the 899 common reflexions. For the stronger
reflexions the scaled F, values of II were generally
smaller than those of I. As will be seen later this
behaviour can only partly be ascribed to extinction
effects.

Refinement

Least-squares refinements were carried out based on
the F, values of each crystal separately. A least-
squares program working according to the block-
diagonal approximation (Cruickshank, 1961) was used.
The atomic coordinates and thermal parameters from
the paper by Giglio & Puliti (1967) were taken as a

Table 1. Final fractional coordinates

Standard deviations are in parentheses.

Crystal I Crystal II
x y z x y z
N(1) 0-1430 (10) 0-25 0-5967 (30) 0-1434 (11) 0-25 0-5940 (29)
N(Q2) —0-0077 (7) 0-1499 (8) 0-4566 (19) —0-0081 (8) 0-1507 (9) 0-4528 (24)
P(1) —0-0605 (3) 0-25 0-4121 (9) —0-0607 (4) 0-25 0-4117 (9)
P(2) 0-0907 (2) 0-1477 (3) 0-5556 (6) 0-0910 (3) 0-1480 (3) 0-5554 (6)
Br(1) —0-1895 (2) 0-25 0-5783 (4) —0-1895 (2) 0-25 0-5789 (4)
Br(2) —0-1078 (2) 0-25 0-1015 (4) —0-1078 (2) 0-25 0-1019 (4)
Br(3) 0-0823 (1) 0-0714 (1) 0-8445 (3) 0-0824 (1) 0-0713 (1) 0-8442 (3)
Br(4) 0-1806 (1) 0:0507 (1) 0-3845 (3) 0-1806 (1) 0-0505 (1) 0-3844 (3)
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starting point. Atomic scattering factors were taken
from Doyle & Turner (1968).

In the initial cycles the scale factor, the atomic
coordinates and anisotropic thermal parameters were
refined without accounting for anomalous scattering
effects and with uniform weights. Later the anomalous
scattering by phosphorus and bromine (/nternational
Tables for X-ray Crystallography, 1962) was incor-
porated and a weighting scheme of the form w=
{w1+p|F,|?}~! was introduced. The term w, is the
weight from counting statistics and p is a constant,
chosen so as to make (4F)?, averaged over groups of
reflexions, as far as possible independent on |F,|. The
value 4 x 10~4 was given to p for crystal I and 9 x 104
for II. Furthermore, the extinction parameter pex was
refined according to Zachariasen’s (1967, 1968) method.
This parameter occurs in the function M, which is to
be minimized, as follows:

M =3 W[|Fo| — K|Fel{1 + C(0)pex| Fol2} 1]
with C(0)=10"2 (p,/p;) (1/sin 20) T
and pex=2 x 102 (e2/mc?)2 (A2/V2) r*

(See Zachariasen (1968) for the meaning of the sym-
bols.)

At the end of the refinement the indices R=
{SI4F12[2|Fol2}Y/2 and Rw={2w|AF|2/5w|F,|2}'/2 were
9-6 and 6-5% for crystal I and 9-4 and 8:0% for II.
The theoretical values for R and Ry, based on counting
statistics are lower, viz. 8:5 and 4-2% for I, and 7-6
and 5-2% for II. The differences between F, and F,
are thus larger than could be expected on the basis of
counting statistics alone, indicating that there are
additional errors in the F, values. Presumably these
errors are mainly due to the difficulties encountered
in calculating the absorption corrections. The refined
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value of pex is 0-005 for I and 0-014 for II. With
these numbers the extinction corrections y!/2={1+
C(0)pex|Fe|2}~1/4 are calculated as about 0-95 and 0-85
for the strong reflexions of I and II respectively. It
thus appeared that the extinction effects are rather
small in both crystals, though somewhat larger in the
bigger one.

The last four cycles of the least-squares refinement
were also run without applying extinction corrections.
It appeared that this brought about only slight changes
in the atomic coordinates, in no case larger than the
standard deviations. Furthermore, neglect of the
extinction corrections caused only moderate changes
in the thermal parameters, the scale factor, the stan-
dard deviations and the indices R and R,. The sense
of these changes is as expected: compared with the
refinement with extinction corrections the thermal par-
ameters and scale factor decreased, the standard devia-
tions in all parameters increased and R increased (1%
for I and 4% for II). The change in Ry, was less than
1% .

Results and discussion

The final coordinates with their standard deviations
calculated by the least-squares program are given in
Table 1. It is seen that corresponding coordinates,
determined from crystal I and crystal II, are in most
cases equal within the standard deviations. The aniso-
tropic temperature factor parameters and their stan-
dard deviations are given in Table 2. Here again
corresponding values obtained for the two crystals
agree within experimental error, indicating that the two
sets of F, values (after correction for extinction) do not
show significant differences in their variation with
sin §/4. Observed and calculated structure factors are
compared in Table 3. In this Table the extinction cor-
rection is applied to the observed amplitudes F,.

Table 2. Parameters (A2 x 10-4) of the anisotropic temperature factors
exp [—2rX(h2a*2Uy + . . . +2hka*b*Up+ . . .)]

Standard deviations are in parentheses.

Crystal I
Un U Uss 2Uy2 2023 203

N1 257 (94) 345 (99) 929 (160) 0 0 —526 217)
N(@) 349 (65) 262 (64) 652 (90) —84 (110) 107 (132) —262 (131)
PQ) 222 (27) 386 (31) 439 (34) 0 0 98 (54)
PQ2) 268 (19) 290 (20) 496 (25) 64 (34) 1(38) —61 (36)
Br(1) 375 (12) 615 (15) 620 (16) 0 0 233 (26)
Br(2) 555 (15) 752 (17) 441 (14) 0 0 —224 (26)
Br(3) 669 (12) 655 (11) 519 (10) —-6(19) 274 (19) 9 (19)
Br(4) 509 (9) 514 (9) 702 (12) 197 (17)  —216 (20) 271 (19)

Crystal II
N(1) 205 (88) 409 (101) 610 (130) 0 0 —439 (184)
N(2) 326 (70) 337 (72) 952 (121) —88 (123) —168 (165) —234 (156)
PQ1) 201 (26) 389 (30) 458 (34) 0 0 —131 (52)
P(2) 274 (19) 278 (19) 462 (23) 48 (35) 18 (38) —~79 (35)
Br(1) 381 (13) 592 (15) 608 (16) 0 0 208 (25)
Br(2) 587 (16) 755 (18) 408 (14) 0 0 —155 (25)
Br(3) 692 (12) 629 (11) 526 (10) 9 (20) 289 (20) 38 (19)
Br(4) 506 (10) 513 (10) 728 (12) 230 (17) —196 (21) 238 (19)
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A projection of the crystal structure along the ¢ axis of the molecules B and D approximately at height

is given in Fig. 1. The (N-P); rings of the molecules z=0. The numbering of the atoms in molecule A

4 and C lie approximately at height z=0-5, and those corresponds to that used in the Tables. Fig. 2 shows a
Table 3. Observed and calculated structure factors

Crystal 1
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$ 21 855 Bre 871 ev 11121 226 7 8.2 437- 432 <429 33 11 53 263 23/ -3 <34 & 4 294 2% 254 .37 8 a3
4 21 997 v vys2 108 1131 385 6 82 321 326 395 -32 12 >3 137 242 241 -1y ) 4 4 191 109 -108 13 9 4 3
5 21 139 1%/ -157 1 2131 462 9 82 838 630 6206 76 13 53 229 188 -187 e1v 8 44 147 39 110 &5
¢ 21 273 2711 20 30 3131 193 10 €2 298 257 255 32 14 >3 343 33u 326 4/ 9 4 4 665 703 699 .73 0 5%
7 21 832 6ar -543 6 4131 14a 11 82 620 590 SAY 68 1 63 608 62/ 619 90 10 4 4 137 164 162 .27 1 $ 3
8 21 576 Seu 987 <35 5131 149 12 82 251 222 223 21 2 63 9 “11Y -18 11 44 383 379 37 38z 55
9 21 267 25¢ ¢S54 -1/ 8131 60y 13 A2 141 117 .314 =28 4 63 1096 1121 ~1113 133 13 4 4 445 433 452 32 3 58
1121 107 83 -84 .10 7 131 420 14 A2 243 27 > « 5 03 3 89> 088 -113 14 a4 131 277 272 50 4 5§
12 21 136 210 -c1> -4 B 31 278 192 872 907 -901 107 6 8 3 646 64/ 040 95 1 > 4 424 468 401 -85 5 55
18 21 405 35y 357 33 v 33 % 43s 2 92 204 103 103 - 7 08 501 b4e -4y 60 2 5 4 524 567 554 65 o 55 1111 1153 1148 115

A C26B - 12



1816 THE CRYSTAL STRUCTURE

OF COMPOUNDS

WITH (N-P)» RINGS. VII

Table 3 (cont.)

Crystal 1

" oKL fo Fu AC [ LI N to fC L14 ac LN FQ e ac HC LI L) FL ic BC H oKL o FC AC BC H oKL fFo e aC 8c
9 55 109 18u 177 3> 0 95 638 605 601 Y4 9 06 455 400 398 44 7 36 134 104 103 11 O 86 79I 44 I3 .93 7 17 37 30 327 42
10 55 280 139 -139 -9 1 95 184 119 ~118 .17 10 08 234 256 253 -42 9 36 106 35 37 10 1 86 182 205 200 33 1 27 137 39 35 17
11 5% 240 172 -171 18 2 95 172 112 111 47 1 16 85 131 -131 =2 10 36 178 45 45 1) 2 86 239 230 -228 -24 2 27 473 S11 505 I3
12 55 286 25U -249 28 3 95 B2 196 -194 =33 2 14 659 629 -623 -86 O 40 684 696 690 91 I 86 167 146 -145 .16 3 27 238 190 187 31
2 65 654 893 68V 74 4 95 305 341 =339 -29 4 16 249 268 -167 -17 4 46 180 184 181 30 4 86 188 309 305 44 4 27 182 98 97 11
3 65 52 127 12> 2 5 95 397 386 384 38 5 148 82 68 =61 <30 5 406 2907 2%y 27 32 5 86 203 43 -42 -5 5 27 357 325 320 =56
4 65 602 S4z 39  6U 8 935 103 184 -183 .24 6 16 135 88 -88 [ 7 40 80 43 2 4 6 86 391 336 353 44 7 27 96 7 -67 =19
S 65 SB1 560 =361 <77 9 95 147 43 -43 4 7 16 328 339 337 31 B 46 302 269 267 31 1 96 219 104 101 25 0 37 221 197 194 32
6 65 225 2u =19 o 110% 283 273 .22 -26 8 16 33« 222 218 30 P 406 146 18V -188 -19 3 96 166 SO 50 I 1 37 257 247 <245 -3
7 65 52 212 211 2 2105 166 224 +224 -7 10 14 184 188 186 26 10 46 30 135 149 42 4 96 154 126 124 23 2 37 200 148 ~147 -17
8 65 S02 5eu ->37 -oU 3105 275 325 322 49 11 18 105 190 -189 -21 1 56 185 4u -3 -1> 5 96 189 109 103 35 3 37 366 304 352 -33
9 635 418 400 397 47 4105 258 107 -107 7 O 26 1003 960 954 1C8 2 55 747 82 /76 91 0106 391 377 35 39 4 37 120 33 31 1
10 65 141 182 180 26 5105 309 352 347 .s2 1 25 209 261 259 37 3 > 6 235 19v 19> 40 1106 140 273 270 35 5 37 216 246 244 <28
1 75 520 457 <453 58 ® 105 14 57 57 ? 2 28 211 288 287 28 4 58 544 558 <555 <56 21086 201 87 -83 25 7 37 141 42 - a2 [}
2 75 240 120 119 12 7103 238 254 252 20 3 24 68 209 208 25 5 506 551 585 585 59 1 07 473 467 465 46 1 47 284 122 -121 -14
4 75 68 144 <143 -13 0115 100 28 26 11 4 26 401 417 -413 -54 B 56 361 395 390 58U 2 07 384 247 245 30 3 47 185 103 101 18
6 75 144 YV =79 1 1115 139 B84 B3 13 & 24 429 463 -as0 -55 ¢ 26 363 33U 327 46 4 07 307 182 -180 33 4 4 7 403 307 =305 -33
T 7> 698 69> -o88 -94 211 327 315 312 48 7 24 425 453 449 -6C 1 66 259 219 2> 41 5 07 263 230 -250 -20 5 47 336 325 322 44
9 75 407 38> 382 35 3115 197 159 156 29 8 24 365 213 212 -19 2 66 304 242 -239 -39 6 07 290 261 25 47 0 57 583 557 550 87
185 178 241 <236 <4y 4115 254 1§ 1 .16 9 28 278 215 212 38 3 86 122 16> 160 42 7 07 490 424 -e21 <52 1 S 7 97 154 154 14
2 85 177 227 227 17 53115 108 24 23 6 10 26 270 193 190 39 6 &6 295 275 270 3 0 17 535 487 483 59 3 S 7 205 136 =130 -e2
3 35 234 264 282 34 0 08 356 420 -419 .25 1 36 359 557 532 .72 B 66 105 25 =25 B} 1017 60 42 4 10 4 57 150 152 -147 -}?
4 85 85 83 833 1U> 1 0 & 782 756 -751 -89 2 3 &4 245 155 15¢ 9 9 66 251 8 -87 .22 2 17 198 124 123 12 1 87 148 190 -187 .32
5 85 250 15/ 155 28 2 06 367 399 393 69 3 34 452 450 446 56 2 76 38 425 420 55 3 17 346 333 -330 <45 2 67 238 105 105 ¥
8 85 400 387 384 50 3 06 47 579 577 .87 4 38 419 €77 489 -Be 3 26 249 314 312 a4y 4 17 323 298 296 <36 [ ? 85 83 18
9 35 188 192 -191 -1v 6 08 323 360 -354 49 5 38 322 239 238 23 6 76 13 175 172 12 5 17 75 433 -131 .24 1 77 33 48 -85 7
10 35 169 119 -119  -v 8 06 157 167 167 13 6 IS 150 179 178 15 8 6 99 110 =109 -1> 6 17 315 307 305 .3y

projection along the b axis of the molecules lying on
the mirror plane y=0-25. All independent intermo-
lecular distances which are nearly equal to or shorter
than the sum of the corresponding van der Waals radii
are given in the Figures (Pauling, 1960; r(N)=1-5,
r(P)=19, r(Br)=1-95 A).

It is interesting to note that in the crystal structure
of N;P;Clg (Wilson & Carroll, 1960) only the intermo-
lecular distances of the type given in Fig. 2 are shorter
than the corresponding van der Waals distances, where-

as in the crystal structure of N3;P3Fs (Dougill, 1963)
no short intermolecular distances occur.
The short distance N(1)---Br(1), shown in Fig. 2,

is part of the approximately linear array
N(1)---Br(1)-P(1). Likewise the short distance
Br(1)---Br(2) is part of the linear array

Br(l)- - - Br(2)-P(1, B). Such linear arrays have been
observed in the crystal structures of polyhalogen
compounds and have there been interpreted in terms
of three-centre four-electron bonding (Wiebenga &

1 a l n I n
! i . i
! !
N(2') O : Cf/ :
A /—Q P(2) 0—\
= OS5 L | - 2w CTOR - # /’ m
N(2) o
&a N
Bri3) ~ //' )
o} Q
<\/1_4 NI
™ C\ ¢ -O—O b 3—0O
> o )
Y b ! / !
O/ O ! : e é) :
B ? a I n l n
i i

Fig. 1. Projection of the cr);stal structure along the ¢ axis. The molecules lie on mirror planes at y=0-25 and y=0-75. The rings
of the molecules 4 and C are approximately at height z=0-5, and those of B and D approximately at height z=0. The short
intermolecular distances are as follows: Br(3,4)---Br(3,C[z+1]), 368 A; Br(3,4) - -Br(4,D[z+1]), 3-81 A; Br(3,4)---

Br(4, A[z+1]), 3-85 A.
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Kracht, 1969). A similar type of interaction may be
present in the arrays N(1)---Br(1)-P(l1) and
Br(1)- - -Br(2)-P(1, B) of Fig. 2. It may be noted that
these arrays are approximately perpendicular to each
other; such a perpendicular orientation has also been
observed with the polyhalogens.

As seen in Fig. 1, there is a short intermolecular
distance Br(3,4)- - -Br(3,C[z+1]), which is compara-
ble in length to Br(l)---Br(2), Fig. 2. However,
Br(3,A4). . -Br(3, C[z+1]) is not part of a linear array
of the type just considered: the angle P(2, 4)-Br(3, 4)-
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Br(3,C[z+1]) is 141°. Also, in the crystal structure of
N,P,Brg short Br---Br distances (3:66, 3-74 A) are
observed (Zoer & Wagner, to be published), that do
not form linear arrays with a phosphorus atom.

The molecule N;P3Bre is shown in Fig. 3 and the
bond lengths and valence angles, calculated from the
mean atomic coordinates of I and II, are given in
Table 4. The standard deviations in this Table were
derived from the standard deviations in the mean
coordinates o,=3%{c%(1)+02(11)}'/2. For comparison
Giglio & Puliti’s results have been added to Table 4.

Table 3 (cont.)
Crystal 11

oKL I e "o too U [T N T 11 wcoowe
4 U0 2774 2762 -2/56¢ <210 16 01 293 308 305  4C 6 81
6 vy 516 60/ =606 «25 0 11 127 249 249 1? 7 e
8 00 2527 2504 -24%u =257 111 208 227 226 1) 8 81
10 v U 2030 2u0/ 1v96 204 2 11 32 18 -9 15 10 8 1
120 0 1214 1269 1285 117 3 11 885 894 892 2 i1 81
14 00 585 617 -007 -100 > 13 735 735 -734 .37 12 83
10 00 348 373 370 6s 6 13 8B« 384 -I83 .30 13 B 1
2 10 64 S8 -e2 sV 7 41 1300 1274 -1271 -83 14 8y
4 10 726 735 -/32 <70 B 11 449 457 -453 .50 0 91
6 1y 376 34> S44 221 9 11 280 240 234 50 109
8 10 230 232 231 -1> 10 11 222 162 162 72 94
10 10 14 60> 602 62 11 11 200 266 264 25 $ 91
312 10 315 331 $2> 66 12 1] 244 271 270 28 4 914
14 1y 809 781 /78 -8B 13 11 461 462 481 29 5 93
16 10 287 2285 -222 -23 14 11 283 181 179 3G 6 9}
2 ¢vu 426 a4z =442 . 15 11 113 159 159 -3 79y
4 20 189 15v . 159 -1 16 11 64 124 -124 0 9 93
6 20 381 378 377 21 17 11 338 365 -362 .45 12 91
8 20 981 955 -vdb 114 1 21 574 605 605 -12 13 91
10 20 232 269 266 45 2 21 557 582 <582 .21 14 91
12 20 870 81y ®02 111 3 21 84c 869 886 69 1101
14 20 31 3> %1 g0 4 21 98 982 976 104 2101
16 20 156 14>  -144 12 5 21 149 167 -167 1 3101
2 50 5649 558y =5372 -44Uu & 21 224 267 265 30 4101
4 30 155 121 -114 AU 7 21 799 852 -848 .76 5 10 1
6 30 1107 1088 -1U80 -82 8 21 590 561 -558 -58 6 10 1
8 50 1460 1450 1444 130 9 21 251 236 <235 .15 710 3
10 30 1964 1991 1v41 19Y 11 21 165 85 -84 -1 81014
12 $ 0 1192 1185 1172 =160 12 21 214 211 -207 .40 9101
14 30 > 21 315 352 351 31 10 101
0 40 21 432 443 440 52 11 101
2 40 21 379 349 345 58 12 10 1
4 40 31 939 913 %11 65 0111
6 40 31 1145 1142 1138 @2 1111
8 40 31 2223 2336 2328 188 2111
10 40 3 1 2024 2044 -2033 -215 4 11 g
12 40 31 1020 1025 -1020 -96 5111
14 40 31 707 667 =660 -300 6 11 1
16 <0 31 2713 2733 -2722 -252 711
2 > 31 2274 2263 2250 2431 LIETURY
4 50 31 523 s08 %02 75 9111
6 50 31 731 739 -737 .54 10 11 3
8 50 31 234 223 222 26 11111
10 50 3 76 60 65 12 12111
12 50 3 1121
14 50 3 2121
16 50 31 312y
0 60 41 5121
2 60 .1 8121
4 60 41 1121
6 60 a1 0131
8 00 .1 1131
10 60 a1 213y
14 60 41 33
2 70 4 4133
4 70 . 613 1
& 70 a1 7131
8 70 a1 8131
10 70 LY 9131
12 70 a1 214
14 70 51 3141
[N 51 S 141
2 80 51 6 141
s 80 51 7141
5 80 51 0151
12 80 51 2151
14 80 51 3151
2 Yo 21 415 1
4« 90 51 5151
6 90 51 ¢ 02
8 90 51 102
10 90 % 2 02
14 90 51 3 02
0100 S 1 4 02
2100 51 5 02
4100 51 6 02
6 10 0 51 7 02
810 0 61 8 02
16 10 0 61 9 02
12 100 (3 10 02
2110 [} 1 02
4110 61 12 02
6110 61 13 02
8110 61 14 02
10110 61 15 02
0120 61 16 02
2120 61 112
4120 61 2 12
6120 61 3 12
1012 0 61 4 12
2130 61 5 12
4130 61 6 12
6130 [ERY 7 12
8150 17 9 12
2140 EIRY 112
6 14 0 $71 12 12
2150 4 7 1312
4150 s 71 18 12
101 6 73 15 12
2 v 7 1 0 22
3 v 8 71 1022
0 v 7 2 22
5 01 3109 3131 -3114 =318 10 71 322
6 01 1196 1189 -1183 -11> 11 71 « 22
7 vl 8 103 10 812 7 5 22
8 U1 1603 1608 =159V -162 13 71 6 22
9 U1 1085 1088 1UT5 132 14 73 722
10 01 105 216 23 36 1% 71 8 22
1101 911 963 -v60 -8 1 681 9 22
12 U1 516 566 %62 <64 2 81 10 22
13 01 433 43> 428 90 3 81 1 22
14 U1 487 455 a4y 5Y 4 ¥y 12 22
15 U1 164 207 -205 =27 5 81 15 22

A C26B - 12*

"o [EI e [T PR buooC a8 "oy fcofC i BC
22 131 2v -2y -s 4112 93 13 12 -3 2 63 158 125 -123 -18
3 ¢ 2832 2v2u 2836 277 5112 153 35 27 22 4 &3 774 1103 -100%5 333
$2 423 85U =350 -1/ 6112 186 213 213 -34 5 63 714 881 -873 ~113
32 2515 256/ -2356 -22/ 7112 462 370 367 50 6 63 626 670 684 95
$ 2 702 e8/ 881 91 8112 108 22 14 17 763 484 523 518 .07
32 o2 18 -1t 9112 2v1 265 264 20 9 63 127 130 127 27
32 3a& 32/ -326 -2v 10 11 2 142 129 126 2¢ 10 6 3 267 314 -311 -42
S ¢ 889 24> -o34 -13U 3 122 273 296 290 SY 11 63 98 74 22
s ¢ 235 12/ 127 -3 v 122 27% 20C 196 3 12 63 473 489 488 38
sz 223 ar a6 -y 712 2 483 462 -438 .64 13 &3 261 189 186 32
32 1569 1515 1503 1v6 v 122 311 19 <19 © 0 73 688 654 647 -9
5 ¢ 324 367 364 -5 912 2 235 151 -149 .24 1073 191 167 -185 .22
§ 2 445 441 -437 -5V 10 12 2 236 4e a [ 2 73 1054 990 985 310C
¢ 337 29¢  cBy a2z 1182 341 334 328 .63 3 7% 251 227 226 23
32 166 10U <100 -1l 2132 81 148 140 7 4 73 220 259 -258 =28
4 ¢ SCT AU 473 BU 313 2 816 647 642 B S 73 199 208 203 28
42 1411 143y 1632 g3y 4132 18 73 -89 .26 6 73 1125 1136 -1130 -113
42 6u3 596 =595 -3 5132 34C 328 526 -37 773 457 487 -484 -
a3 2 26 v 8132 278 98 97 12 8 73 798 784 774 126
€7 183 96 -9> 32 0 14 2 181 151 -145 .42 9 73 174 23 23 ?
42 808 Bov -8b3 -89 1142 232 3171 -170 -23 10 73 292 215 214 -2
42 297 289 288 v 2142 149 120 119 7 11 73 303 220 218 30
42 15 9 87 3> $142 193 174 171 32 12 73 291 181 -179 <28
42 514 47y -a77 -av 4142 146 16 3 9 13 73 212 149 -1a7 .24
42 670 655 -0651 56 5 14 2 288 311 SU7 a7 183 277 336 303 a4
47 625 633 6dy bV 6142 183 76 -76 -y 2 83 18" 720 717 %5
a2z 329 255 =255 -1uU 1152 113 76 -7 s 3 83 537 528 524 66
42 68C 674 072 $> 2152 160 217 216 14 “ 83 225 238 278 3
42 1 8o -84 -V 3152 99 157 155 5 5 83 468 746 =740 97
42 235 271 -284 U 103 1696 1651 -1646 2130 6 B 3 248 152 150 -25
42 2u6 272 271 25 2 03 437 441 440 .25 7 B35 2900 420 -416 58
5 2 1203 1214 1210 9 3 03 759 726 -723 -84 B 8 S 268 117 -117 -1C
5 2 1213 1281 1277 92 4 03 83 241 198 108 0
52 477 470 -473 51 5 03 83 118 19 .79 0
52 132 13> i34 au 6 03 83 7 52 47 23
52z 37 151 -148 20 7 03 85 289 202 2RY 5y
92 21 22 -2 ‘ 8 03 98 237 280 276 -45
52 1106 1096 -1095 -7v 9 03 93 337 343 330 .51
5 2 800 802 -804 55 10 u 3 93 a3 378 376 -39
5 2 1050 103> -1U29 -112 11 03 93 418 462 456 -74
52 S04 495 -491 3> 12 0§ 93 12C 184 376 53
52 712 734 /29y 82 18 03 95 83 98 -96 -18
S ¢ 166 187 18¢ 21 14 03 93 168 169 165 39
52 49 424 420 55 0 13 93 211 126 103 26
52 213 13v 130 o 1013 935 137 127 124 26
52 129 119 -118 -11 2 13 95 196 193 193 8
62 260 191 191 y 3 13 103 195 241 240 12
62 2008 194y -1938 -204 413 10 3 260 46 a6
62 630 641 39 48 5 13 105 292 311 309 38
62 1231 1268 -1261 <185 6 13 10 3 1149 3190 -1183 -121
62 282 15/ -156 ~-14 7 13 105 193 521 -518 -eC
62 106 2> 2> 1 8 13 103 581 604 508 B
62 484 487 -485 4> 9 13 10 5 195 349 348 31
62 362 529 s29 16 10 13 103 291 375 372 a3
62 270 19v 189 31 13 19 3 365 333 <325 -68
62 1616 1403 1395 150 12 13 113 127 66 -66 a4
62 192 101 98 -23 13 13 113 86 81 -81 %
62 387 386 -385 <35 15 13 118 250 177 176 34
62 ab1 390 89 34 123 113 601 603 -599 -72
62 640 o675 67> -62 2 23 113 34 92 e -32
62 150 & 67 15 3 23 113 360 341 338 a5
72 833 638 b31 104 4 23 113 295 320 318 38
72 513 520 -d24 -40 5 23 113 216 132 129 28
7.2 1700 170U -1091 ~177 6 23 113 15 237 236 25
72 260 291 287 48 7 23 123 357 383 -360 -50
12 51 1985 /89 12 8 23 12 3 550 542 538 58
72 291 209 -267 -2 12 23 123 215 213 a1 0n
72 297 171 171 a0 13 23 123 200 202 202 14
72 61 202 1 13 15 23 123133 113 114 g6
72 0 33 123 112 70 -6B -16
72 133 123 140 115 113 17
72 2 33 133 180 36 3 °
72 333 133 397 420 -423 .49
72 4 33 133 221 299 -293 -38
82 5 33 133 123 131 130 16
82 & 33 133 78 183 -181 -28
82 7 33 133 475 452 449 49
82 8 33 133 294 309 308 42
82 9 33 14 3 402 342 -340 -37
82 33 143 214
82 33 0 4 3180 2909 -2692 -308
82 33 0¢ 101 171 52
82 33 04 239 242 240 27
82 33 0 & 1472 1517 +3513 -109
82 43 0 4 1041 3088 1082 119
8 2 43 04 870 686 -882 -79
62 a3 04 162 32 3 2
82 a3 04 647 721 T8 70
92 a3 0« 962 980 954 1C¢
92 .3 04 211 143 143 -1
ME a3 04 492 473 -465 -84
v 2 43 0« 683 697 692 83
92 a3 04 390 384 379 6%
92 .3 04 195 70 .70 4
92 43 04 342 362 356 60
92 3 14 879 877 -873 -90
92 a3 14 150 220 228 -18
92 53 14 797 811 BOY 64
92 53 14 183 146 <146 O
92 s 3 14 S22 500 500 25
10 2 53 14 306 287 284 a4
02 53 14 480 4Bs 4R35
10 2 53 14 292 281 <280 <20
10 2 58 1 228 237 -233 -43
10 2 53 14 617 621 <618 83
10 2 53 14 27% 142 139 25
10 2 53 96 50 -43 .25 0 2.4 473 396 -391 .50
10 2 53 301 269 -268 -26 1 2 ¢ 617 6J1 =595 -8)
10 2 53 224 243 241 34 2 2 3ce 202 201 26
102 53 248 258 -257 .2y 3 2 372 406 -399 .74
12 53 121 209 -208 .2y 2 125 128 -128 -11
112 25 286 -281 -5¢ 14 53 399 316 313 45 6 2 348 328 -327 <33
112 41¢ 308 -305 -21 1 63 715 o6 657 98 72 141 227 225 27
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Table 3 (cont.)

Crystal II
&L FO FC AC BC W KL FO FC AC BC R KL FO FC aC 8C w XL FO FC  AC HC W XL b0 FC 4C BZ K KL F5 FC  aC b2
8 24 641 83/ 031 B85 6 74 217 150 150 7 5 05 935 964 954 133 6 55 1142 1124 1119 112 & 06 186 147 147 9 3 7 & 320 339 396 41
9 24 420 444 43y g6 8 74 124 117 116 15 6 05 147 133 433 -14 7 53 b3 182 181 20 9 06 447 424 421 45 & T 4 184 130 -125 34
11 z4 238 222 -221 -17 10 74 342 316 314 <40 7 05 440 432 <430 -44 10 55 205 183 153 -7 10 06 299 240 -237 -40 5 78 g0 17 15 =9
12 24 423 437 433 =37 11 74 283 268 285 42 B 05 386 410 402 81 11 55 252 181 -180 -1> 1 16 197 133 135 -4 6 7 8 187 161 160 16
13 24 97 184 -183 .25 12 74 311 325 321 56 9 05 763 788 -782 95 12 > 5 223 25/ -256 =27 2 16 624 626 -520 -87 & 78 153 119 <118 ~14
1 84 483 413 -412 -20 0 B4 397 453 448 66 11 05 417 391 386 64 1 65 257 25 -21 iU 4 16 127 158 <158 <15 0 8 & 760 759 -753 <96
2 $4 2036 1994 1v81 228 1 84 405 429 424 70 1 15 249 225 223 -26 2 65 666 1/ ,13 .76 5 16 &8 By .75 -30 3 &4 232 181 179  3C
3 34 709 79U -/86 -8 3 B4 324 302 295 45 2 15 474 459 435 55 4 65 567 552 549 6U 6 16 136 96 <98 0 2 84 198 213 211 -23
S 34 2016 1046 qua1 302 4 B4 96 17 17 0 3 15 458 469 <465 <64 5 65 409 565 363 -Jv 7 16 240 310 308 28 3 B4 152 3153 -152 <17
6 34 267 26y 289 17 5 84 118 22 -20 10 4 15 a4 93 =93 12 7 65 215 2y 217 27 8 18 269 222 29 39 4 85 343 323 320 a5
7 $4 404 425 427 24 6 B4 48 115 115 13 5 15 197 207 207 9 8 65 520 54v =545 60 9 16 139 159 157 25 & 84 353 337 336 44
8 34 367 402 -39V 54 7 34 149 94 ~02 <38 6 1% 301 304 297 62 9 65 419 412 409 47 10 16 181 172 170 24 2 94 178 43 a3 3
§ 84 207 22/ 226 21 B B4 436 450 444 .71 7 15 548 568 564 661U 65 203 19/ -195 20 11 16 137 189 188 -19 4 9 & 134 142 140 26
16 3 4 750 76U -/54 =98 9 84 106 308 303 .58 8 13 115 %5 =95 =10 11 65 122 41 =36 .20 0 26 1074 1002 998 132 5 96 193 125 -119 -3¢
12 34 510 495 439 /s 10 B8 4 148 155 155 10 10 15 200 219 218 13 G 7S5 94 7y n 1 1 26 127 234 252 <33 0104 3¢8 386 384 39
13 44 sbe 58y ->79 -8 11 8.4 237 92 92 1 11 15 118 218 216 =23 1 7> 411 446 -442 =57 2 26 207 274 272 26 1106 278 270 268 34
G 44 1056 100¢ -v98 -Bo 12 B 4 260 203 290 40 12 15 173 65 -61 -23 2 75 283 114 118 11 3 26 269 225 224 27 1 07 480 470 487 45
1 44 916 B9 895 94 2 94 b1l 613 <639 w74 13 15 179 174 174 .16 5 75 115 204 200 3¥ 4 26 406 428 -424 54 2 G 7 232 222 20 27
2 44 255 16y 1% 35 3 94 331 329 328 27 125 390 413 437 70 4 75 201 135 13w ~12 5 26 174 5 52 703 07 178 27 <27 .5
3 44 234 305 337 1Y 4 94 481 520 -516 =58 2 25 72 204 =203 -10 7 7S 663 0684 678 93 6 26 431 447 -444 -5& 4 0 7 243 175 172 -30
4 44 557 442 43y A7 5 94 147 55 51 <20 3 25 380 419 416 <50 & 75 131 3u =30 1 7 26 393 448 444 59 5 0 7 181 238 =237 20
6 44 235 244 241 =36 6 9 4 172 36  S4 11 4 25 9811013 <1007 114 9 75 413 402  $98 55 B 26 161 209 208 .20 6 O 7 351 267 262 48
7 44 152 115 118 18 7 9 e 201 17 16 -5 5 25 374 325 <321 49 1 85 269 258 =253 <30 9 26 %4 179 176 3a 7 07 434 420 417 -8
8 44 143 56 56 38 94 46e 455 451 ) 6 25 20 1%8 156 22 2 85 142 243 242 1y 10 26 237 195 191 39 0 17 Se1 508 504 60
° 4 837 66> 632 69 9 0 266 241 -240 23 8 25 451 422 419 51 3 85 181 231 229 31 1 36 598 568 =563 72 1 17 768 32 3 10
W 4 45 162 -150 -2/ 10 94 %1 129 129 11 9 25 21% 278 277 25 4 85 823 821 W14 105 2 36 58 158 158 12 3 17 290 340 =338 «45
311 4 4 402 385> 333 38 11 9 4 185 169 1890 -7 10 25 184 121 121 8 85 387 37 -S73 -49 3 S 6 310 444 440 55 4 17 264 208 =295 =39
13 44 45¢ 420 42> 33U 0 10 4 B66 825 B18 109 11 285 30O 286 284 33 U V5 649 50 852 77 4 38 476 476 <468 -84 6 17 361 313 314 =33
14 a4 244 200 254 48 110 % 156 111 =106 38 12 .25 213 194 i°2 29 1 v5 37 119 -118 -10 5 36 235 257 255 26 7 17 336 329 326 a2
3 >4 541 462 -454 .60 2 10 4 2% 328 315 .45 0 I 5 708 661 854 -95 2 Y5 220 131 130 17 6 38 181 167 186 12 2 27 446 521 516 74
2 >4 557 b4y 46 81 310 4 628 588 586 40 1 35 544 526 522 -62 3 v5 281 213 -210 3> 7 36 161 105 104 12 3 27 213 189 1A7 20
3 >4 122 240 243 s+ 4 104 316 262 259 =36 2 35 301 308 -304 -45 4 95 369 336 -s36 30 9 36 57 & 1 e 5 27 371 321 316 -55
4 > 453 a5 54 > 5 10 4 338 322 320 29 3 33 366 307 392 43 5 99 205 17> 174 14 10 3 & 160 48 42 17 7 27 137 S50 -e7 15
¢ 24 372 51 46 6z 6104 290 330 327 49 5 I3 138 50 48 15 6 95 413 376 374 <36 0 48 702 709 -703 -92 0 37 383 165 187 29
7 54 177 4o 2 a4 7 10 4 385 325 -323 .34 6 33 577 553 545 &1 ? 95 209 245 241 33 3 e 75 124 124 6 1 37 300 246 <244 -32
9 >4 127 11/ 117 =12 8 10 4 S4B 363 <359 -a7 7 33 950 959 951 ~121 8 95 237 182 -180 2> 5 4 6 250 267 265 3y 2 37 242 142 ~141 =37
10 >4 638 61y 613 -90 10104 201 93 83 23 & 35 197 154 151 29 9 95 46 5> =55 > 7 46 102 52 .52 4 3 37 352 208 .206 -33
1> 86 155 -150 43 1114 317 500 495 67 9 35 513 525 521 65 1103 298 28/ -gB> 26 B 4 6 186 247 246 29 & 37 134 45 43 14
& o 4 1763 17i9 1/J0 182 211 4 117 83 =81 .17 10 35 251 258 255 .42 2105 as 22/ 227 -8 10 46 205 142 136 -4y 5 37 228 241 230 =27
3 e 4 39¢ 33 331 =33 S 114 373 360 -358 .37 1 35 271 222 221 24 3105 298 316 312 4n 2 56 782 792 786 <93 & 3 7 111 138 134 2%
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The P-Br bonds (mean value 2:162 A) are equal
within experimental error, as Wwell as the angles Br-P-Br
(mean 102:1°). Within the (N-P); ring no significant
differences are found between the P-N bonds (mean
1-576 A), or between the angles N-P-N (mean 118-5°).
However, there is a small, but significant, difference
(3°) between the two independent angles P-N-P (119-3
and 122-4°). The smaller value of the angle
P(Q2)-N(1)-P(2), as compared with the angle
P(2)-N(2)-P(1), together with the differences in the
P-N bonds and the angles N-P-N (though the latter
differences are not significant) describe a slight de-
formation of the six-membered ring of a type consistent
with the bonding interaction, discussed above, be-
tween the nitrogen atom N(1) and the group P(1)-Br(1)
of a second molecule

The (N-P); ring is not entirely planar. The dihedral
angles assignable to the P-N bonds are: —6-7° for
N(1)-P(2), 6-3° for P(2)-N(2) and —5-5° for N(2)-P(1),
indicating a slight chair-shaped conformation. The
best plane through the six ring atoms, the phosphorus
atoms having a weight four times that of the nitrogen
atoms, is given by the equation

—0-3958 X+0-9183 Z=2-836 (X and Z in A).

The distances from the ring atoms to this plane and
their standard deviations are AN(1)= —0-047 (0-011),
4P(2)=0-011 (0-003), AN(2)=—0-035(0-008) and
AP(1)=0-008 (0-004) A. The y2 test (Cruickshank &
Robertson, 1953) on the planarity of the ring yielded
%2=9990 and P <0-001 for n=6.

In the crystal structures of the related compounds
N3P3Cl6, N3P3C15F (OlthOf, 1969) and N3P3F6 the

(N-P); ring has been found to_be planar within ex-
perimental error. The departure from planarity in the
case of N;P;Brg is most likely due to intermolecular
steric interactions, though the non-planarity is not
apparent from the short intermolecular contacts, pre-
sented in Fig. 1 and 2.

The authors are indebted to Professor Aafje Vos
for valuable discussions and to Mr F. van Bolhuis for
assistance in operating the Nonius diffractometer.

Br(2)

Fig.2. Projection along the b axis of the molecules lying on
the mirror plane y=0-25 and short intermolecular distances
in this plane.
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Table 4. Bond lengths and valence angles with standard deviations

Present work

N(1)-P(2) 1-588 A
N(2)-P(1) 1-565
N(2)-P(2) 1-575
P(1) -Br(1) 2165
P(1) -Br(2) 2:158
P(2) -Br(3) 2:168
P(2) -Br(4) 2159
P(2)—N(1)-P(2") 119-3°
P(2)—N(2)-P(1) 122-4
N(2) -P(1) -N(2") 117-4
N(1) -P(2) -N(2) 119-0
Br(1)-P(1) -Br(2) 102-1
Br(3)-P(2) -Br(4) 102-0
N(1) -P(2) -Br(3) 1069
N(1) -P(2) -Br(4) 108-7
N(2) -P(2) -Br(3) 109-3
N(2) -P(2) -Br(4) 1097
N(2) -P(1) -Br(1) 109-1
N(2) -P(1) -Br(2) 109-:0

Br(4)

Br(3)

Fig.3. Molecule N3;P;Breg.
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