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STRUCTURAL CHARACTERIZATION OF
CHLOROSPIROPHOSPHORANES EXISTING AS
NEARLY PERFECT RECTANGULAR PYRAMIDS!

THOMAS E. CLARK,? ROBERTA O. DAY, and ROBERT R. HOLMES*

Contribution from the Department of Chemistry, University of Massachusetts,
Ambherst, Massachusetts 01003

(Received September 15, 1978)

Single-crystal X-ray analysis of 2,3-benzo-7,8-tetrachlorobenzo-1,4,6,9-tetraoxa-5-phenyl-5A°-phos-
phaspiro[4,4]nona-2,7-diene, (C,CLO,}(CH,0,)P(C,Hs), VI, and 2,3,7,8-bis(tetrachlorobenzo)-5-
phenyl-1,4,6,9-tetraoxa-5A>-phosphaspiro{4,4]-nona-2,7-diene, (C,Cl,0.),P(C;H;), VII, showed that they
possessed nearly perfect rectangular-pyramidal geometries. The distortion amounts to only 6% for each
as measured by the sum of dihedral angles, and the direction of structural displacement is on a coordinate
leading to a connecting trigonal-bipyramidal isomer. Data for both compounds were collected on an
Enraf-Nonius CAD4 automated diffractometer, by using Mo K& radiation, out to a maximum 26y,
of 55°. VI crystallizes in the triclinic space group P1, with @ = 8.495 (1) A, b = 9.866 (1) A, ¢ =
12053 (2) A, @ = 76.22 (1)°, B = 71.38 (1)°, y = 88.95 (1)°, and Z = 2. Full-matrix least-squares
refinement gave R = 0.029 and R,, = 0.039 for the 2980 reflections having I = 30;. VII crystallizes in
the triclinic space group P1, with two phosphorane molecules and one chlorobenzene molecule, which
is disordered about an inversion center, per unit cell. The lattice constants are a = 8.242 (4) A, b =
12.806 (2) A, ¢ = 12.821 (3) A, a = 72.76 (2)°, B = 76.78 (3)°, and y = 75.58 (3)°. Full-matrix least-
squares refinement gave R = 0.048 and R,, = 0.067 for the 3331 reflections having / = 30,. The close
approach to an ideal rectangular bipyramid for each of these spirocyclics is aided by the electron-
withdrawing effect of the chlorine ring substituents and their symmetrical placement.

INTRODUCTION

Most structures of cyclic phosphoranes determined thus far by single-crystal X-ray
analysis have been found to show distortions which adhere closely to a coordinate
connecting an ideal trigonal bipyramid and an ideal square or rectangular pyra-
mid.** When the various factors that influence the degree of structural displacement
from these ideal pentacoordinated configurations are examined for spirocyclic phos-
phoranes, the steric and electronic requirements of the unique ligand are found to
exert large effects. For example, the spiro derivatives I° and II® have structures
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Reprinted with permission from Inorg. Chem., 18, 1668 (1979). Copyright 1979 American Chemical
Society.
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that are little displaced from the trigonal bipyramid, 5.5%* and about 1.7%, re-
spectively,* as measured by the dihedral-angle method based on unit bond lengths.?
These values are shown in parentheses. In contrast, the derivatives III-V more
closely approach an ideal rectangular pyramid.!®7#

oCkon

117 (72%)

@\l/

IV* (65%)

In the present study, we investigate the influence of ring substitution on structural
displacement. Since a number of X-ray analyses have been carried out on spiro-
cyclics in which the phenyl group was present as the unique ligand.!**-'* we con-

I\l/I

Vb (86%)

tinued its use here. Further, a variety of derivatives containing a common spirocyclic
ring system of the type II-IV have had their structures determined. Accordingly,
the chlorophosphoranes VI and VII were prepared and subjected to X-ray analysis.
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EXPERIMENTAL

Preparation of VI. Crystals of 2,3-benzo-7 §-tetrachlorobenzo-1.4,6,9-tetraoxa-5- -phenyl-5A°-phos-
phaspiro[4,4]nona-2,7-diene, (C,CL,0,)(C,H,0,)P(CH;), were prepared according to the procedure
of Wieber and Hoos's by the addition of o-phenylene phenylphosphonite'® to tetrachloro-o-quinone in
cther. Colorless crystals for the X-ray study were obtained by recrystallization from benzene; mp (uncor)
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215.5-217°C (lit."* 136°C). Anal. Calcd for C,H,CLOP: C, 46.79; H, 1.96; P, 6.71. Found: C, 46.96;
H, 2.14; P, 6.74.

Preparation of VIL. 2.3,78-Bis(tetrachlorobenzo)-5-phenyl-1,4,6,9-tetraoxa-5A°-phosphaspiro[4,4]nona-
2,7-diene, (CsCl,0,).P(C.H,), was prepared under a nitrogen atmosphere by first dissolving tetrachloro-
catechol!” (16.5 g, 66.6 mmol) in boiling chlorobenzene (150 mL) in a 500-mL flask. A solution of
dichlorophenylphosphine (6.0 g, 33.5 mmol) in chlorobenzene (50 mL) was then added dropwise over
a 30-min period. After an initial 20 min during which time no evolution of HCl was noticed, about
95% of the theoretical amount was detected in the next hour. The reaction was allowed to reflux for
an additional 15 h. Needle-like crystals formed on cooling the reaction mixture. The crude product was
filtered. Recrystallization from chlorobenzene yielded crystals suitable for X-ray analysis; mp (uncor)
319-321°C (yield 14 g, 64%). The latter assumes a solvent molecule C;H;Cl of recrystallization which
was detected in the elemental analysis. Anal. Caled for C,,H,;Cl;O4P: C, 38.44; H, 1.15; Cl, 45.93,
Found: C, 38.87; H, 1.31; Cl, 46.28.

Space Group Determination and Data Collection for VI. A well-formed crystal having dimensions 0.40
mm X 0.30 mm x 0.20 mm was mounted in a thin-walled glass capillary which was sealed as a
precautionary measure against hydrolysis. Preliminary investigations using an Enraf-Nonius CAD4
automated diffractor and Zr-filtered molybdenum radiation (AKea, 0.709 26 A, AKe, 0.713 54 A)
indicated triclinic (1) symmetry. The lattice constants as determined by the least-squares refinement of
the diffraction geometry for 21 reflections having 21° < 20y,ks < 30° as measured at an ambient
laboratory temperature of 22 + 2°C are a = 8.495 (1) A, b = 9.866 (1) A, ¢ = 12053 Q) A, & =
76.22 (1)°, B = 71.38 (1)°, and y = 88.95 (1)°. A unit cell content of two molecules gives a calculated
density of 1.654 g/cm® in agreement with the value of 1.69 (4) g/cm® as measured by flotation in a
methyl iodide-benzene mixture. The space group P1-C!'® was chosen on the assumption that there
would be one molecule in the asymmetric unit. This choice was confirmed by all subsequent stages of
solution and refinement. ’

Data were collected by using the -28 scan mode with a @ scan range of (0.85 + (.35 tan ¢)° centered
about the calculated Mo Ka peak position. The scan range was actually extended an extra 25% on
cither side of the aforementioned limits for the measurement of background radiation. The scan rates
varied from 0.72 to 4.0°min, the rate to be used for each reflection having been determined by a
prescan. The intensity, I, for each reflection is then given by I = (FF/S)(P — 2(B1 + B2)), where P
is the number of counts accumulated during the peak scan, B1 and B2 are the left and right background
counts, S is an integer which is inversely proportional to the scan rate, and FF is either unity or a
multiplier to account for the occasional attenuation of the diffracted beam. The standard deviations in
the intensities, o,, were computed as o5 = ((FF)S?)(P + 4(B1 + B2)) + 0.00272.

A total of 3706 independent reflections having 2° = 26,,,x; = 55° were measured in the region +h,
=k, + . Four standard reflections, monitored after every 12000 s of X-ray exposure time, gave no
indication of crystal deterioration or loss of alignment. No correction was made for absorption ((yexa
= 0.745 mm™') and the intensities were reduced to relative amplitudes, F,, by means of standard
Lorentz and polarization corrections.

Solution and Refinement for V1. Initial coordinates for 22 of the 27 independent nonhydrogen atoms
were obtained by direct methods (MULTAN). Initial coordinates for the remaining five independent
atoms were obtained by using standard Fourier difference techniques. Isotropic unit-weighted full-
matrix least-squares refinement' of the structural parameters for these 27 atoms and a scale factor
gave a conventional residual R = X||F,| — | F.||/2|F,| of 0.108 and a weighted residual R,, = {Ew(|F,
| ~ |F.])¥Zw | Fo| "> of 0.116 for the 1818 reflections having I = 30, and (sin 6)/A =< 0.52. Anisotropic
refinement gave R = 0.039 and R, = 0.042. Initial coordinates for the nine independent hydrogen
atoms were then inferred from the required geometry of the molecule. Subsequent variable-weighted
refinement (w'? = 2F,Lp/a,) including these hydrogen atoms as isotropic contributions led to the final
values of R = 0.029, R, = 0.039, and GOF* = 1.261 for the 2980 reflections having I = 30, and 2°
= 20yoxs = 55°. During the final cycle of refinement, the largest shift in any parameter was less than
0.01 times its estimated standard deviation. A final Fourier difference synthesis showed a maximum
density of 0.26 ¢/A3,

Space Group Determination and Data Collection for VII. The conditions for data collection and
reduction were the same as described for VI, except that the molybdenum radiation was graphite-
monochromated and the form of the polarization factor was adjusted accordingly. A well-formed crystal
having dimensions of 0.30 mm X 0.31 mm x 0.28 mm was mounted in a sealed thin-walled glass
capillary. Preliminary diffractometric investigations indicated triclinic (1) symmetry. The lattice con-
stants as determined by the least-squares refinement of the diffraction geometry for 25 reflections having
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26° < 20yoxs < 34°area = 8.242 (4) A, b = 12806 (2) A, c = 12821 (3) A, a = 72.76 (2)°, B =
76.78 (3)°, and y = 75.58 (3)°. The density calculated for two molecules of VII and one chlorobenzene
molecule per unit cell is 1.766 g/cm®. The observed density as measured by flotation in 2 methyl iodide-
benzene mixture was 1.79 (4) g/cm?® The space group P1-C}** was adopted on the assumption that
there would be one molecule of VII in the asymmetric unit. This choice led to one chlorobenzene
molecule per unit cell disordered about an inversion center.

A total of 5639 independent reflections having 2° =< 20y,.xs = 55° were measured in the region +h,
+k, +I. Nine standard reflections, monitored after every 12000 s of X-ray exposure time, gave no
indication of crystal deterioration or loss of alignment. No corrections were made for absorption (timoka
= 1.05 mm™!).

Solution and Refinement for VII. Initial coordinates for the 31 independent nonhydrogen atoms com-
prising the (C4CL0,),P(C,H;) molecule were obtained by direct methods (MULTAN). The conditions
for refinement were the same as stated for VI. Isotropic unit-weighted refinement of the structural
parameters for these 31 atoms and a scale factor gave R = 0.201 and R,, = 0.210 for the 2006 reflections
having I = 30, and (sin 8)/A = 0.5. Anisotropic refinement then gave R = 0.153 and R,, = 0.196.

At this point a Fourier difference synthesis, phased on the refined parameters, showed four peaks
near the origin (a center of inversion). These peaks were interpreted as being due to the presence of
a disordered chlorobenzene molecule, with the second half of the molecule being generated by the
inversion center. The most intense peak in the difference map (4.2 e/A%) was assigned a chlorine atomic
scattering factor with a site occupancy of 50%. The other three peaks (average 2.0 e/A%) were assigned
carbon atomic scattering factors, with 100% occupancy.

Initial coordinates for the five independent hydrogen atoms of the phosphorane moiety were inferred
from the required geometry of the molecule. No attempt was made to include the hydrogen atoms of
the chiorobenzene molecule. Variable-weighted anisotropic refinement for all nonhydrogen atoms and
isotropic refinement for hydrogen atoms led to the final values of R = 0.048, R,, = 0.067, and GOF*
= 2.004 for the 3331 reflections having / > 30, and 2° = 20.xs = 55°. During the final cycle of
refinement, the largest shift in any parameter was less than 0.05 times its estimated standard deviation.
A final Fourier difference synthesis showed a maximum density of 0.56 ¢/A® in the vicinity of the
chlorobenzene molecule.

Computations were done on a CDC 6600 computer (Model Cyber 74-18) by using the direct methods
program MULTAN, by Main, Germain, and Woolfson, Zalkin’s Fourier program FORDAP, Prewitt’s full-
matrix least-squares program SFLs, Johnson’s thermal ellipsoid plot program ORTEP, and several locally
written programs.

RESULTS AND DISCUSSION

Figure 1 portrays the molecular geometry of the tetrachloro spirocyclic phosphorane
VI. The refined positional and thermal parameters for the nonhydrogen atoms are
listed in Tables I and II, respectively, while the corresponding parameters for the
hydrogen atoms are given in Table III. Refined bond lengths and angles for VI
are tabulated in Table IV while Figure 2 schematically summarizes the principal
nonhydrogen atom bond parameters.

Analogous data are presented in Tables V-VIII for the octachloro spirocyclic
phosphorane VII. Figures 3 and 4 show the respective molecular geometry and
pictorial representation of principal bond parameters for VII.

The structural form assumed by each of these chloro derivatives is nearly an
ideal rectangular pyramid (RP) with the unique phenyl group located at the apical
site and the spirocyclic system occupying the basal positions. Indicative of the high
degree of RP character are the average values of the trans-basal angles, 151.8 (1)
+ 2.0° for VI and 151.8 (1) += 1.8° for VII, compared with 150° for an ideal RP
(plus or minus values refer to maximum deviations from the average value), the
average values of the exocyclic cis-basal angles, 82.9 (1) = 0.2° for VI and 83.0
(1) = 0.4° for VII, compared with 82.3° for an ideal RP having 90° endocyclic
angles at phosphorus, and the average values of the four apical-basal angles, 104.1
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FIGURE 1 oRTEP plot of the molecular geometry of (C,H,0,)(C,CL,0,)P(C,Hs), VI, with thermal
ellipsoids at the 50% probability level.

TABLE I
Atomic Coordinates for (CsH,0,)(C4CL,0,)P(C:H;), VI
atom® 10*x 104y 1042
P 6650 (1) 11573 (1) 445 (1)
01 4888 (3) 11677 (2) 1570 (2)
02 6695 (3) 9857 (2) 1122 (2)
03 7610 (3) 11048 (2) -801(2)
04 5906 (3) 12909 (2) =340 (2)
1C1 4649 (4) 10586 (3) 2565 (3)
iCc2 3501 (4) 10470 (3) 3690 (3)
1C3 3461 (4) 9260 (3) 4591 (3)
1C4 4539 (4) 8202 (3) 4337 (3)
1Cs 5684 (4) 8341 (3) 3174 (3)
1C6 5710 4) 9535 (3) 2306 (3)
2C1 8265 (4) 12373 (3) 779 (3)
2C2 9817 (5) 11829 (4) 572 4)
2C3 11064 (6) 12419 (5) 836 (5)
2C4 10785 (6) 13557 (49) 1315 (4)
2Cs 9266 (6) 14111 (4) 1529 (4)
2C6 7995 (5) 13536 (4) 1260 (3)
3C1 7771 (8) 12097 (3) ~1835 (3)
3C2 8747 (5) 12114 (4) ~2992 (3)
3C3 8687 (5) 13278 (4) ~3892 (3)
3C4 7676 () 14357 (4) ~3623 (3)
3Cs 6694 (4) 14324 (4) ~2442 (3)
3Cé6 6779 (4) 13176 (3) ~1565 (3)
cR2 2171 (1) 11780 (1) 3954 (1)
C13 2042 (1) 9067 (1) 6019 (1)
Ci4 4442 (1) 6703 (1) 5446 (1)
CIs 7055 (1) 7080 (1) 2821 (1)

9 Numbers in parentheses are estimated standard deviations in
the last significant figure. ¥ Atoms are labeled in agreement with
Figure 1.
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TABLE 1I
Thermal Parameters in (C;H,0,)(C,C1,0,)P(CHs), VI
:nom° Bu ”u Bu ﬁn Bu ”n
P 2.94 (3) 270 (3) 3.93 (4) 0.82(2) ~0.99 (3) —0.85 (3)
ot 330) 3.3 (1) 4.4 (1) 0.9.(1) -0.7(1) ~0.5 (1)
o2 3.9(1) 28(1) 5.0(1 0.8 (1) -0.8 (1) ~0.8 (1)
031 4.6 () 3.4 (1) 4.3(1) 1.2(1) ~1.6(1) -13(D)
04 3.8 (1) 3.9 (1) 4.3(1) 1.5 (1) —LI(1) -0.7 (1)
iCl 3.0 (1) 29 (1) 45 (D) 0.3(1) 13 -0.7(1)
1C2 28 (1) 33(1) 4.5 (1) 0.3(1) 1331 -1.0(1)
13 3.3 (1) 3.6 (1) 4.1(1) -0.2(1) -3 (1) ~0.8 (1)
1C4 32D 3.0 47 ~0.1{D) -1.9 (1) ~0.5 (1)
105 3.5 (1) 27(1) 5.6 (2) 0.5 (1) -18Q1) ~0.9 (1)
1C6 3.2(1) 2.9(1) 4.4 (1) 0.2Q1) ~1.001) -1.041)
21 35(1) 29 (1) 33(1) 0.6 (1) 0.9 (1) ~0.6 (1)
202 4.3(2) 47 8.3(2) 1.8 (1) -29(2 -35(2)
2C3 4.6 () 5.9(2) 9.2 (3) 1.4 (2) -36Q) -3.0(2)
2C4 6.1(2) 48 () 6.0(2) -0.7(2 -30(2) ~0.9 (1)
2Cs 2.3 430 6.0 (2) 0.1(2) -2.0(2) -2.3(2)
2C6 4.4 (2) 3.9 (1) 520) 0.9 (1) -1 —18 (1)
3cl 3.6 (1) 3.5 (1) 43 (1) 0.3 () -1.8(1) -13(1)
3C2 4.3(2) 4.5(2) 4.7 0.7 (1) ~1.6 (1) ~1.9(1)
3C3 4.6(2) 5.2(2) 4.1() 0.0 (1) R -12 (1)
3C4 48 (2) 42(2) 4.6(2) ~0.1 (1) -1.9(1) ~0.5 (1)
3Cs 4.1(2) 39 (1) 5.1 ) 0.4 (1) -1.931) ~0.8(1)
Ccé 32(1) 1.6 (1) 4.3 (D 0.3 (1) ~1.5 (1) -0.8 (1)
ci 3.78 (4) 4.23 (4) 5.28 (4) 138 (3) —0.85 (3) ~1.19 (3)
ci3 4.55 (4) 5.11 (4) 4.04 (4) 0.14 (3 ~0.94 (3) —0.65 (3)
14 5.60(5) 3.19 (4) 5.30 (5) 8.31 (3) 247 (@) 0.18 (3)
cis 4.88 (5) 3.33 (4) 7.21 (6) 1.59 (3) ~1.36 (4) ~0.83 (3)

& Numbers i h s 4 Fard o
n

P in the last significant figuce. Amsolxoplc temperature factors used during te-
finement are of the form exgl B, 1 + 8,k + ﬁ,,l' + 28,0k + 28,501 + 20,,k1)); the By in A? given above are related to the dimension-
less fij as Byj = 4fjla;*a;* © Atoms are lubeled in agreement with Figure 1.

TABLE IIL

Refined Parameters for Hydrogen Atoms in
(CoHLO,)(CCLOLYP(CH,), VI

atom? 10%x 10%y 10%z Biso, A?
2H2 1003 (5) 1104 (5) 23 (4) 6(1)
2H3 1203 (6) 1200 (5) 73 (4) 7(1)
2H4 1164 (6) 1402 (5) 148 (4) 701)
2HS 912 (6) 1493 (5) 180 () ()
2H6 688 (5) 1393 (4) 137 (3) S\)

3H2 940 (5) 1143 (4) -316 (3) S(1)
3H3 939 (5) 1337 (4) -472 (3) 5(1)
JH4 776 (5) 1515 (4) ~430 (4) 6(1)
3HS 598 ($) 1510 (4) -225 (3) 5D

@ See footnotesa and b to Table I.

TABLE IV

Bond Lengths (A) and Angles (deg) in
(C.H40,)(C,CLO,)P(CeHs), VI

Lengths
P-02 1.701 (2) 206-2C1 1.389 (5)
P-04 1.670(2) 3C1-3C2 1.372(5)
P-OL L.689 (2) 3C2-3C3 1.392 (5)
P-Q3 1.662 (2) 3C3-3C4 1.389 (5)
P-2C1 1.792(2) 3C4-3C5 1.394 (5)

01-1Ct 1.370 (4) 3Cs5-3C6 1,372 (%)
02-1C6 1.367 (4) 3C6-3C1 1.380 (4)

03-3C1 1.388 (5) ic-cn L1121 (3)
04-3C6 1.380 (4) 1C3-C13 1.726 (3)
1Ci-1C2 1.374 (4) 1C4-Cl4 1.724 (3)
1C2-1C3 1.402 (4) 1C5-CIS L723(3)

1C3-1C4 1.400 (4) 2C2-2H2 0.95 (4)
1C4-1Cs 1.404 (5) 2C3-2H3 .90 (5)
1C5-1C6 137224 2C4-214 0.96 (5)
1C6-1C1 1.388 (4) 2C5-2H5 0.93 (S)
2C1-2C2 1.385 (5) 2C6-2H6 1.00 (4)
202-2C3 1.374 (6) 3C2-3H2 0.48 (4)
2C3-2C4 1.365 (6) 3C3-3H3 0.97 (4)
2C4-2C5 1.364 (7) 3C4-344 .97 (4)
205-2C6 1,387 (6) 3C5-314S U.99 (4)
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04-P-02= 1537

03-P-01=149-8

03-pP- 02
04-P-0l =

82:7
831

TABLE 1V (Continued)

02-P-04
01-p-03
02-p-2C1
04-p-2C1
01-p-2C1
03-pP-2C1
01-p-02
03-p-04
Q2-p-03
01-P-04
P-01-1Cl
P-Q2-1C6
P-Q3-3Ct
P-04-3C6
01-1C1-1C2
01-1C1-1C6
1C2-1C1-1C6
1C1-1C2-1C3
1C1-1C2-C12
1C3-1C2-C12
1C2-1C3-1C4
1C2-1C3-C13
1C4-1C3-Ci3
1C3-1C4-1CS
1C3-1C4-C14
1C5-1C4-Ci4
1C4-1C5-1C6
1C4-1C5-CI1S
1C6-1C5-C15
02-1C6-1C5
02-1C6-1C1L
1C5-1C6-1C1
2C2-2C1-2C6
2C2-2C1-p

Angles
153.7(1) 2Cé-2C1-pP
149.8 (3) 2C1-2C2-2H2
102.2¢1)  2C1-2C2-2C3
104.1 (1) 2112-2C2-2C3
104.9 (1)  2C2-2C3-2H3
105.2 (1)  2C2-2C3-2C4
89.6 (1) 2H3-2C3-2C4
91.0¢1) 2C3-2C4-2H4
82,7 (1) 2C3-2C4-2C5
83.1(1) 2H4-2C4-2C5
112.1(2)  2C4-2CS-2HS
11L.6(2) 2C4-2C5-2C6
111.7 2)  215-2C5-2C6
111.3(2)  2C1-2C6-2H6
126.7 (3)  2C)-2C6-2CS
1114 (3)  2116-2C6-2C5
121.8(3)  03-3C1-3C2
117.7(3) © 03-3C1-3C6
120.1 2)  3C2-3C1-3C6
122.2(2)  3C1-3C2-3112
120.6 (3)  3C1-3C2-3C)
119.4(2)  JH2-3C2-3C3
119.8¢2)  3C2-3C3-3H3
1204 (3)  3C2-3C3-3C4
120.1 (2)  313-3C3-3C4
119.5(2)  3C3-3C4-3H4
118.1(3)  3C3-3C4-3CS
122.2(2)  3H4-3C4-3CS
119.7(2)  3C4-3C5-3HS
122.23)  3C4-3C5-3C6
111.8(5)  3U5-ICs-3C6
121.3(3)  04-1C6-3CS
118.3(3)  04-3C6-3CI1
120.3(2)  3C5-3C6-3C1

9 Sce footnotesq and b to Tuble 1

121.3(2)
120 (3)
121.1 (4)
119 (3)
i18(3)
1202 (4)
122 (3)
123 (3)
119.8 (4}
118 (3)
119 (3)
120.9 (4)
120 (3)
17 (2)
119.7 (3)
123 (2)
1269 (3)
110.8 (3)
122.2(3)
122 (3)
116.6 (3)
121 (3)
120(2)
121.24)
118 (2)
115 (2)
121.4 (3)
123 2)
121 Q2)
116.6 (3)
122(2)
126.8 (3)
1113 (3)
121.9 3)

12i-8

nz7

229

FIGURE 2 Schematic drawing of (C4H,0,)(CsCL0,)P(C¢Hs), VI, showing selected bond distances

(A) and angles (deg).
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TABLE V .
Atomic Coordinates for (C,CLO,),P{C.H;), VII*
atom® 10%x 104y 104z
P 1906 (1) 6100 (1) 3725 (1)
01 1415 (2) 6024 (1) 2546 (1)
02 2724 (2) 4717 (1) 4032 (1)
03 1498 (2) 5871 (1) 5119 (1)
04 293 (2) 7211 (1) 3619 (1)
ACl 3735 (3) 6714 (2) 3297 ()
AC2 3640 (3) 7831 (2) 2732 (2)
AC3 $071 (4) 8297 (2) 2402 (3)
AC4 6629 (4) 7652 (2) 2627 (2)
ACs 6719 (4) 6560 (3) 3188 (3)
AC6 5308 (3) 6076 (2) 3533 (2)
1C1 583 (%) 6817 (2) 5421 (Q2)
1C2 368 (4) 7025 (2) 6443 (2)
1C3 ~631 (4) 8055 (3) 6575 (2)
1C4 -1363 (3) 8822 (2) 5719 3)
1Cs -1115(3) 8616 (2) 4677 (2)
1C6 -129 (3) 7600 (2) 4558 (2)
2C1 2355 (3) 5087 (2) 2234 (2)
2C2 2578 (3) 4872 (2) 1223 (2)
2C3 3606 (4) 3853 (2) 1076 (2)
2C4 4368 (3) 3108 (2) 1941 (2)
2CS 4155 (3) 3333 (2) 2975 (2)
2C6 3107 (3) 4340 (2). 3089 (2)
C12 1311 (1) 6059 (1) 7488 (1)
C13 -951 (1) 8353 (1) 7853 (1)
Cl4 ~2590 (1) 10086 (1) 5903 (1)
Cls -1912 (1) 9571 (1) 3570 (1)
Y 1597 (1) 5831 (1) 188 (1)
Cc1y 3914 (1) 3541 (1) -188 (1)
Ci4' 5667 (1) 1864 (1) 1744 (1)
cis’ 5079 (1) 2430 (1) 4065 (1)
Ci 2801 (4) 129 (3) 163 (3)
Cl 578 (9) ~1059 (4) 281 (3)
oy ] 1318 (15) ~279 (11) 149 (5)
C3 1476 (24) 962 (13) =125 (1)

¢ Numberzs in parentheses are estimated standard deviations in
the last significant figure, b Atoms ase labeled to agree with
Figure 3.

TABLE VI
Thermal Parameters for (C,CLO,).P(CHs), VII°
atom® 8, 8, By, B,, 8, B,y
P 3.07(3) 3.29(2) 3.17(2) -0.12(2) -1.05 (2) -0.91(2)
0l 4.2(1) 4.2(1) 3.6 (1) -0.1 (1) -L7(1) -1.3Q1)
Q2 4.4 (1) 3.2(1) 3.7 (1) -0.2 (1) -1.2(1) ~0.8 (1)
03 4.1(1) 4.3 (1) 33 (1) -0.3 (1) ~0.6 (1) ~1.2(1)
04 3.8(1) 4.1 (1) 4.2 (1) 0.2 (1) -15(1) -16 (1)
ACl 3.6 (1) 3.3 (1) 3.1(1) -0.3 (1) 1.0 (1) L1 ()
AC2 4.4 (1) 4.0(1) 5.4(1) -0.6 (1) -1.2(1) -0.6 (1)
AC3 5.2(1) 3.8 (1) 6.9 (2) -1.0 (1) -0.7 (1) -0.6 (1)
AC4 4.5 (1) 5.7(1) 5.5(1) 1.8 (1) ~0.4 (1) ~16 (1)
ACS 4.2(1) 6.3 (1) 7.0(?) ~1.7 (1) ~21 (D ~0.4 (1)
AC6 37 (1) 4.2 (1) 5.5 (1) -0.5 (1) -1.8(1) -0.2 (1)
11 11 4.3(1) 4.4 (1) -0.5 (1) -0.4 (1) 1.7
1c2 47(1) 6.0(1) 3.9(1) -23(1) 0.1 (1) -1.9(1)
163 4.6 (1) 6.4 (2) 5.7(1) ~1.8 (1) 0.5 (1) -3.17(1)
iC4 37 (1) 4.5 (1) 1.1 2) 0.1 (1) -0.5(1) ~3.2(1)
1CS 3.5 (1) 4.0(1) 6.6 (1) 0.1 (1) -1.3(1) -2.4(1)
1C6 3.1(1) 4.0(1) 4.8 (1) ~0.2 (1) -0.9 (1) ~1.8(1)
2L 35(1) 4.0 (1) 4.0 (1) ~0.9 (1) -0.6 (1) ~L5 (1)
202 4.9 (1) 5.3(1) 3.9 (1) -2.0 (1) ~0.6 (1) ~14 (1)
203 5.1 (1) 5.7(1) 4.6 (1) -1.9(1) 0.3 (1) -2.6 (1)
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TABLE VI (Continued)

atom® By, By Bis By, Ba By,
2C4 4.5() 3.8 (1) 5.6(1) -04 (1) 0.0 (1) -1.9)
2C5 3.3() 33Q) 5.1Q) =01 (1) -0.3 (1) -1.0(1)
2C6 3.0 331 38 (1) -0.3 (1) -0.6 (1) -1.0Q)
cr 6.51(4) 7.56(5) 3.55(3) ~2.03(3) -0.65 (3) -1.38 (3)
a3 8.37 (6) 9.27 (6) 6.48 (4) -2.717 (4) 0.79 @) ~5.24 (4)
Ci4 2.02(5) 6.19 (8) 10.81 (6) 0624 ~0.98 (4) -5.53(%)
Cis 7.47 (5) 4.393) 8.69 (5) 1.16 (3) ~3.80 (3) -2.34 (3)
Cll: 8.06 (5) 6.54 (4) 4.31 (3) -0.97 (3) -2.62 (4) -1.53(3)
Ci3 8.79 (6) 7.97 (5) 5.40 (4) ~1.88 (4) 0.18 (4) -4.01 (4)
Cl4’ 7.86 (5) 5.394) 8.32 (5) 0.47 (3) 0.42 (4) ~3.62 (4)
cis' 5.64 (4) 4.00 (3) 6.27 (4) 0.45(3) -1.44 (3) -0.60 (3)
C1 9.2(1) 10.2 (2) 7.3(1) -1.2 (1) 0.0Q1) -2.6(1)
Cl 14.4 (4) 7.7 53 =-1.7(3) 1.5 (2) -2.8(2)
c2 35¢) 351 61 (D -19¢1) 7.3 (6) -8.1 (5)
Cc3 50(2) 40 (2) 8.0(4) -35() 12.2 (8) ~13.1 (8)

@ See footnote a to Table 1. ® See footnote b to Table V.

(1) £ 1.9° for VI and 104.1 (1) = 1.0° for VII, compared with 105° for an ideal
RP. In fact the extensive data now available? suggest that the appropriate idealized
RP applicable to spirocyclic phosphoranes has trans-basal angles of 152° and apical-
basal angles of 104°, as observed for average values for VI and VII. A high degree
of planarity is apparent for the four basal oxygen atoms in VI and VII (cf. plane
1in Tables IX and X, respectively), and these atoms form a nearly perfect rectangle

TABLE VIl

Refined Parameters for Hydrogen Atoms in
(C,CL0,),P(CHs), VII*

atom? 10°%x 10% 10%z Bigor A?

H2 267 (3) 819 (2) 246 (2) 4 (1)
H3 492 (5) 899 (3) 202(3) 9 (1)
H4 767 (3) 804 (2) 230 (2) 4(1)
HS 769 (4) 614 (3) 337 (3) 7Q)
H6 548 (4) $27(3) 3920 8()

@ See footnotes to Table V.

TABLE VIII

Bond Lengths (A) and Angles (deg) in
(CeClL0,),P(CeHs), VIF

Lengths

P-02 1.690 (2) AC2-AC) 1.378 (4)
P-04 1.684 (2) AC3-AC4 1,384 (4)
P-Q1 1.686 (2) AC4~ACS 1.362 (5)
P-03 1.690 (2) AC5-AC6 1376 (4)
P-ACL 1.775 Q) AC6-ACH 1.376 (3)
01-2C1 1.371 (3) 1C2-C12 1716 ()
02-2C6 1.374 (3) 1C3-C13 1.738 (3)
03-1C1 1.369 (3) 1C4-Cl4 1731 (3)
04-1C6 1.378 (3) 1C5-Cls 1.714 (3)
1C1-1C2 1.378 (3) 2C2-C2’ 1718 (3)
1C2-1C3 1,405 (4) 203-C13’ 1,731 (3)
1C3-1C4 1,380 (4) 2C4-C14’ 1733 (3)
1C4-1Cs 1,399 (4) 2C5-Cis* 1721 (3)
1C5-1C6 1.381 (3) AC2-H2 0.91 (1)
1C6~1C1 1.386 (3) AC3-H3 0.87 (4)
2C1-2C2 1,368 () AC4-H4 1.04 ()
2C2-2C3 1.406 (4) AC5-HS 0.88 (3)
2C3-2C4 1.389 (4) AC6-H6 0.99 (3)
2C4-2CS 1.403 (4) C2-Cl1 1.25 (1)
2C5-2C6 1.390(3) €2-C1 145 (1)
2C6-2C1 1377 (%) C2-C3 1.55 @)

AC1-AC2 1.390 (3) C1-Cy 1.72(2)
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TABLE VIII (Continued)

Angles
02-p-04 153.5 (1) 1C3-1C2-C12 122.5(2)
01-P-03 150.0 (1)  1C2-1C3-1C4  121.4(3)
02-P-AC) 103.4 (1)  1C2-1C3=C13 118.8(2)
04-P-AC1 103.1 (1) 1C4-1C3-C13 119.8 (2)
01-P-AC1 105.1 (1) 1C3-1C4~1CS  121.3(3)
03-P-AC1 1049 (1) 1C3-1C4-Cl4 120.5 (2)
01-P-02 90.5 (1) 1C5-1C4-Cl4 118.1 (2)
03-p-04 90.0(1) 1C4-1C5~1C6  116.6 (2)
02-pP-Q3 82.6 (1) 1C4-1C5-Cl5 123.0(2)
01-P-04 833 (1) 106-1C5-CIS 120.4 (2)
r-01-2C1 HLO(1)  04-1C6~ICL 110.4 (2)
P-02-2C6 109.9 (1)  04-1C6-1CS 127.2Q2)
P-0Q3-1C1 110.6 (1) 1C1-1C6-1C5 1224 (2)
P-Q4-1C6 1115 (1)  01-2C1-2C2 122.1 (2)
P-AC1-AC6 1200 (2) 01-2C1-2C6 1151 Q)
P-AC1-AC2 1214 (2) 2C2-2C1-2C6 1217 (2)

AC6~AC1-AC2  118.6 (2) 2C1-2C2-2C3  117.9(2)
AC1=-AC2-H2 117 .Q2) 201-2C2-C12'  119.7 (2)
AC1-AC2-AC3  120.8(3) 2C3-2C2-CI12' 122.4 (2)
H2~-AC2-AC3 121 Q) 2C2-2C3-2C4 1201 (3)
AC2-AC3-H3 115 (2) 202-2C3-CIY 1194 (2)
AC2-AC3-AC4  120.1(3) 2C4-2C3-C1Y  120.4(2)
H3-AC3-AC4 125 (2) 2C3-2C4-2C5  122.0(2)
AC3-AC4-H4 116 (1) 203-2C4-Ci4’  119.7 (2)
ACHAC4-ACS  119.1(3) 205-2C4-CW’  118.3(2)
H4-AC4-ACS 125 (1) 2C4-2C5-2C6  116.0 (2)
AC4-ACS-HS 121(2) 2C4-2C5<Cis' 1234 (2)
AC4-ACS-ACE 1220 (3) 2C6-2C5-CI5"  120.6 2)
H5-ACS-AC6 117(2) 02-2€6-2C1 112.5Q2)
AC1-ACE-16 123 Q) 02-2C6~2C5 125.2 Q)
ACI-AC6~ACS  119.4(3) 2C1-20C6-2CS  122.3(2)

H6-AC6~ACS 118 Q2) C1-C2-C1 151 (1)
03-1C1-1C6 112.3(2) C1-C2-C3 155 (1)
03-1C1-1C2 126.5 (2) Cl-C2-C3 53(Q1)
1C6~1C1-1C2 1202(2) C2-CI1-C¥ 127 (1)
1C1-1C2-1C3 117.1(2) C2-C3-CY’ 773)

1C1-1C2-C12 1204 )
9 See footnotes to Table V.

FIGURE 3 ORTEP plot of the molecular geometry of (C,Cl,0,),P(CsH;), VII, with thermal ellipsoids
at the 50% probability level.

in each structure, within the indicated standard deviations (cf. ¢cis —O nonbonded
distances listed in Table XI).

In terms of the sum of dihedral angles (8,) from polytopal faces, based on unit
bond distances,>? 3,|8,(C) — 8,(TP)| and R — 3,;|5,(C) — 8,(RP)|, where R =
2.:18,(TP) — 8,(RP)| = 217.7° and TP stands for trigonal bipyramid, the structures
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02-P-04+ 1538
Ol -P-03= 1500
Ol -P-04= 83.3
02-P-03= 826

FIGURE 4 Schematic drawing of (C,Cl,0,).P(CsHs), VII, showing selected bond distances (A) and
angles (deg).

TABLE IX
Atom Distances from Least-Squares Planes (A) in (C¢Cl,0,)(CsH,0,)P(CHs), VI
planes planes continued
[ 2 3 4b 50 1 2 3 4b s¢
4 0.410° ~0.006 ~0.012 0.000 0.000 03 -0.029 0.005 0.000
01 -0.022 0.005 0.000 04 0.024 0.002 0.000
02 0.028 0.002 . 0.000 2C1 0.001 0.002
plane 6 plane 7 plane 8 plane 9 plune 10 plane 11 plane 12
1C1 0.008 i1C1 0.010 Ct -0.003 3C1  0.005 2C1 0,002 4 0.353° 4 0.362°
1€z -0.007 1C2 -0.013 3C2 -0.001 I3C2  0.004 202 0.001 - 03 0.000 [e31 0.003
1C3  0.002 1C3 -0.005 3C3 0.003 3C3  o0.001 2C3 —0.002 04 0.000 02 -0.003
1C4  0.002 1C4  0.003 3C4 -0.002 3C4 -0.007 2C4  0.000 3C1  0.001 1C1 -=0.005
1C5 —0.00¢ 1¢S5 0.008 3Cs -0.002 3Cs -0.004 2Cs  0.003 3Cé —0.001 1C6  0.005
1C6 —0.004 1C6  0.006 3C6 0.00s 3C6 0.010 2C6 —0.004
C12 ~-0.042°% 0l 0.009 03 -0.010
C13 ~0.015° 02 -0.019 04 0.001
4 —~0.025¢
Cs  0.020°
Some Dihedral Angles between Least-Squases Planes (deg)
plunes angle planes " angle planes angle planes angle
2,3 86.1 4,1 16.9 5.9 171 3,10 369
4,5 40.6

h q

@ Indicates atom was nof inctuded in the definition of u particular least-squares plane. The phosphorus atom is di d toward
the apical phenyl group in Figure 1. ¥ These planes are not least-squares fitted since only these nonlinear points are required 1o define a
plane.

of VI and VII are displaced on the TP-RP coordinate, 93.7 and 94.3%, respec-
tively, toward the RP. The equality of the above two sums for each chloro deriv-
ative, 204.0° for VI and 205.2° for VII, shows that the structural distortions lie
directly on the TP-RP coordinate.
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TABLE X
Atom Distances from Least-Squares Planes (A) in {C,CL,0,),P(C.Hs), VII
plancs planes continued
1 2 3 4Y sb i 2 3 4b sb
P ~0.4129 0.000 -0.005 0.000 0.000 03 0.027 0.000 0.000
ot 0.022 0.000 0.000 04 ~0.025 0.002 0.000
02 -0.025 0.002 0.000 AC1 0.000 0,001
plune 6 plane 7 plane 8 plane 9 plane 10 plane 11 plane 12 plane 13
1C1 0.006 2C1 0.002 ACI -0.005 CI 0009 ICI 0009 2C1 -0.001 Ol -0.001 03  0.001
1€2 -0.010 2C2 -0.001 AC2 0000 C1 0013 1C2 -0.004 2C2 -0.004 O2 0001 04 -0.001
1C3 -0.008 2C3 0.004 AC3 0008 C2 -0.003 IC3 0.004 203 0.002 2C1 0.001 1C1 -0.002
1C4 001} 2C4  0.002 AC4 -0.005 C3 -0.033 1IC4 0.009 2C4 0.004 206 ~-0.001 1C6  0.002
1€ 0.002 2Cs -0.012 ACS 0.000 CI' 0.047° 1C5 -0004 2CS -0.008 P -0413® P -04127
1C6 -0.00) 206 0.006 ACE 0.005 €2 0.032° 1C6 —0.005 2C6 0.001
03 0010 Ol -0.007 €3’ ~0.002¢
04 -0.012 02 0.006
ci2 ~0.047° C12° 0.004°
as -0.017" ¥ 00119
G4 0.015% Ci4' -0.026°
Cls -0.056" Cis' ~0.0179
Some Dihedru) Angles beiween Least-Squares Plunes (deg)
planes angle planes angle planes angle planes angle
2,3 93.9 4,7 205 5,6 204 3.8 15.5
4,5 40.5

@ Indicates atom waus nof included in the definition of a particular kast-squures plane. The phosphorus atom is directed upward loward

the spical phenyl group in Figure 3.

plane. € These atoms are related to the tespective unprimed atom by u center of invession.

With these structures so closely RP, it is difficult to see evidence, for ‘“‘residual”
TP character. Although, the less symmetrical tetrachloro derivative VI has slightly
longer P—O bonds accompanying the larger of the two trans-basal angles,
04—P—02, the more symmetrical octachloro compound has P—O bond lengths
that are even closer to each other and do not correlate with the relative magnitude

TABLE X1
Selected Intramolecular Nonbonded Distances (A)
(C,H,0,XC,C1,0,)P-

(C.H,), VI (C,ClL,0,),P(C,Hy), VI
01-03 3.236 (3) 01-03 3.261 (2)
02-04 3.283 (3) 02-04 3.285(2)
01-02 2,389 (3) 01-02 2.397 (2)
03-04 2.377 (3) 03-04 2.387 (2)
01-04 2.227 (3) 01-04 2.239 (2)
02-03 2223 (%) 02-03 2.231 (2)
2C1-01 2.761 (4) AC1-01 2.748 (3)
2C1-02 2,719 (4) AC1-02 2.7119 (3)
2C1-03 2.745 (4) AC1-03 2.747 (3)
2C1-04 2.731 4) AC1-04 2.710 (3)
2C1-1C1 3.369 (4) AC1-2C1 3.326 (3)
2C1-1Cé6 3.340 4) AC1-2C6 3.303 (3)
2C1-3C1 3.381 (4) ACl1-1C1 3.314 (3)
2C1-3C6 3.3713 4) AC1-1C6 3.31303)
2C2-02 3.116 4) AC2-01 3.378 (3)
2C2-03 3,080 (5) AC2-04 2.942 (3)
2C6-01 3113 4) AC6-02 2921 (3)
2C6~-04 3170 4) AC6-03 3.352(3)

of the trans-basal angles.

® These planes are not least-squares fitted since only thiee nonlinear points are required to define a
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If we compare the average P—O bond lengths in VI, 1.680 (2) A, and VII, 1.688
(2) A, with those in the monoclinic form of the related unsaturated monocyclic
phosphorane VIIL,** which has a structure only 16% displaced from the TP,? it is

XL

0 1781 &
1.633 A = N\p—0R

ro” |
OR
ViIL, R =i-Pr

seen that the basal P—O values for VI and VII are intermediate between the axial
and equatorial P—O values for the near TP, VIII. This agrees with the trend in
bond character obtained from structures which are intermediate between these
extremes in geometry,> although this trend suggests a convergence in P—O bond
length at 1.66 A for an ideal RP containing unsaturated five-membered rings.

seler

Since the series leading to the value of 1.66 A involved a number of derivatives
IX but contained no ring substituents, the longer P—O bonds in VI and VIHI by
0.02 and 0.03 A, respectively, may be attributable to electron-withdrawing effects
of the attached chlorine atoms. Electron delocalization into the benzo moieties
serves to reduce P—Q bonding and enhance C—O bonding.>® This is most in
evidence in the tetrachloro derivative VI. Here, the tetrachlorocatechol portion
shows, respectively, longer P—O and shorter C—O bond lengths compared to the
corresponding bonds in the catechol moiety, and these former bond lengths are
comparable to those in the octachloro derivative VII.

R ¢ ¢
0 cl
\l/ > ~
7 e
\0 ¢
cl cl
X X1

From the perspective of resonance theory, representatives X and XI would be
stabilized by the electron-withdrawing effect of the chlorine atoms leading to de-
creased availability of 77 p—d bonding in the P—O linkages. This kind of bonding
is expected to be enhanced in a RP over a TP owing to the equal character of the
ring phosphorus bonds compared to that in a TP with the rings spanning axial-
equatorial positions.? In the absence of chloro ring substituents, i.e., the spirocyclic
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IX (R = Ph), the structure is displaced 72% along the TP-RP coordinate toward
the RP. The greater displacement toward the RP for the chloro derivatives VI and
VIl is in keeping with the electron delocalization tending to equalize P—O bonding
as found in the RP. Further, electron pair repulsion effects®® among the bonds
attached to phosphorus, which favor the TP in the absence of cyclic substituents,*’
are lessened in these spirocyclics.
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