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40% of the cell volume and, as noted in our earlier discussion of
our electrochemical results, is acidic. The outer membrane
transport protein for ferric enterobactin has been shown to rec-
ognize and transport synthetic analogues.®” This apparently
delivers the iron complex to the periplasmic space. The steps
involved in the subsequent transport of iron into the cytoplasm
have yet to be characterized.

Conclusion

The electrochemical results presented here show that iron re-
moval via protonation and reduction is a possible mechanism for
in vivo iron transport of E. coli. We suggest that this could occur
in the periplasmic space of E. coli, a region of the organism known
to be relatively acidic. While the interpretive issue of the structure
of the protonated ferric enterobactin complex ultimately must
await unambiguous assignment from an X-ray diffraction study,
we believe the weight of evidence supports what we have described
as the “salicylate” mode of bonding.** Factual issues which are
now completely definitive are the following:

(1) Ferric enterobactin at or above neutral pH is a tris(cate-
chol)iron(III) complex with a A chirality.

(2) Protonation of ferric enterobactin, which occurs only below
pH 5, is stepwise, in single-proton reactions; the first two pro-
tonation constants are 1048 and 10%1%,

(3) Protonation of ferrous enterobactin begins at pH 10.4,
resulting in the strongly pH-dependent redox potential reported
here. The formal electrochemical potentials for iron(IIL,II) en-
terobactin are (at pH noted) -0.99 (> 10.4), -0.79 (7.4), -0.57
(6.0) V (vs. NHE).

(4) In (or from) aqueous solution, all of the protonated ferric
enterobactin species, including the neutral [Fe'H;ent]%, contain
exclusively high-spin iron(III).
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Abstract: With the extension of the series by the preparation of (NPMe,)s—;;, the dimethylphosphazenes form the longest
known series of cyclic compounds with full structural characterization. Crystal data for (NPMe,), are as follows: » = 9,
triclinic, PT, a = 20.6208 (10) A, b = 152473 (T) A, ¢ = 13.3132 (7) A, o = 90.492 (4)°, 8 = 88.516 (4)°, v = 119.740
(4)°, Z = 4, R = 0.040 for 7008 reflections; n = 10, orthorhombic, Acam, a = 20.5498 (11) A, b = 8.1798 (5) A, ¢ = 23.4152
(14) A, Z = 4, R = 0.035 for 1124 reflections; n = 11, triclinic, P1, @ = 8.2739 (7) A, b = 12.533 (2) A, ¢ = 21.651 (3)
A, o =86.43 (1)°, 8 = 83.96 (1)°, v = 84.89 (1)°, Z = 2, R = 0.033 for 5589 reflections; n = 12, triclinic, Pl,a =8.397
(3) A, b=12.007 (4) A, ¢ = 13390 (2) A, & = 114.24 (2)°, 8 = 99.57 (2)°, v = 92.97 (3)°, Z = |, R = 0.051 for 3422
reflections. The mean P-N bond length (1.595 A) is independent of ring size and is greater than it is in chloro- or fluoro-
phosphazenes, a result of the low electronegativity of the methyl group. The geometry of the PC, group (P-C = 1.808 A,
CPC = 103.9°) is independent of ring size, but electronic changes within the ring cause the NPN angle to decrease steadily
from 119.8° in (NPMe,), to 116.3° in (NPMe,),,. The stereochemical effectiveness of the nitrogen lone pairs is reduced
by their partial delocalization into dr-orbitals of phosphorus, so that the PNP angles are both large and variable. The conformations,
controlled primarily by steric interactions between methyl groups, are related to those of the cycloalkanes, where known, of
the same polymeric number. The comparability depends on the weakness of the steric interactions of the nitrogen atoms; systematic
differences arise because the Me---Me interactions are net attractive. Although the molecules are flexible in solution, a medium-ring
effect, analogous to that in the cycloalkanes, is found in (NPMe,),, in which many of the local interactions are of high energy,
and also in the probable steric hindrance to the final step in the methylation of the fluoride to (NPMe,),o.

Much of our systematic knowledge of cyclic molecules comes
from the study of the cycloalkanes and their derivatives. The
difficulties encountered in the synthesis of medium-ring compounds
and the dependence of their chemical properties and heats of
formation on ring size were early traced to the high torsional
barrier to rotation about skeletal bonds and, later, to transannular
repulsive interactions. The resultant structural effects have been
the subject of numerous investigations.?

(1) Present address: Department of Chemistry and Biochemistry, Univ-
ersity of Guelph, Guelph, Ontario, Canada N1G 2W1.

(2) For reviews of the chemistry of cycloalkanes, see: Clark, T.; McKervey,
M. D. In “Comprehensive Organic Chemistry”; Barton, D. H. R, Ollis, W.
D., Eds.; Pergamon Press: Oxford, 1979; Vol I (Stoddart, J. F., Ed.), p 37.

Inorganic cyclic compounds?® include the various molecular
forms of sulfur, the metaphosphates (OPO,7),, the siloxanes

(3) Haiduc, I. “Chemistry of Inorganic Ring Systems”; Wiley-Interscience:
New York, 1970. Rheingold, A. L., Ed. “Homoatomic Rings, Chains, and
Macromolecules of the Main Group Elements”; Elsevier: Amsterdam, 1977.

(4) Ondik, H. M.; Block, S.; MacGillavry, C. H. 4cta Crystallogr. 1961,
14, 555.

(5) Steinfink, H.; Post, B.; Fankuchen, 1. Acta Crystallogr. 1955, 8, 420.

(6) Fawcett, J, K., Kocman, V.,; Nyburg, S. C. Acta Crystallogr., Sect. B
1972, B30, 1979.

(7) Hazekamp, R.; Migchelsen, T.; Vos, A. Acta Crystallogr. 1962, |5,
539.

(8) Dougill, M. W. J. Chem. Soc. 1961, 5471.
(9) Mijlhoff, F. C. Acta Crystallogr. 1965, 18, 795.
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c d
Figure 1. Symmetrical frameworks found in (ABX,), molecules; skeletal
atoms shaded. (a) Chair, as in P,O,,* and in (OSiMe,),.** (b) Tub,
as in P40, and in (NPCl,),.%" (c) Saddle, as in (NPMe,), and in
(0Se0,),.% (d) Crown, as in (NPCIPh), and (with substituents on
alternate atoms) in (NMe-PMe),.!0!!

(OSiR;),, and the phosphazenes (NPR,),. The structural evidence
relates mainly to the smaller molecules, and it is particularly
abundant for those based on an eight-membered ring. Figure 1
shows most of the symmetrical frameworks found in (ABX,), and
related molecules. They differ among themselves and from the
most stable form of cyclooctane (chair-boat, see below) because
the attractive and repulsive forces are balanced differently;!!3
polar interactions are often decisive. Although many of these
structures are understood semiquantitatively, the energy param-
eters are not known accurately enough to allow reliable predictions
of the conformations of corresponding macrocyclic compounds.
Reciprocally, we can expect that a study of compounds based on
the larger rings will not only be interesting in itself, but will also
tell us more about bonding and nonbonding interactions in in-
organic molecules. We can also expect to find out whether the
medium-ring effect on structure and chemistry, as found in cy-
cloalkanes, has a parallel in inorganic chemistry.

Only the poly(dimethylsiloxanes) have been compared sys-
tematically with cyclic hydrocarbons,'4 mainly on the basis of
thermochemical and spectroscopic measurements. The general
conclusions are referred to later; since there are few known
structures, the direct evidence on conformational preferences is
limited. The cyclic phosphazenes (NPR,), are isoelectronic with
the siloxanes (OSiR,),, and some structural relationship between
the two series is to be expected, even though the phosphazenes
are formally unsaturated. The simplest are the halides (NPX,),,
but molecular structures are unknown beyond the pentamers (n
= 3, 4, 5; X = F,1%=< C| !15d-¢ Brlhi), The series of fluoro-
phosphazenes is long,!¢ but only the trimer and tetramer are solid

(10) Bullen, G. J.; Tucker, P. A. J. Chem. Soc., Dalton Trans. 1972, 1651.

(11) Zeiss, W.; Schwarz, W.; Hess, H. Angew. Chem., Int. Ed. Engl. 1977,
16, 407.

(12) The steric control of the conformations of tetrameric phosphazenes
has been discussed by Bullen and co-workers.!01?

(13) Bullen, G. J; Tucker, P. A. J. Chem. Soc., Dalton Trans. 1972, 2437.
Bullen, G. J., Dann, P. E. J. Chem. Soc., Dalton Trans. 1974, 705. Bullen,
G. J. Abstracts of First European Crystallographic Meeting, Bordeaux, 1973,
Group C6.

(14) Alvik, T.; Dale, J. Acta Chem. Scand. 1971, 25, 2131.

(15) (a) Dougill, M. W. J. Chem. Soc. 1963, 3211. (b) McGeachin, H.
McD.; Tromans, F. R. J. Chem. Soc. 1961, 4777. (c) Hartsuiker, J. G.;
Wagner, A. J. J. Chem. Soc., Dalton Trans. 1978, 1425. (d) Bullen, G. J.
J. Chem. Soc. A 1971, 1450. (e) Hazekamp, R.; Migchelsen, T.; Vos, A. Acta
Crystallogr. 1962, 15, 539. (f) Wagner, A. J.; Vos, A. Acta Crystallogr., Sect.
B 1968, B24, 707. (g) Schlueter, A. W.; Jacobson, R. A. J. Chem. Soc. A
1968, 2317. (h) Zoer, H.; Wagner, A. J. Acta Crystallogr., Sect. B 1970, 26,
1812. (i) Zoer, H.; Wagner, A. J. Acta Crystallogr., Sect. B 1972, 28, 252.
(j) Hartsuiker, J. G.; Wagner, A. J. J. Chem. Soc., Dalton Trans. 1972, 1069.

(16) (a) Seel, F.; Langer, J. Z. Anorg. Allg. Chem. 1958, 295, 316. (b)
Chapman, A. C.,; Paddock, N. L.; Paine, D. H.; Searle, H. T.; Smith, D. R.
J. Chem. Soc. 1960, 3608. Cyclic fluorophosphazenes have been detected
chromatographically to (NPF,), (Paddock, N. L., unpublished results).
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at room temperature. For a study of the effect of ring size on
conformation, the dimethylphosphazenes are particularly appro-
priate, since they are all crystalline at room temperature'’ and
the methy! group carries no unshared electrons. Conjugative
interactions between the substituent and the w-system of the ring,
which have a significant effect on the chemistry of, for example,
phosphazene carbanions,'® are thereby avoided, and the direct
steric interactions are more easily distinguished.

The structures of (NPMe,); 3 were determined earlier.1%28.190-¢
In this paper we describe the preparation of the further four
compounds (NPMe,),_,, some of their properties, and the de-
termination of their crystal and molecular structures. Taken
together, the dimethylphosphazenes form the longest series of
cyclic molecules, organic or inorganic, with known structures. A
close but indirect geometrical relationship has been found between
the phosphazenes and the cycloalkanes, and it seems likely that
steric interactions may be responsible for some features of the
preparative reactions. The w-electronic interactions, which in
principle relate the series to the annulenes, do not show in any
tendency to molecular planarity but rather in perturbation effects,
typically those induced by complex formation and quaternization.

Experimental Section

The fluorophosphazenes (NPF,)q_,, were prepared by the reaction of
a mixture of chlorophosphazenes (NPCly), (n > 5) with potassium
fluorosulfite.!®® The individual compounds were separated by distillation
and purified by gas-liquid chromatography. Methylmagnesium bromide
was freshly prepared from magnesium turnings and methyl bromide.
Diethyl ether was dried by distillation from lithium aluminum hydride.
NMR spectra were obtained on a Varian XL100 spectrometer (*H, 100
MHz; 3P, 40.1 MHz) and on a CFT20 (}3C, 20.0 MHz). Infrared
spectra were obtained from Nujol mulls and solutions in carbon tetra-
chloride by using a Perkin-Elmer 457 spectrophotometer.

Preparation of (NPMe,)¢ 5. The preparative method used has al-
ready been described for (NPMe;,);.1% Melting points, yields, and
analyses follow: Anal. Caled for C,H{NP: C, 32.0; H, 8.1; N, 18.7.
(NPMe,)¢, 163-165 °C, 67%. Anal. Found: C,32.0; H, 8.1; N, 18.7.
(NPMe,),, 128-130 °C, 40% ref 19d. (NPMe,)s, 171-173 °C, 40%.
Anal. Found: C, 32.4; H, 7.9; N, 18.8. (NPMe,),, 123-125 °C, 28%.
Anal. Found: C, 32.3; H, 8.2; N, 18.3. (NPMe,),,, 100-102 °C, 4%.
Anal. Found: C, 31.7; H, 8.1; N, 18.6. (NPMe,),;, 101-102 °C, 46%.
Anal. Found: C, 32.1; H, 8.0; N, 18.9. (NPMe,),,, 120-122 °C, 24%.
Anal. Found: C, 31.9, H, 8.0, N, 18.9. In some of the reactions which
gave poor yields, the reaction mixture formed a sticky paste of magne-
sium salts rather than a fine powder. The small yield of the decamer
seems to have a different cause, because although the reaction was ap-
parently clean, it was not quite complete even after several weeks of
reaction time; some residual fluorine remained.

X-ray Crystallographic Analyses of (NPMe,), (n = 9-12). Crystal-
lographic data for the four compounds are given in Table I. Final
unit-cell parameters were obtained by least squares on 2 sin /) values
for 25 reflections (with 26 = 90-100° for n = 9 and 25-50° for n =
10~-12). The intensities of three check reflections were measured every
hour throughout the data collections and in each case showed only small
random fluctuations. Absorption corrections were applied using the
Gaussian integration method;2%2? transmission factor ranges are given
in Table L.

In each case there was a choice between noncentrosymmetric and
centrosymmetric space groups, the latter being indicated by the E sta-
tistics for all four structures. The structures of the n = 10 and 12

(17) Searle, H. T. Proc. Chem. Soc. 1959, 7.

(18) Gallicano, K. D.; Oakley, R. T.; Paddock, N. L.; Sharma, R. D. Can.
J. Chem. 1981, 59, 2654.

(19) (a) Oakley, R. T.; Paddock, N. L.; Rettig, S. J; Trotter, J. Can. J.
Chem. 1977, 55, 4206. (b) Dougill, M. W.; Sheldrick, B. Acta Crystallogr.,
Sect. B 1977, B33, 295. (c) Oakley, R. T.; Paddock, N. L.; Rettig, S. J.,
Trotter, J. Can. J. Chem. 1977, 55, 3118. (d) Gallicano, K. D.; Oakley, R.
T.; Paddock, N. L; Rettig, S. J,; Trotter, J. Can. J. Chem. 1977, 55, 304. (e)
Oakley, R, T.; Paddock, N. L.; Rettig, S. J.; Trotter, J. Can. J. Chem. 1977,
55, 2530.

(20) The computer programs used include locally written programs for
data processing and locally modified versions of the following: ORFLS, full-
matrix least squares, and ORFFE, function and errors, by W. R. Busing, K. O.
Martin, and H. A. Levy; FORDAP, Patterson and Fourier syntheses, by A.
Zalkin; ORTEP 11, illustrations, by C. K. Johnson.

(21) Coppens, P.; Leiserowitz, L.; Rabinovich, D. Acta Crystallogr. 1965,
18, 1035.

(22) Busing, W. R.; Levy, H. A. Acta Crystallogr. 1967, 22, 457.



Preparation and Conformations of Dimethylphosphazenes

Table I. Crystallographic Data®

compd (NPMe,); (NPMe,),, (NPMe,y),, (NPMe,),
formula CisHsaNo-  CpoHgNyo  CpHeeNim  CoaHpoNyp-
Py 10 11 Py
fw 675.45 750.50 825.56 900.61
cryst sys triclinic orthorhom- triclinic triclinic
bic
space group P1? Acam® P14 P14
a, A 20.6208 20.5498 8.2739 (7) 8.397 (3)
(10) (1
b A 15.2473 (7) 8.1798 (5) 12.533 (2) 12.007 (4)
¢, A 13.3132 (7) 23.4152 21.651 (3) 13.390 (2)
(14)
«a, deg 90.492 (4) 90 86.43 (1) 114.24 (2)
B, deg 88.516 (4) 90 83.96 (1) 99.57 (2)
v, deg 119.740 (4) 90 84.89 (1) 92.97 (3)
v, A3 3633.2 (4) 39359 (4) 2220.6 (5) 1203.0 (8)
z 4 4 2 1
D, g/cm? 1.235 1.266 1.235 1.243
F(000) 1440 1600 880 480
w(Mo K,), 42.74¢ 4.56 4.44 4.47
cm™
cryst dimens,  0.35 X 0.40 0.13 X 0.25 0.22 X 0.23 0.11 X 0.35
mm X 0.50 X 0.30 X 0.45 X 0.40
transmission 0.387- 0.838- 0.891- 0.827-
factors 0.631 0.960 0.928 0.953
scan type w26 w=28 w=28 w
scan range, deg 0.60 + 0.14 0.70 + 0.35 0.60 + 0.35 0.90 + 0.35
inw tan 6 tan 8 tan 6 tan 8
scan speed, 0.61-10.06 1.12-10.06 1.26-10.06 0.81-6.71
deg/min
data collctd *hxk+!  +h+k+] +hxkE] +hkE]
20,2, deg 150 55 50 54
unique reflctns 14461 2310 7754 6407
reflcns with 7 7008 1124 5589 3422
2 3a(D)
no. of variables 649 155 661 361
R 0.040 0.035 0.033 0.051
R, 0.051 0.042 0.043 0.064
S 1.129 1.881 1.547 1.004
mean A/c 0.05 0.001 0.03 0.05
(final cycle)
max A/e (final 0.29 0.007 0.28 0.54
cycle)
residual 0.47 0.34 0.60 0.38
density,
e/A?

?Temperature 22 °C, Enraf-Nonius CAD4-F diffractometer, Mo
Ko radiation (Aga; = 0.709 30, Ag,; = 0.71359 A), graphite mono-
chromator, takeoff angle 2.7°, aperture (2.0 + tan 8) X 4.0 mm at a
distance of 173 mm from the crystal, scan range extended by 25% on
both sides for background measurement, ¢*(J) = S + 2B + [0.04(S -
B)]? (S = scan count, B = normalized background count), function
minimized S w(|F,| - |F)* where w = 1/d%(F), R = L||F,| - |F|/
TIFels Ru = (TW(IF| — IFD*/ZwFH'2, and S = (Tw(|F| -
|F|)?/(m ~ n))!/2. Values given for R, R,, and S are based on those
reflections with 7 = 30(I). For (NPMe,)s: Cu Ko radiation (Ag, =
1.540 562, Agay = 1.544390 A), ¢3(I) = S + 2B + [0.05(S - B)]%.
®The reduced cell has a = 13.3132 (7) A, b = 152473 (D A, ¢ =
18.594 (9) A, a = 105.656 (4)°, 8 = 91.242 (4), and vy = 90.492 (4)°
and is related to the cell given above by the transformation:

00 1
<o I o>
-l - O
“Nonstandard setting of Cmca, equivalent positions:  (0,0,0),

0,1/ /D%, (xy.2s =x,=p.23 V=%,V [y4p,2; 1 /o+x, /-y,2). ¢Reduced
cell. ¢u(Cu Ka).

compounds were solved by conventional heavy-atom techniques, the
phosphorus atoms being positioned from the Patterson functions and the
remaining atoms (including hydrogen) from subsequent difference maps.
The two other structures (» = 9 and 11) were solved by direct methods,
the phosphorus positions being determined from E maps and those of the
remaining atoms from subsequent difference maps. The solution of the
structure of (NPMe,)y (with two molecules in the asymmetric unit)
proved to be unusually difficult. In spite of numerous attempts by direct,
heavy-atom, and trial and error methods, the problem defied solution for
3 years. The structure was finally solved on the first attempt with the
1980 update of MULTAN using the 120 largest E’s.2?
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In the final stages of full-matrix least-squares refinement all non-hy-
drogen atoms were refined with anisotropic thermal parameters. Hy-
drogen atoms were refined with isotropic thermal parameters for n =
10-12 [except for H(2b) in (NPMe,),, which was kept fixed in a cal-
culated position]. For n = 9 the hydrogen atoms were fixed in idealized,
staggered positions (C-H = 0.98 A). Neutral atom scattering factors
from ref 24 were used for the non-hydrogen atoms and those of ref 25
for hydrogen atoms. Anomalous scattering factors from ref 26 were
employed for P atoms.

Final positional and isotropic [or equivalent isotropic, Uy, = !/ trace
(Usisg)] thermal parameters are given in Table 11. Anisotropic thermal
parameters, calculated hydrogen parameters for (NPMe,),, and mea-
sured and calculated structure factors (Tables 111-V) are included as
supplementary material.

The thermal motion in all four structures has been analyzed in terms
of the rigid-body modes of translation, libration, and screw motion.?
The root mean square errors in the temperature factors, sU,, (derived
from the least-squares analyses) are 0.0028, 0.0024, 0.0021, and 0.0026
A? for n = 9-12, respectively. For (NPMe,),_,,, analyses of each of the
independent PN,C, groups gave physically reasonable results and rms
AUj; values in the range 0.0008-0.0029 A% The bond distances have
been corrected for libration?”?® by using shape parameters g2 of 0.08 for
all atoms. Corrected and uncorrected bond lengths are given in Table
VI and bond angles in Table VI1 (supplementary material). 1ntraannular
torsion angles appear in Table VIIl. Bond lengths and angles involving
hydrogen atoms and complete listings of torsion angles (Tables 1X-X1)
are included as supplementary material. In Tables V11 and V111 primed
and double-primed atoms for (NPMe,) o have coordinates related to
those in Table II by the symmetry operations x, y, -z and -x, -y, z,
respectively, and for [NPMe,],, primed atoms are related by 1 — x, 1 -
y, 1 -z
Results and Discussion

Preparation of Dimethylphosphazenes. No single preparative
method is suitable for the whole range (NPMe,);_;,. Although
(NPMe,); 4 can be prepared in good yield by condensation re-
actions,'”?® the higher cyclic oligomers can be obtained only by
substitution reactions on the halides (NPX;), (X = F, Cl).
Organometallic alkylating agents can react in different ways. For
instance, methylation of (NPF,); with methyllithium® cannot be
carried beyond gem-N;P;F,Me,; the difficulty is common with
trimeric phosphazenes, and results both from skeletal cleavage3'®
and from the elimination of alkyl halide.>*®* Degradation reactions
appear to dominate the alkylation of (NPCl,),, but the reaction
of (NPF,), with methyllithium produces (NPMe,), in 70% yield;*
the pentamer can be prepared in the same way.** The fluorides
give better results than the chlorides, possibly because their
phosphazene skeleton is the stronger and because the strength of
the P-F bond makes the elimination of alkyl halide less likely.3*
Yields are further improved by the use of the milder methyl-
magnesium bromide instead of methyllithium, but even then the
reaction does not proceed uniformly well. There are two points
of interest. First, if n> 5, the dimethylphosphazenes (NPMe,),
form insoluble complexes with magnesium or lithium jons, which
must be decomposed with alkali. Second, the (qualitative) rate

(23) We would like to acknowledge the considerable efforts of Dr. Richard
G. Ball, University of Alberta, and Dr. E. Subramanian, University of Madras,
in the final solution of the (NPMe,), structure.

(24) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. 4 1968, 424,
321.

(25) Stewart, R. F.; Davidson, E. R.; and Simpson, W. R. J. Chem. Phys.
1965, 42, 3175.

(26) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891.

(27) Schomaker, V.; Trueblood, K. N. Acta Crystallogr., Sect. B 1968,
B24, 63.

(28) Cruickshank, D. W. J. Acta Crystallogr. 1956, 9, 747; 1956, 9, 754;
1961, /4, 896.

(29) Oakley, R. T,; Paddock, N. L. Can. J. Chem. 1975, 53, 3035.

(30) (a) Ranganathan, T. N. Ph.D. Thesis, University of British Columbia,
1970. (b) Cordes, A. W.; Swepston, P. N. Oakley, R. T.; Paddock, N. L.;
Rangananthan, T. N. Can. J. Chem. 1981, 59, 2364.

(31) (a) Biddlestone, M.; Shaw, R. A. J. Chem. Soc. 4 1968, 178. (b)
Harris, P. J.; Allcock, H. R. J. Am. Chem. Soc. 1978, 100, 6512, (c) Allcock,
H. R.; Harris, P. J. J. Am. Chem. Soc. 1979, [0/, 6221.

(32) Paddock, N. L.; Ranganathan, T. N.; Todd, S. M. Can. J. Chem.
1971, 49, 164.

(33) Searle, H. T.; Dyson, J.; Ranganathan, T. N.; Paddock, N. L. J.
Chem. Soc., Dalton Trans. 1975, 203.

(34) The phenylphosphazenes (NPPh,), ¢ can be prepared similarly from
the fluorides in high yield. (Todd, S. M.; Paddock, N. L., unpublished results).
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Table II. Final Positional (Fractional X 104, P X 10°, H X 10%) and Isotropic Thermal Parameters (U X 10° A?) with Estimated Standard
Deviations in Parentheses

(NPMe,),
atom x y z Uei/ Usso atom x y z Uey/ Usso
P(1) 41126 (7) 34002 (9) 12353 (9) 45 c() 3258 (3) 2228 (4) 1411 (4) 70
P(2) 54795 (6) 40591 (9) 23635 (8) 44 C(2) 4345 (4) 3385 (5) —64 (4) 82
P(3) 56363 (6) 25314 (9) 34607 (9) 45 c@3) 6179 (4) 4466 (5) 1400 (5) 91
P(4) 48033 (7) 19326 (10) 53911 (9) 49 c4) 5546 (3) 5205 (4) 2820 (4) 58
P(5) 32475 (7) 5268 (9) 50006 (9) 48 C(5) 5425 (4) 1762 (4) 2366 (4) 78
P(6) 20939 (6) 8163 (9) 59882 (9) 45 C(6) 6567 (3) 2833 (5) 3754 (5) 84
P(7) 17398 (6) 17840 (9) 43054 (8) 44 C(7 5173 (3) 1394 (5) 6251 (5) 84
P(8) 30489 (6) 37366 (9) 39768 (8) 42 C(8) 5187 (3) 3211 (4) 5776 (4) 67
P(9) 34434 (6) 46285 (9) 19544 (8) 41 C(9) 3262 (3) 836 (4) 3705 (4) 69
P(10) 649 (6) -20683 (9) 95088 (8) 43 C(10) 3316 (3) -596 (5) 4981 (5) 90
P(11) 16056 (6) -5239 (9) 97792 (9) 45 C(11) 1203 (3) -151 (4) 6464 (4) 71
P(12) 27925 (7) -7763 (10) 88334 (9) 52 C(12) 2606 (3) 1510 (4) 7060 (4) 63
P(13) 32374 (7) -15346 (9) 105916 (9) 48 C(13) 1364 (3) 688 (4) 3521 (4) 67
P(14) 20095 (6) -35317 (9) 110008 (8) 41 C(14) 950 (3) 1965 (4) 4543 (4) 69
P(15) 16079 (7) -42450 (11) 130234 (9) 52 C(15) 2831 (3) 4266 (4) 5060 (3) 55
P(16) 6952 (7) -33388 (9) 138505 (8) 48 C(l6) 3784 (3) 3543 (4) 4406 (4) 56
P(17) -6444 (6) -42071 (9) 126908 (8) 43 C(17) 2534 (3) 3943 (4) 1417 (4) 61
P(18) -6691 (6) -25925 (9) 115125 (8) 41 C(18) 3786 (3) 5927 (4) 1629 (3) 53
N(1) 4680 (2) 3312 (3) 1944 (3) 67 C(19) -287 (3) -3364 (4) 9197 (4) 63
N(2) 5687 (3) 3582 (3) 3261 (3) 65 C(20) -331 (3) -1610 (5) 8596 (4) 74
N(3) 5077 (2) 1829 (3) 4298 (3) 65 C(21) 1457 (3) 537 (4) 9632 (5) 71
N(4) 3925 (2) 1411 (3) 5571 (3) 50 C(22) 1626 (3) -652 (4) 11112 (4) 69
N(5) 2448 (2) 201 (3) 5483 (3) 55 C(23) 2278 (3) -1551 (5) 7803 (4) 76
N(6) 1995 (2) 1613 (3) 5359 (3) 59 C(24) 3661 (3) 183 (5) 8296 (5) 96
N(7) 2349 (2) 2688 (3) 3645 (3) 49 C(25) 4088 (3) -1583 (5) 10407 (4) 76
N(8) 3364 (2) 4591 (3) 3139 (3) 57 C(26) 3531 (3) -402 (4) 11306 (5) 84
N(9) 3998 (2) 4343 (3) 1383 (3) 56 C(27) 1219 (3) -3444 (4) 10602 (4) 56
N(10) 942 (2) -1522 (3) 9314 (3) 47 C(28) 2229 (3) -4062 (4) 9921 (3) 54
N(11) 2406 (2) -180 (3) 9289 (3) 54 C(29) 1232 (3) -5491 (5) 13526 (4) 89
N(12) 2949 (3) -1483 (3) 9515 (3) 66 C(30) 2467 (3) -3511 (5) 13661 (4) 75
N(13) 2681 (2) -2447 (3) 11283 (3) 55 C(31) 789 (3) -3431 (5) 15178 (4) 80
N(14) 1773 (2) -4344 (3) 11877 (3) 48 C(32) 1164 (4) -2016 (5) 13621 (6) 140
N(15) 1061 (3) -3832 (6) 13230 (4) 115 C(33) -564 (3) -5234 (4) 12165 (4) 61
N(16) -172 (2) -3790 (3) 13677 (3) 55 C(34) -1600 (3) -4785 (5) 13157 (4) 74
N(17) -498 (2) -3468 (3) 11777 (3) 54 C(35) -1655 (3) -3116 (4) 11314 (4) 66
N(18) -223 (2) -1923 (3) 10579 (3) 52 C(36) -491 (3) -1735 (4) 12525 (4) 68

(NPMe,),o
atom x y z Uea/Usso atom x y z Uea/ Usso
P(1) 15386 (6) -11551 (16) 0 35 H(2a) 49 (2) -171 (5) 28 (2) 81 (17)
P(2) 15999 (4) 7448 (11) 10606 (4) 38 H(2b) 54 11 0 82
P(3) 6230 (4) -7868 (11) 18491 (4) 35 H(3a) 219 (2) 157 (5) 182 (2) 75 (15)
N(1) 1830 (2) -457 (5) 570 (2) 70 H(3b) 272 (2) 131 (5) 129 (2) 80 (14)
N(2) 951 (2) 361 (4) 1392 (2) 55 H(3¢) 250 (2) -7(7) 161 (2) 82 (17)
N(3) 0 0 2146 (2) 39 H(4a) 118 (3) 351 (8) 115 (3) 169 (28)
C(1) 1720 (4) -3284 (8) 0 64 H(4b) 185 (3) 328 (6) 58 (2) 117 (21)
C(2) 674 (3) -1055 (11) 0 66 H(4c) 114 (2) 272 (6) 59 (2) 68 (16)
C(3) 2291 (2) 908 (7) 1524 (2) 58 H(5a) 89 (2) -199 (5) 272 (2) 73 (14)
C(4) 1500 (3) 2797 (6) 815 (2) 63 H(5b) 150 (2) =177 (5) 231 (2) 60 (14)
C(5) 1165 (2) -1269 (6) 2425 (2) 52 H(5¢) 127 (2) -23 (6) 267 (2) 76 (15)
C(6) 426 (3) -2742 (6) 1553 (2) 55 H(6a) 23 (2) -347 (5) 186 (2) 61 (12)
H(la) 152 (2) -384 (6) 42 (3) 113 (19) H(6b) 75 (2) -328 (5) 137 (2) 69 (14)
H(lb) 213 (4) -289 (10) 0 103 (30) H(6¢) 13 (2) -258 (6) 130 (2) 66 (16)

(NPMe,),
atom x y z Uea/ Uiso atom x y z Ueq/ Usso
P(1) 24327 (10) 8275 (6) 5344 (3) ) H(4c) -150 (7) 195 (5) 188 (3) 133 (21)
P(2) -683 (9) 24388 (6) 10227 (4) 44 H(5a) -112(5) 546 (3) 119 (2) 68 (12)
P(3) 13494 (10) 45319 (6) 10099 (3) 42 H(5b) 25(6) 625 (4) 107 (2) 103 (17)
P(4) 30205 (10) 41284 (7) 21718 (4) 48 H(5¢) -38(5) 573 (4) 50 (2) 97 (15)
P(5) 11348 (9) 51500 (7) 32162 (3) 44 H(6a) 391 (5) 432 (4) 50 (2) 92 (16)
P(6) 28706 (9) 50381 (6) 43039 (3) 39 H(6b) 273 (4) 495 (3) 6(2) 77 (12)
P(7) 28872 (9) 27259 (6) 46743 (3) 41 H(6c) 343 (6) 540 (4) 56 (2) 95 (16)
P(8) 51859 (9) 13269 (6) 39598 (3) 38 H(7a) 486 (8) 553 (6) 198 (3) 200 (31)
P(9) 32744 (10) -1767 (7) 33957 (4) 48 H(7b) 575(6) 431 (4) 27(2) 105 (16)
P(10) 51867 (10) -9736 (6) 22959 (4) 44 H(7c) 533 (6) 466 (4) 156 (3) 119 (22)
P(11) 29906 (10) -10851 (6) 12935 (4) 43 H(8a) 243 (6) 252 (3) 234 (2) 44 (14)
N(1) 1013 (3) 1338 (2) 1011 (1) 52 H(8b) 397 (8) 254 (5) 165 (3) 239 (27)
N(2) 799 (4) 3474 (2) 770 (1) 67 H(8c) 423(7) 232(5) 246 (3) 140 (22)
N(3) 1744 (3) 4578 (2) 1706 (1) 56 H(9%a) 202 (7) 692 (4) 293 (2) 143 (21)
N(4) 2499 (4) 4361 (3) 2873 (1) 69 H(9b) 98 (5) 647 (3) 243 (2) 99 (15)
N(5) 1272 (3) 5187 (2) 3940 (1) 43 H(%¢) 36(5) 698 (3) 310 (2) 69 (12)
N(6) 3567 (3) 3860 (2) 4499 (1) 48 H(10a) -89 (5) 408 (3) 332 (2) 79 (14)
N(7) 4232 (3) 1731 (2) 4590 (1) 43 H(10b)  -159(6) 517 (4) 332 (2) 97 (21)
N(8) 4173 (3) 874 (2) 3464 (1) 47 H(10c) -98 (5) 479 (3) 270 (2) 88 (14)
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atom x y z Ueg/ Usso atom x y z U/ Uiso
N(9) 4207 (3) -1063 (2) 2959 (1) 54 H(11a) 156 (5) 550 (3) 526 (2) 81 (13)
N(10) 4242 (3) -652 (2) 1705 (1) 56 H(11b) 331 (6) 576 (3) 519 (2) 88 (14)
N(11) 2805 (3) -434 (2) 650 (1) 48 H(llc) 201 (4) 651 (3) 487 (2) 72 (11)
C(1) 1980 (7) 1023 (4) 262 (2) 66 H(12a) 489 (4) 535 (3) 354 (2) 69 (12)
C(2) 4258 (5) 1482 (3) 561 (2) 57 H(12b) 425 (4) 638 (3) 376 (2) 71 (11)
C(3) -1749 (6) 2361 (5) 572 (3) 91 H(12¢) 540 (5) 556 (3) 414 (2) 74 (12)
C(4) -974 (7) 2539 (4) 1813 (3) 74 H(13a) 294 (5) 262 (3) 572 (2) 67 (12)
C(5) -197 (6) 5618 (4) 918 (2) 69 H(13b) 133 (5) 316 (4) 557 (2) 91 (15)
C(6) 3040 (6) 4863 (4) 461 (2) 63 H(13c¢) 158 (4) 199 (3) 556 (2) 71 (1)
C(7) 4974 (6) 4665 (6) 1957 (3) 97 H(14a) 154 (6) 245 (4) 389 (2) 86 (17)
C(8) 3562 (8) 2716 (4) 2124 (3) 89 H(14b) 76 (4) 190 (3) 439 (1) 64 (10)
C(9) 1111 (8) 6485 (3) 2861 (2) 79 H(14¢) 28 (4) 307 (3) 433 (2) 70 (10)
C(10) -867 (6) 4778 (5) 3126 (3) 77 H(15a) 639 (5) ~-14 (3) 446 (2) 74 (14)
C(11) 2374 (6) 5806 (3) 4982 (2) 56 H(15b) 736 (5) 8 (3) 385 (2) 82 (12)
C(12) 4548 (5) 5666 (3) 3886 (2) 57 H(15¢) 755 (5) 64 (3) 442 (2) 77 (13)
C(13) 2088 (6) 2636 (4) 5479 (2) 62 H(16a) 542 (6) 299 (4) 336 (2) 117 (17)
C(14) 1177 (5) 2538 (3) 4251 (2) 56 H(16b) 697 (5) 261 (3) 379 (2) 88 (13)
C(15) 6766 (5) 355 (4) 4194 (2) 62 H(16¢) 689 (4) 212 (3) 321 (2) 65 (10)
C(16) 6247 (6) 2386 (3) 3545 (2) 61 H(17a) 367 (6) ~-116 (4) 431 (2) 105 (20)
c(17) 2732(9) ~-871 (5) 4130 (2) 84 H(17b) 214 (6) -33 (4) 438 (2) 112 (19)
C(18) 1353 (6) 251 (5) 3111 (3) 81 H(17¢) 223 (6) ~-141 (4) 407 (2) 107 (18)
C(19) 6363 (7) ~2250 (4) 2215 (3) 80 H(18a) 150 (7) 58 (4) 277 (3) 108 (24)
C(20) 6691 (5) -10 (4) 2260 (2) 66 H(18b) 63 (5) -39 (4) 311 (2) 97 (14)
c(2n 3615 (7) 2438 (3) 1085 (2) 68 H(18¢) 76 (5) 74 (4) 333 (2) 88 (15)
C(22) 1022 (5) ~-1148 (4) 1720 (2) 69 H(1%a) 564 (6) -283 (4) 230 (2) 111 (19)
H(la) 108 (6) 60 (4) -33(2) 110 (17) H(19b) 690 (5) -226 (3) 177 (2) 94 (16)
H(1b) 189 (4) 174 (3) -36 (2) 70 (12) H(19¢) 707 (6) -237 (4) 253 (2) 107 (16)
H(1c) 277 (5) 74 (3) ~-52 (2) 70 (12) H(20a) 626 (5) 74 (4) 227 (2) 103 (15)
H(2a) 470 (5) 139 (3) 96 (2) 78 (13) H(20b) 735 (6) =27 (3) 257 (2) 94 (15)
H(2b) 498 (5) 121 (3) 27 (2) 76 (13) H(20¢) 730 (4) -2(3) 187 (2) 71 (11)
H(2¢) 402 (4) 226 (3) 48 (2) 79 (11) H(21a) 469 (5) -249 (3) 87 (2) 77 (13)
H(3a) ~-126 (4) 231 (3) 13 (2) 64 (10) H(21b) 353 (5) ~-284 (3) 142 (2) 75 (15)
H(3b) ~235 (6) 170 (4) 72 (2) 116 (18) H(21¢) 293 (6) ~267 (4) 88 (2) 105 (18)
H(3¢) ~242 (6) 297 (4) 57 (2) 112 (17) H(22a) 64 (5) -38 (4) 178 (2) 87 (14)
H(4a) -21 (8) 244 (5) 207 (3) 158 (27) H(22b) 49 (6) ~-149 (4) 151 (2) 95 (19)
H(4b) ~-167 (6) 308 (4) 180 (2) 103 (18) H(22¢) 108 (4) ~-150 (3) 210 (2) 62 (10)
(NPMe,),,
atom x y z Uea/ Uiso atom x y z Ued/ Usso
P(1) 22973 (6) 10867 (4) 32304 (4) 44 H(3a) ~-185 (3) 154 (3) 95 (3) 69 (8)
P(2) 2657 (6) 25589 (4) 24141 (4) 39 H(3b) -218 (4) 162 (3) 209 (3) 90 (10)
P(3) 19787 (6) 30331 (4) 9029 (4) 39 H(3¢) -256 (5) 281 (4) 177 (3) 119 (13)
P(4) 28008 (5) 54708 (4) 11305 (3) 34 H(4a) 130 (4) 388 (3) 428 (3) 91 (10)
P(5) 58159 (5) 67972 (4) 28371 (4) 37 H(4b) =25 (5) 427 (4) 374 (3) 109 (12)
P(6) 48424 (5) 76332 (4) 49683 (4) 37 H(4c) -50 (3) 319 (3) 420 (2) 77 (8)
N(1) 1082 (2) 1380 (2) 2366 (1) 49 H(5a) =-37(7) 195 (5) ~-46 (4) 135 (19)
N(2) 1010 (2) 3380 (2) 1889 (2) 48 H(5b) 147 (5) 148 (4) ~-64 (3) 117 (16)
N(3) 2107 (2) 4047 (1) 432 (1) 41 H(5¢) 102 (4) 98 (3) -7(3) 88 (9)
N(4) 4537 (2) 5701 (2) 1923 (1) 43 H(6a) 461 (4) 357 (3) 207 (3) 104 (11)
N(5) 5224 (2) 7768 (2) 3896 (1) 42 H(6b) 391 (4) 204 (3) 153 (3) 89 (10)
N(6) 6323 (2) 7812 (2) 5948 (1) 45 H(6¢) 452 (5) 251 (3) 79 (3) 105 (12)
C(1) 1144 (4) 579 (4) 4029 (4) 91 H(7a) 374 (3) 567 (2) -32(2) 58 (6)
C(2) 3157 (5) -238 (3) 2435 (3) 86 H(7b) 183 (3) 590 (2) =37 (2) 56 (6)
C(3) -1833 (3) 2003 (4) 1724 (3) 73 H(7¢) 323 (3) 695 (3) 49 (2) 63 (7)
C(4) 193 (4) 3616 (2) 3824 (2) 61 H(8a) 104 (3) 591 (2) 237 (2) 65(7)
C(5) 998 (6) 1649 (3) =271 (3) 80 H(8b) 175 (4) 703 (3) 228 (2) 73 (9)
C(6) 3968 (3) 2705 (3) 1346 (4) 75 H(8¢) 50 (3) 619 (2) 140 (2) 55 (6)
C(7) 2890 (3) 6071 (2) 110 (2) 48 H(%a) 595 (4) 809 (3) 196 (2) 71 (9)
C(8) 1346 (3) 6278 (2) 1907 (2) 48 H(9b) 760 (5) 834 (4) 278 (3) 108 (12)
C(9 6730 (4) 7694 (3) 2239 (2) 60 H(9¢) 714 (4) 721 (3) 154 (3) 95 (10)
C(10) 7460 (3) 6055 (3) 3250 (2) 64 H(10a) 703 (4) 550 (3) 356 (3) 95 (11)
C(11) 3422 (3) 8709 (3) 5454 (2) 59 H(10b) 792 (5) 564 (4) 253 (3) 117 (12)
C(12) 3737 (4) 6155 (3) 4623 (3) 61 H(10¢) 813 (6) 657 (4) 365 (4) 137 (16)
H(la) 42 (5) ~-17 (4) 352 (3) 104 (12) H(11a) 394 (3) 952 (2) 556 (2) 54 (6)
H(1b) 202 (6) 30(4) 431 (4) 128 (15) H(11b) 245 (4) 844 (3) 487 (2) 71 (8)
H(lc) 39 (6) 143 (5) 455 (4) 138 (19) H(11¢) 310 (4) 874 (3) 602 (3) 84 (9)
H(2a) 242 (5) ~-80 (4) 176 (4) 118 (14) H(12a) 435 (4) 561 (3) 439 (3) 74 (9)
H(2b) 379 (5) 7 (4) 205 (3) 109 (16) H(12b) 339 (%) 619 (3) 527 (2) 69 (8)
H(2¢) 397 (7) ~-58 (5) 278 (4) 179 (19) H(12¢) 282 (4) 594 (3) 407 (3) 81 (9)

of alkylation of (NPF;),, appears to be very slow, the reaction
of the decamer being particularly difficult to bring to completion.
The possibility that both these features have a steric origin lends
further point to the structure determinations.

Structures of (NPMe;), ;. Stereoscopic views of the molecules
(NPMe,)s-15 are shown in Figures 2 and 3. The molecules are
separated by normal van der Waals distances (Table XII), there
being no evident systematic relation between the intermolecular

interactions and ring conformation. On the other hand, the di-
methylphosphazenes (NPMe;,)q 1, are distinguished from the lower
members of the series by their transannular Me:-Me interactions,
which often have a decisive effect on conformation. The qualitative
similarity between the series of melting points of the dimethyl-
siloxanes and the halogenophosphazenes noted by Dale® is found

(35) Dale, J. Angew. Chem., Int. Ed. Engl. 1966, 5, 1000.
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Table VIII. Intraannular Torsion Angles (deg) Standard Deviations in Parentheses

atoms value, deg atoms value, deg
(NPMey), (NPMey),,

N(9)-P(1)-N(1)~-P(2) -42.1 (5) N(11)-P(1)-N(1)-P(2) -164.3 (2)
N(1)-P(1)-N(9)-P(9) -95.7 (5) N(1)-P(1)-N(11)-P(11) -45.0 (3)
N(2)-P(2)-N(1)-P(1) 165.8 (4) N(2)-P(2)-N(1)-P(1) -38.5 (3)
N(1)-P(2)-N(2)-P(3) 46.1 (5) N(1)-P(2)-N(2)-P(3) -111.5 (4)
N(3)-P(3)-N(2)-P(2) -112.9 (4) N(3)-P(3)-N(2)-P(2) 26.1 (4)
N(2)-P(3)-N(3)-P(4) -40.3 (6) N(2)-P(3)-N(3)-P(4) 69.1 (4)
N(4)-P(4)-N(3)-P(3) 128.6 (4) N(4)-P(4)-N(3)-P(3) -169.7 (3)
N(3)-P(4)-N(4)-P(5) 21.8 (4) N(3)-P(4)-N(4)-P(5) -14.9 (4)
N(5)-P(5)-N(4)-P(4) 176.7 (3) N(5)-P(5)-N(4)-P(4) -172.1 (3)
N(4)-P(5)-N(5)-P(6) 38.5 (4) N(4)-P(5)-N(5)-P(6) 31.6 (3)
N(6)-P(6)-N(5)-P(5) 63.3 (4) N(6)-P(6)-N(5)-P(5) -84.9 (2)
N(5)-P(6)-N(6)-P(7) 429 (6) N(5)-P(6)-N(6)-P(7) -29.1 (3)
N(7)-P(7)-N(6)-P(6) -118.6 (5) N(7)-P(7)-N(6)-P(6) 158.5 (2)
N(6)-P(7)-N(7)-P(8) -29.8 (4) N(6)-P(7)-N(7)-P(8) -66.4 (2)
N(8)-P(8)-N(7)-P(7) -160.2 (3) N(8)-P(8)-N(7)-P(7) -65.0 (2)
N(7)-P(8)-N(8)-P(9) -33.4 (5) N(7)-P(8)-N(8)-P(9) =727 (3)
N(9)-P(9)-N(8)-P(8) -67.8 (5) N(9)-P(9)-N(8)-P(8) -101.0 (3)
N(8)-P(9)-N(9)-P(1) 62.8 (5) N(8)-P(9)-N(9)-P(10) -44.1 (3)

_ _ _ N(10)-P(10)-N(9)-P(3) -70.9 (3)
N(18)-P(10)-N(10)-P(11) -27.8 (4)
N(10)-P(10)-N(18)-P(18) Z115.6 (4) N(9)‘PI(,1°{‘N(1°)‘PI(,“) -67.5 (3)
N(11)-P(11)-N(10)-P(10) -174.0 (3) N(“)‘P“ )‘N“O)‘P“O) 1673 (3)
N(10)-P(11)-N(11)-P(12) -34.2 (4) N(10)-P(I11)-N(11)-P(1) —1.9(3)
N(12)-P(12)-N(11)-P(11) -64.0 (4) (NPMey),,
N(11)-P(12)-N(12)-P(13) -41.8 (6) N(6)-P(1)-N(1)-P(2) -37.1 (2)
N(13)-P(13)-N(12)-P(12) 121.3 (5) N(1)-P(1)-N(6Y-P(6) -179.4 (1)
N(12)-P(13)-N(13)-P(14) 24.7 (5) N(2)-P(2)-N(1)-P(1) 100.9 (2)
N(14)~-P(14)-N(13)-P(13) 160.3 (3) N(1)-P(2)-N(2)-P(3) 27.8 (2)
N(13)-P(14)-N(14)-P(15) 48.7 (4) N(3)-P(3)-N(2)-P(2) 164.89 (13)
N(15)-P(15)-N(14)-P(14) 49.3 (4) N(2)-P(3)-N(3)-P(4) 54.8 (2)
N(14)-P(15)-N(15)-P(16) -159.4 (11) N(4)-P(4)-N(3)-P(3) 50.0 (2)
N(16)~P(16)-N(15)-P(15) -143.3 (12) N(3)-P(4)-N(4)-P(5) -175.6 (2)
N(15)~P(16)-N(16)-P(17) -358(5) N(5)-P(5)-N(4)-P(4) 54.6 (2)
N(17)-P(17)-N(16)-P(16) -64.8 (4) N(4)-P(5)-N(5)~P(6) 757 (2)
N(16)~P(17)-N(17)-P(18) -74.3 (5) N(6)-P(6)-N(5)-P(5) 80.5 (2)
N(18)-P(18)-N(17)-P(17) 165.8 (4) N(5)-P(6)-N(6)-P(1) 61.6 (2)
N(17)-P(18)-N(18)-P(10) 37.2(5)

(NPMe,),o

N(1)’-P(1)-N(1)-P(2) 107.0 (4)
N(2)-P(2)-N(1)-P(1) 56.6 (5)
N(1)-P(2)-N(2)-P(3) 73.1 (5)
N(3)-P(3)-N(2)-P(2) 157.5 (4)
N(2)-P(3)-N(3)-P(3)” 52.25 (15)

also for the dimethylphosphazenes (Figure 4) and probably de-
pends on common features of the bonding in and between mol-
ecules and on the steric simplicity of the exocyclic groups. The
inference that the detailed molecular structures might also cor-
respond is supported by the redetermination® of the structure of
(OSiMe,)s and its comparison!®® with (NPMe,);; the present study
of the conformations of the dimethylphosphazenes provides a basis
for understanding the structures of both series.

The methods of molecular mechanics have been useful in in-
terpreting and predicting the structures of cycloalkanes and other
organic compounds, but their application to phosphazenes has not
been notably successful; in the structure calculated to be of lowest
energy,’’ the four nitrogen atoms of (NPCl,), are coplanar, a
conformation that has never been found for tetrameric phos-
phazenes and that, with experimental bond angles, would bring
the centers of two chlorine atoms on each side of the molecule
within 2.6 A of each other. Our own calculations?® show that such
a conformation is stable only if the bond angles are much larger.
Calculations that include only Coulomb and nonbonded inter-
actions (Lennard-Jones and Devonshire 6-12 potential) within
a phosphazene fragment have been used to discuss the local
conformations of the four angular groups meeting at phosphorus
in the cyclic methoxyphosphazenes,® with results that agree with

(36) Paddock, N. L.; Rettig, S. J,; Trotter, J. Can. J. Chem. 1983, 6/, 541.

(37) Boyd, R. H.; Kesner, L. J. Am. Chem. Soc. 1977, 99, 4248.

(38) Oakley, R. T.; Mitchell, K. A. R.; Paddock, N. L., unpublished
results.

(39) Dougill, M. W.; Paddock, N. L. J. Chem. Soc., Dalton Trans. 1974,
1022.

Table XII. Intermolecular Me:--Me Contacts <4 A for (NPMe,)s_,
(NPMe,)q

C(5):-:C(26)° 3943 (9)  C(13---.C(32)®  3.937 (10)
C(6)---C(34)*  3.792(8) C(14)---C(29)¢  3.876 (8)
C(7)---C(24)°  3.805 (8)  C(18)---C(25)¢  3.893 (7)
C(9):+-C(26)°  3.863 (8)
(NPMey)yo
C(1)---C(4)  3.755(7) C(3)---C(4y 3924 (8)
(NPMey)y,
C(2)--C(3)¢  3.577(6) C(10)---C(16)'  3.999 (7)
C(2)---C(21)" 3970 (7)  C(11)---C(14))  3.744 (6)
C(4):--C(20)'  3.898 (7)  C(11)---C(12)"  3.977 (6)
C(6)-+-C(6Y 3.658 (8)  C(13).--C(15)"  3.824 (6)
C(6)---C(21)*  3.806 (6) C(15)---C(17)"  3.797 (7)
C(9)---C(22)*  3.741 (6) C(20)---C(22)¢  3.828 (6)
(NPMey),,
C(1).--C(11)°  3.885 (4) C(3)--C(6))  3.669 (4)
C(2)-+-C(5)» 3.930 (5) C(4)---C(4))  3.597 (5)
C(2)--C(9)°  3.966 (4) C(5)---C(9Y  3.801 (4)

“PSymmetry operations: °xp.z - . 2l-xl+pz-1. ‘xpz
dx1+y,z-1. *xy-lz. /Y/y=x,p-1/pz. Sl+xpz *"l-x-y-z. 'x-
Ly,z. Jl=x,1=p,=z. *x,1+y,z. ‘=x1-p,1-z. "1-x,1-p,l-z. "l-x,-

yl=z. °xy-1,z. P=x,~y,~z.

more detailed calculations*® and with the determined structures*#!
of related molecules, and to relate conformation and configuration
in oxophosphazanes;*? they also reproduce the skeletal confor-

(40) Stolevik, R. Acta Chem. Scand., Sect. 4 1974, A28, 327.
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Figure 2, Stereoscopic views of (NPMe,)g: (a) molecule 1, (b) molecule 2.

mations found in the phosphazene high polymers and their flex-
ibility.*

The local conformations of the dimethylphosphazenes can be
understood qualitatively in terms of interactions within an
Me,P(NP), unit (Figure 5). The interactions of an outer P atom
with the central PMe,N group have approximate 3-fold symmetry,
staggered conformations (G and T) being preferred, as in cy-
cloalkanes. The torsion angles about a pair of P-N bonds meeting
at phosphorus are then correlated through interactions of the outer
P atoms. Conformations Sd-f are of high energy, 5d,e because
the P~N bonds are eclipsed and Sf because of repulsive P---P
interactions. Calculations using a range of potential constants
show that the energy of the GG conformation (5a), usually lower
than that of GT (5b), is raised by polar interactions, which also
brings the region of stability closer to CT (S¢). Further detail
on the conformation of two angular groups attached to phosphorus
is given elsewhere.’®

The experimental results on (NPMe,)s ¢ are fairly well re-
produced by the potential diagram of Figure 5. In these molecules,
the GG and GT conformations are almost equally numerous. The
plot is conceptually useful but numerically limited, because of the
drastic averaging of the effects of torsion about the outer P-N
bond and because the bond angle at nitrogen is large and variable
(122-156°, mean 135°). As the torsion angle approaches 180°,
it loses its meaning and its conformational control. Consequently,
although the two groups of conformations are distinct, the angular

(41) Boonstra, L. H.; Mijlhoff, F. C.; Renes, G.; Spelbos, A. J. Mol.
Struct. 1975, 28, 129.

(42) Bullen, G. J.; Williams, S. J.; Paddock, N. L.; Patmore, D. J. Acta
Crystallogr., Sect. B 1981, B37, 607.

(43) (a) Allcock, H. R.; Allen, R. W.; Meister, J. J. Macromolecules 1976,
9, 950. (b) Allen, R. W.; Allcock, H. R. Macromolecules 1976, 9, 956.

correlation between 7,7, is weak, the mean values for (NPMe,);s_5
(plotted in Figure 5) being 46 + 21°, 74 £ 5° (GG) and 30 =
20°, 191 £ 29° (GT). The distinction is weakest in the octamer,
in which the angle at nitrogen is greatest and, as discussed below,
disappears in the nonamer, which is large enough for transannular
Me:--Me interactions to be decisive.

One general feature of the conformations of the whole molecules
can be better seen from a different point of view. Figures 2 and
3 show that the molecules are compact, the ring atoms being folded
in toward the center, so that the covering methyl groups are
separated by normal van der Waals distances. The extent of the
folding can be characterized as shown in Figure 6 for a phosphorus
atom. The angle of fold is taken to be the angle between the
normals to the planes CNN’, NN’P, C being the molecular
centroid, and analogously for the nitrogen atoms. The mean
absolute values for each ring size are shown in Figure 7. The
mean angles of fold of both nitrogen and phosphorus increase
(irregularly) with ring size. The general variation is a result of
the increasing number of transannular interactions in the larger
molecules, which are thereby made more compact.

In the limit of P-N-P linearity, the nitrogen atoms would have
no effect on conformation. If they are ignored, as a simplifying
assumption, the conformation depends on two parameters, the P-P
distance and the distance from a phosphorus center to the pe-
riphery of the methyl group. If a conventional van der Waals
radius is used for the methyl group, (P-CH;)/(P-P) is 1.31,
compared with (C-H)/(C-C) = 1.49 in hydrocarbons. If these
numbers were the same, similar conformations would be expected
in the two series, and, as will be seen below, they are close enough
to support a direct relationship between the cycloalkane and the
dimethylphosphazene structures. Differences arise because the
ratio of distances is somewhat smaller in the phosphazenes, so that
those interactions that are repulsive in hydrocarbons are normally
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Figure 3. Stereoscopic views of (a) (NPMe,)q, (b) (NPMe,),;, and (c) (NPMe,),,.

attractive in dimethylphosphazenes of the same conformation; as local conformations at P (Figure 5a—c) and (2) attractive intra-
ring size increases, the possible conformations become more molecular interactions between methyl groups on different
diverse, and systematic structural differences between the two phosphorus atoms. As discussed below for the individual mole-
series appear. We can, then, recognize two interconnected factors cules, the second factor increases in importance with increase in

which control conformation: (1) The attainment of low-energy ring size.
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Figure 6. Definition of fold angle [in (NPMe,)¢] (see text).

In terms of the P-P framework, the structure of (NPMe,)¢!*
is chair-shaped (Figure 6), like cyclohexane, but only the center
of symmetry of D, is retained. The structure is skewed to ac-
commodate the angles at nitrogen, so that the axial P-C bonds
are not parallel, but the qualitative similarity of the structures
seems significant. Although the detailed structure of cycloheptane
is unknown, calculations,* vibrational spectra,*’ and the NMR

(44) (a) Hendrickson, J. B. J. Am. Chem. Soc. 1967, 89, 7036. (b) Bocian,
D. F.; Pickett, H. M., Rounds, T. C.; Strauss, H. L. J. Am. Chem. Soc. 1975,
97, 687. (c) Bocian, D. F.; Strauss, H. L. J. 4m. Chem. Soc. 1977, 99, 2876.
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spectra of fluorocycloheptanes*® show that the twist-chair (sym-
metry C,) is the most stable, the energy of the chair form (C)
being about 1.4 kcal/mol higher. The C, conformation is also
found in a cycloheptanone peroxide*” and the chair form in the
hexamethyleneammonium ion.** (NPMe,); has C, symmetry
and the twist-chair conformation,!®® the torsion angles about
successive P-P vectors, starting at the unique phosphorus atom,
being —42.5°, 62.7°, -97.3°, and 49.8°; the corresponding angles
calculated for cycloheptane®? are -54.3°, 72.3°, -88.1°, and 39.1°,

The structure of (NPMe,);!% is also related to those of
eight-membered rings. For cyclooctane itself, the form of lowest
energy is calculated****® to be the chair-boat, though the energies
of the crown and double-tub forms are not much higher. Ex-
perimentally, several conformations occur in the vapor®® and, in
solution, the chair-boat is accompanied by some of the crown
form.! Among heterocyclic compounds, 1,3,5,7-tetrathiocane
(CH,S), adopts the chair-boat conformation® although the
analogous 1,3,5,7-tetraoxocane has the crown conformation.’3
Clearly these two conformations are energetically close together,
and calculations show that the crown is favored as repulsive
interactions diminish. In (NPMe,)s, the crown conformation
found for the phosphorus atoms appears to be stabilized by the
attractive CHy. - .CHj interactions (3.8, 4.0 A) and by the oc-
currence of the stable GG and GT local conformations of suc-
cessive PN,P, segments.

The correspondence between the structures of phosphazenes
and hydrocarbons is weaker in (NPMe,),, but the principle on
which it is based, that of the secondary importance of the steric
interactions of the nitrogen atoms, is not lost. The crystallographic
asymmetric unit of (NPMe,), consists of two independent mol-
ecules with different conformations, shown in Figure 8. The two
conformations are similar over the 10-atom ranges P(2)N(2)P-
(3)-+-P(6)N(6) and P(11)N(11)P(12)---P(15)N(15). The con-
formation of molecule 2 (Figure 8b) is obtained from that of
molecule 1 by making the three displacements shown in Figure
8a: outward and inward rotations, respectively, of the PMe, groups
at P(7) and P(8) and a smaller inward rotation at P(2). The
movement is made possible by the easy deformability of the angles
at nitrogen [PNP increases from 142.5° at N(6) to 155.7° at
N(15)], and a different network of Me---Me interactions results.
In molecule 1, the shortest such distance is 3.62 A [C(1)C(17)],

(45) Bocian, D. F.; Strauss, H. L. J. Am. Chem. Soc. 1977, 99, 2866.

(46) Roberts, J. D. Chem. Br. 1966, 529.

(47) Groth, P. Acta Chem. Scand. 1964, 18, 1801.

(48) Cameron, T. S.; Scheeren, H. W. J. Chem. Soc., Chem. Commun.
1977, 939.

(49) (a) Wiberg, K. B. J. Am. Chem. Soc. 1965, 87, 1070. (b) Bixon, M;
Lifson, S. Tetrahedron 1967, 23, 769. (c) Allinger, N. L.; Tribble, M. T.;
Miller, M. A.; Wertz, D. H. J. Am. Chem. Soc. 1971, 93, 1637.

(50) Almenningen, A.; Bastiansen, O.; Haaland, A.; Seip, H. M. 4ngew.
Chem., Int. Ed. Engl. 1965, 4, 819.

(51) Anet, F. A. L.; Basus, V. J. J. Am. Chem. Soc. 1973, 95, 4424,

(52) Frank, G. W.; Degen, P. J. Acta Crystallogr., Sect. B 1973, B29,
1815.

(53) Chatani, Y., Uchida, T.; Tadokoro, B.; Hayashi, K.; Nishi, M.; Ok-
amura, S. J. Macromol. Sci., Phys. 1968, B2, 567.
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Figure 8. (NPMe,)s: (a) molecule 1, (b) molecule 2. The common conformational fragment is shaded. Dotted lines join methyl groups separated
by intraannular distances of 4.0 A or less. The arrows show the movements required to convert molecule 1 to molecule 2.

Table XIII. Torsion Angles (deg) about P-P Vectors in (NPMe,)s**

vector P(1)P(2) P(2)P(3) P(3)P(4) P(4)P(5)
molecule 1 125 -79 79 -133
vector P(10)P(11) P(11)P(12) P(12)P(13) P(13)P(14)
molecule 2 115 -88 89 -130

P(5)P(6) P(6)P(7) P(7)P(8) P(8)P(9) P(9)P(1)
101 -6 148 -79 -68
P(14)P(15) P(15)P(16) P(16)P(17) P(17)P(18) P(18)P(10)
100 -69 143 -80 -65

¢ Mean difference between corresponding torsion angles 5°. ®The torsion angles about the N-N vectors are less regular; the mean difference

between corresponding angles is 24°,

with 10 contacts at 4.00 A or less, and there are eight more in
the range 4.01-4.50 A. In molecule 2, the shortest Me:--Me
distance is 3.56 A [C(34)C(35)], and there are again 18 contacts
less than 4.50 A, eight at 4.00 A or less. The transannular contacts
(five for each conformer) are shown in Figure 8. Remarkably,
the different dispositions of the nitrogen atoms and methyl groups
leave the basic conformation of the phosphorus atoms qualitatively
unchanged; Table XIII shows that the sequence of signs of the
torsion angles about successive P-P vectors is the same for each.

The comparison with hydrocarbon structures is less simple than
for the earlier members of the series. Some stereochemical
complication is to be expected at cyclononane, because its ther-
mochemical strain energy, which reflects both the deviations from
ideal local conformations and the transannular repulsions between
hydrogen atoms, is (with that of cyclodecane) the largest of the
cycloalkane series.** Calculations have shown that there are at
least four low-energy forms within an energy range of at most
3.9 kcal/mol, here denoted by A (twist-boat—chair, D,),4424%0:55
B (unsymmetrical twist-chair~boat, ideally C,),44*4%<35 C (un-
symmetrical, labeled [234])%), D (unsymmetrical, labeled cyclo-
nonane [1*%), The four conformations differ in the relative signs
of their torsion angles, and the relative energies of A and B are
critically dependent on the assumed van der Waals radius of the
hydrogen atom.** Although the structure of cyclononane itself
has not been determined by diffraction methods, conformation
A is found crystallographically®® for trimeric acetone peroxide
and by NMR for cyclononane and its methyl derivatives’’ and
B crystallographically in cyclononylamine hydrobromide® and
in octamethyleneammonium tosylate*® (greater departure from
C; symmetry). Forms C and D have energies intermediate be-
tween those of A and B, and C has been found spectroscopically
in 1,4,7-trioxacyclononane.’® Form D is found, uniquely so far,
in the phosphorus skeleton of (NPMe,),, which therefore corre-
sponds to one of the lower energy forms available to cyclononane.
Conformations B and D are in fact closely related, being inter-

(54) Cox, J. D.; Pilcher, B. “Thermochemistry of Organic and Organo-
metallic Compounds”; Academic Press: London, 1970.

(55) Dale, J. Acta Chem. Scand. 1973, 27, 1115.

(56) Groth, P. Acta Chem. Scand. 1969, 23, 1311.

(57) Anet, F. A. L.; Wagner, J. J. J. Am. Chem. Soc. 1971, 93, 5266.
Borgen, G.; Dale, J. J. Chem. Soc. D 1970, 1105.

(58) Bryan, R. F.; Dunitz, J. D. Helv. Chim. Acta 1960, 43, 3.

(59) Borgen, G.; Dale, J.; Anet, F. A. L.; Krane, J. J. Chem. Soc., Chem.
Commun. 1974, 243.

Figure 9. (NPMe,),,: Short intraannular Me---Me distances dotted.
The axial methyl groups exhibit approximate pentagonal symmetry; one
of two sets is shaded.

converted by changing the signs of two adjacent torsion angles,
about P(2)-P(3), P(3)-P(4) and P(11)-P(12), P(12)-P(13),
respectively. Form D allows the attractive transannular inter-
actions C(9)-C(16) and C(22)-C(27).

In contrast to the nonamer, (NPMe,),q has a remarkably
regular structure (Figure 9), which is different from, but directly
related to, that of cyclodecane. The conformation of the hy-
drocarbon® is of the “diamondoid” type®' and persists in a suf-
ficient number of its derivatives to show that the skeletal con-
formation is intrinsically stable; it is shown in Figure 10a. Itis
slightly distorted to accommodate the close approach (1.93 A)
of three hydrogen atoms on each side of the molecule. In the
crystal, (NPMe,);o has the same symmetry as cyclodecane (C;),
but, because the dominant interactions are now attractive, the
conformation is different. It is related to that of (NPMe,)!%® in
that the methyl groups are sharply divided into equal axial and
equatorial sets. In the octamer, all the equatorial methyl groups
are directed outward; in the decamer, two [C(2), C(2”)] are
directed inward, thereby increasing the number of Me::-Me
contacts. The relationship to the cyclodecane structure is shown
in Figure 10; as the PMe, groups are turned inward (C,, symmetry

(60) Dunitz, J. D. In “Perspectives in Structural Chemistry”; Dunitz, J.
D., Ibers, J. A., Eds.; Wiley: New York, 1968; Vol. 11, Chapter 1.
(61) Dale, J. J. Chem. Soc. 1963, 93.
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Figure 10. The deformation of the skeletal structure of cyclodecane into that of (NPMe,),o with a short central transannular distance, through an

intermediate of symmetry Ds,.

Figure 11. (a) (NPMe,),,, showing transannular Me---Me contacts and
(shaded) the nine-atom skeletal fragment referred to in the text. (b) The
hypothetical structure with 2-fold symmetry (see text).

being preserved), the structure goés through a stage exhibiting
full 5-fold symmetry (Figure 10b), and then, as the deformation
is continued (Figure 10c), the exocyclic groups are folded in toward
the center, creating a particularly short transannular contact [3.26
A in (NPMe,);o]. There are nine internal short contacts (mean
3.84 A), as shown in Figure 9. To these can be added the contacts
within the two sets of five axial methyl groups, mean 4.30 A
(Figure 9). Each set exhibits close to pentagonal symmetry; the
whole molecule is the most compact of the series.

The structure of (CH,);; is unknown. The undecamer
(NPMe,),; has an unsymmetrical structure, which is nevertheless
related to the other phosphazene structures. The nine skeletal
atoms N(9)P(10)N(10)P(11)N(11)P(1)N(1)P(2)N(2) (Figure
11a) are related by an approximate 2-fold axis, and this ar-
rangement of atoms is found also in (NPMe,),!* and (NPMe,),,,
in both of which the 2-fold axis is exact, and also, as discussed
below, in (NPMe,),,, in which it is approximate. This structural
motif owes its stability to the pair of consecutive GT local con-
formations at P(1),P(11) [in (NPMe,);]. If the whole molecule
had a 2-fold axis through N(11)P(6), it would have the plausible
structure of Figure 11b, in which all the local conformations are
of low energy. The real structure can be regarded as formed from
it by folding in the segment P(3’) to P(5’), so that C(8) forms
close contacts with C(2), C(4), C(16), C(18), and C(20) (mean
3.98 A). Of a total of 25 intramolecular contacts less than 4.5
A, 10 are less than 4.0 A.

The structure of the dodecamer (NPMe,);, has some con-
nections with that of cyclododecane,® in that the local confor-
mations of five of the phosphorus atoms and of all of the carbon
atoms are of low energy, being either of the GG or GT types [P(2)
has a conformation of higher energy). The global conformations
are also related. In the nomenclature of Dale,’ both cyclo-

(62) (a) Dunitz, J. D.; Shearer, H. M. M. Helv. Chim Acta 1960, 43, 18.
(b) Dunitz, J. D.; Weber, H. P. Helv. Chim. Acta 1964, 47, 1138.

b

Figure 12. (a) (NPMe,),,, showing transannular Me---Me contacts and
(shaded) the structural fragment found also (b) in (NPMe,),,. The
fragment P(4)..-P(5):--N(6) in (a) is a candidate repeating unit for a
high polymer structure.

dodecane and (NPMe,);, (phosphorus atoms only) have [4444)
conformations, square and rhomboidal, respectively, and for half
of each molecule the patterns of signs of displacements are the
same. The two halves are related by a 2-fold axis in the hydro-
carbon and a center of symmetry in the phosphazene. The
structure found for (NPMe,);, allows a close approach of C-
(12),C(12") (3.86 A), and the set of seven close Me:+-Me contacts
is shown in Figure 12a (mean 3.86 A); altogether, there are 27
intramolecular contacts less than 4.5 A, 15 less than 4.0 A. The
short transannular distance C(12)---C(12’) brings out the close
similarity to the structure of the decamer; the structure of the
dodecamer is obtained from that of the decamer by inserting the
C(1M)C(2YP(1)N(1”y and C(1)C(2)P(1)N(1) units of (NPMe,),,
with GT local conformations, between N(1”)P(2”) and N(1")P(2’)
of (NPMe,),o. The conformations are otherwise identical. There
is an equally close relationship with the structure of (NPMe,);
(as can be seen from a comparison of Figures 12a,b); the structure
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Table XIV. Mean Geometries of the Cyclic Dimethylphosphazenes (NPMe,),*
n
3 4 5 64 7 8 94 10 11 12 mean

P-N, A 1.606 (4) 1.596 (5) 1.596 (4) 1.593(5) 1.592(4) 1.590(10) 1.593(6) 1.592(6) 1.596(5) 1.596(5) 1.595(3)
P-C, A 1.810 (9) 1.805(3) 1.816(7) 1.808 (3) 1.804(7) 1.811(2) 1.808(7) 1.802(2) 1.811(2) 1.809(6) 1.808 (3)
NPN, deg 116.8 (7) 119.8¢ 118.7 (13) 118.3 (15) 117.1 (14) 117.2(21) 116.7 (22) 116.4 (22) 116.6 (21) 116.3 (22) 117.4 (9)
PNP, deg 122.6 (3) 132.0° 132.9 (14) 133.1 (29) 132.9 (15) 139.9 (84) 136.1 (43) 138.2(52) 134.8 (45) 132.8 (40) 133.5(30)
CPC, deg 102.6 (4) 104.1° 1043 (6) 1042 (5) 103.9(4) 103.5(9) 1042(8) 103.3(8) 104.2(9) 1047 (3) 103.9(5)
ref 19a 8 19b 19¢ 19d 19¢ b b b b

¢ Numbers in parentheses are mean deviations from the mean, in units of the last place, and are intended to show variability (rather than accuracy),
within a particular molecule. ®This work. ¢Bond lengths corrected by using parameters of ref 19b. ¢Two molecules/asymmetric unit. The mean
parameters of the two sets differ by less than 1o. ©Angles equal by symmetry.

70 ization. The expectation that not only will the angles be large
but also that the largest angles will be the most easily deformed
is confirmed by the numerical information of Table XIV. Since
45 - ° the angles are “soft”, their magnitudes are affected also by the
o s 0O nonbonded interactions, which are specific to a particular molecule,
o and the mean PNP angle consequently varies irregularly with ring
20 o size.
= 20 - The angles at phosphorus vary less, but more systematically.
] A . The mean CPC angle is nearly constant; except in (NPMe,);, all
b the mean values are within 0.7° of 104.0°. The NPN angles vary
50 - e e . less than the angles at nitrogen; after the trimer, they decrease
. ¢ steadily from 119.8° in (NPMe,), to 116.3° in (NPMe,);,. The
¢ cycloalkanes behave differently. Their calculated steric energies
30 . . are minimized at CCC angles which, like the thermochemical
strain energies,?** go through a maximum at C4H;5 or CHyg.
oL Where comparison is possible, there is good agreement with the
\ | | | | | | N (parenthesized) measured mean angles (in deg): C¢H,;,, 111.6%2
60 80 00 120 140 160 180 200 (111.6);% CoHyg; 117.2%2 (116.7);% C1yHyy, 112.6,%% (112.0).5%
T, (deg) This variation is part of the medium-ring effect. For medium-ring
. ) ) ] dimethylphosphazenes, typically (NPMe,),,, the deviations from
Figure 13. Correlation between torsion angles in (NPMej), (“Plff’) ans ideal NPN angles arising from steric interactions alone are ex-
(NPMey) 0.1, (lower). There are two additional points at 63°, 292 pected to be negative rather than positive, but they are affected

° ° 1 - . 3 . . .
E?(;gzrgfi)}l:r;?w;%Zs{rizlfjtio;dse(;;n::)s.OFd(:)rltSh‘f lg;’ i cli:&g;rg. 4t;1 lc;r; also by d-orbital interactions, whose angular effect is difficult to

172 + 13°, assess. Hartsuiker and Wagner!'* have recognized that the
symmetric interactions of dw-orbitals at phosphorus, which are
of (NPMe,),, is formed by the centrosymmetric duplication of indicated by the ionization energies,’ would tend to reduce the
the 12-atom segment N(8)P(9):--N(11)--:N(2)P(3) of (NPMe,) ;. NPN angle toward 90°, and they have discussed the structures
Finally, we consider intermolecular interactions, which, in view of (NPX,)s 5 (X = F, Cl, Br) in these terms. The absence of
of the flexibility of the molecules, might have a controlling effect exocyclic w-bonding in the longer dimethylphosphazene series
on conformation. Since they would make the molecule more makes it easier to estimate the effects of the d-orbital interactions.
compact, they would reinforce, and hence be difficult to distinguish If the s-orbitals at phosphorus are formed from two equivalent
from, the attractive intermolecular interactions already demon- pairs of s/p hybrids (molecular site symmetry C,,) the NPN
strated. The occurrence in the crystal of two independent mol- o-angle can be calculated from the exo angle. For all except the
ecules (NPMe,)¢ with identical conformations, and of two closely cyclically constrained trimer and the especially compact decamer,
related conformers of (NPMe,),, suggests that the intermolecular the actual mean value slightly exceeds this ideal angle, the excess
forces may be of secondary importance, perhaps altering the being [from (NPMe,); onward, deg] -1.4, 3.9, 3.1, 2.5,0.9, 04,
relative energies of the most stable conformations and stabilizing 0.9,-0.7,0.8, and 0.8. We draw attention to three features: (1)
those with the larger number of transannular interactions. m-Electron effects cause rather small deviations from expected
These first become significant at (NPMe,),, and the upper part o-angles. (2) The limiting value of the excess is small but positive
of Figure 13 shows that they are strong enough to destroy the and presumably corresponds to the mutual repulsion of bonding
division of the local conformations into GG and GT sets. However, w-electrons. (3) The excess is larger for the smaller, less folded,
as the ring size increases, the distinction reappears (Figure 13, molecules (n = 4-6), in which it is likely to reflect inequalities
lower), (NPMe,) o, being evidently large enough to meet the in pr—dr overlap, but is even then smaller than the (maximum)
requirements of both local and transannular stability. steric deviation in hydrocarbons. In the larger molecules, these
Mean bond lengths and bond angles are given in Table XIV. inequalities would be reduced or eliminated by the more even
The P-N and P-C bond lengths and the CPC bond angles are distribution of torsion angles.
remarkably constant. The NPN angles are more variable and The lengths of the P-C bonds are all within 0.008 A of 1.808
the PNP angles especially so, increasing sharply at (NPMe,); and A little variation is to be expected. In view of the greater com-
decreasing irregularly thereafter. The variability can be traced plexity of the P-N bonds, the similar constancy of their lengths
to the nature of the P-N bond. The nitrogen atom contributes requires some comment. To some extent, the effects of NPN and
to the w-bonding both directly, as in pyridine, and indirectly, PNP angles on the o-bonds compensate one another, the resultant
through partial delocalization of its formally unshared pair, which length being dependent principally on the electronegativity of the
thereby loses much of its stereochemical control; it contributes substituents. Correction for o-hybridization®® shows that the bond

less to the torsional barrier about the P-N bonds and allows the
PNP angle to increase. As it does so, improved overlap strengthens

the partial triple bond formed by the two mutually perpendicular (23) ga"is- M.(:}Hl{ls'sel,'o. ACCII?: C{__’em %""Cd; ,{49,63}-1 ’“7-11111'[{ - Pad
m-components. Lone-pair delocalization and w-bonding therefore doc(k 41)\1 Ao o :Sloli”;n’w,}o 'iSImSt’ -G Mitchell, B ARy Fac-
cooperate in increasing the angle at nitrogen, its magnitude being (65) Craig, D. P.; Paddock, N. L. In “Nonbenzenoid Aromatics™; Snyder,

limited by the energy requirements of the changes in o-hybrid- J. P, Ed.; Academic Press: New York, 1971; Vol. 2, p 273.
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Table XV. Infrared Spectra and NMR Parameters of (NPMe,),
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3 4 5 6 7 8 9 10 11 12
v, (PNP),¢ 1185° 1222, 1240% 1255° 1215, 1257 1207, 1255 1214, 1269 1214, 1240 1209, 1239 1197, 1227, 1185, 1228,
cm! (1185)? (1222) (1255) (1252) (1238) (1225, (1220, (1216, 1250 1250
1245) 1245) 1247) (1209, (1209,
1250) 1249)
8,,(CHy), 1424, 1426, 1415% 1428, 1428 1424 1418 1423 1421 1421 1421
cm! 1413% 1415%
6, (CHy*  1290% 12908 1290¢ 1287 1288 1288 1290 1287 1288 1286
cm®!
1298 1300 1300 1299 1299 1302 1309 1305 1304 1309
5y, ppm?  1.46 1.51 1.50 1.50 1.52 1.53 1.54 1.54 1.52 1.52
Jow. Hz 13,0 11.5 12.0 12.3 12.5 13.0 13.0 13.2 13.5 13.5
op, ppm®  21.8 12.2 5.8 3.2 2.8 2.1 26 2.9 2.6¢ 2.5¢
o, ppm*  23.5 22.3 22.1 22,6 22,6 226 22,6 22.7 22.61 22.6
Joc, Hz 942 98.4 98.0 94.3 96.0 90.3 90.0 90.1 89.3 89.7

21n Nujol; parenthesized values from dilute solutions in CCl,. ®References 30a, 33. ¢Dilute solutions in CCl;. ¢In CDCl;, internal reference
Me, Si. ¢In C¢Dq, external reference H;PO,. fCf. (NPFy),, n = 3,-9.2; 4, -17.2; §, -22.1, 6, -22.0; 7, -22.7; 8, -23.1; 9, -23.2. ¢In CDCl;. *In
CDCl,, internal reference Me,Si. Simple doublet structure retained at 90 °C.

contraction attributable to w-bonding is approximately 0.09 A for
the dimethylphosphazene series, compared with 0.16 A in (NPF,),,
reinforcing the previous conclusion that w-bonding is determined
to a major extent by the contraction of d-orbitals by electronegative
ligands and to a minor extent by ring size.®

Infrared and NMR Spectra. The infrared spectra (Table XV)
of all the dimethylphosphazenes show »(C-H) and v, (C-H) near
2923 and 2995 em™!, respectively. The splitting of the symmetric
deformation frequency of the methyl group near 1300 cm™ into
in-phase and out-of-phase components is small but increases
slightly with ring size; coupling effects can also be seen in §,,(CHj;)
in (NPMe,);_s, the band becoming broad without change in mean
frequency as the ring size increases further. The methyl groups
in a particular molecule are equivalent on the 'H and 1*C NMR
time scales, and the variations of the 13C shift between molecules
are very small, 0.4 ppm over the range (NPMe,),_;,, the mean
deviation from 22.6 being 0.05 ppm. By contrast, the range of
the !°F shifts of (NPF,),_, is significantly greater (3.9 ppm), the
detailed oscillatory variations being attributed to w-conjugative
interactions between the substituents and the ring,% which are
evidently absent from the dimethylphosphazenes. The '3C shift
in substituted methanes is dependent on the electronegativity of
the substituent; the effect of the (NP), ring on attached methyl
groups is similar to that of a chlorine atom (MeCl, §, = 25.1
ppm).67

While the methyl groups are effectively electronically isolated,
the ring atoms are strongly coupled. In general, the geometry
and the electronic characteristics of the substituents attached to
4-coordinated phosphorus are interrelated, and the 3P chemical
shift depends on both. Electronegative substituents contract the
orbitals, increase shielding,®® and provide the conditions for ef-
fective m-bonding.’® Substituents that release electrons to
phosphorus either inductively or (like NMe,) by conjugation
expand its orbitals and reduce both its shielding and the strengths
of its bonds. In the dimethylphosphazenes, all the phosphorus
atoms in a particular molecule are magnetically equivalent on the
NMR time scale. For all phosphazene series (NPX,), the in-
creased shielding with increase of ring size up to an approximate
limit (X = F, -23.2 (Table XV); Cl, -18.0;%° NMe,, -10.0;° Me,
+2.5) is probably a geometrical effect of the changing bond angles.
The limit itself illustrates the electronic effects referred to above

(66) Chivers, T.; Paddock, N. L. Jnorg. Chem. 1972, [ [, 848.

(67) Litchman, W. M.; Grant, D. M. J. Am. Chem. Soc. 1968, 90, 1400.

(68) (a) Van Wazer, J. R.; Letcher, J. H. “Topics in Phosphorus
Chemistry”; Grayson, M., Griffith, E. J., Eds.; Interscience: New York, 1968;
Vol. 5. (b) Knunyants, 1. L.; Georgiev, V. I; Galahhov, 1. V.; Ragulin, L.
L: Neimsheva, A. A. Dokl. Chem. (Engl. Transl.) 1971, 201, 992. (c) Koster,
R.; Simic, D.; Grassberger, M. A, Justus Liebigs Ann. Chem. 1970, 739, 221.
(d) Mavel, G. “Annual Reports on n.m.r. Spectroscopy”; Mooney, E. F., Ed.;
Academic Press: New York, 1973; Vol. 5B.

(69) Lund, L. G.; Paddock, N. L.; Proctor, J. E.; Searle, H. T. J. Chem.
Soc. 1960, 2542,

(70) Oldfield, D. J. Ph.D. Thesis, University of Manchester, 1969.

and suggests that =w-effects will be weaker in the dimethyl-
phosphazenes than in the other series. The progression to the limit
is not quite regular, however, there being a small but significant
downfield shift (0.4 ppm) at (NPMe,);;, which presumably
corresponds to its unique conformational properties. There is also
a conformational effect in the cycloalkanes.”! Over the range
C;H,, to C;;H,,, the 'H shieldings seem low. All the *C shifts
(up to C;;H3,) are to high field of those of the central atoms in
linear alkanes, the deviation going through a maximum at C;,H,,
(6 ppm). There may be a conformational effect on skeletal
shielding in the dimethylphosphazenes, but it is much smaller than
in the cycloalkanes.

The skeletal stretching frequency »,(PNP) has been discussed
elsewhere,5 the slow decrease in frequency from (NPX,)s resulting
from a mass coupling rather than a decrease in bond strength.”
For a fixed ring size, v,,(PNP) and *!P shielding vary in the same
way with the electronegativity of the substituent, the low value
for (NPMe,); relative to those of (NPCl,)g (1305 cm™)® and
(NPF,);5 (1386 cm™1)!* being consistent with the decreased bond
strength in (NPMe,),"3 compared to (NPCl,);.’”* The infrared
spectra also give some evidence on molecular flexibility, in that
the bands are sharp in Nujol [especially those of (NPMe,);] but
are broadened, with loss of detail, in carbon tetrachloride, in which
solvent conformational changes can take place more readily.

Conclusions

The simple formulation of the repeating unit of the di-
methylphosphazenes as —N=PMe,— implies the localization
of a pair of electrons on nitrogen. In heterocyclic compounds
generally, the smaller size of an NH group, as compared with CH,,
usually leads to no qualitative change in structure.”® Although
the concept is imprecise, the “size” (in a carefully limited sense’®)
of the lone pair in NHj is greater than that of the bonding pairs,
and we might expect its effect on structure to be comparable to
those of an NH group. If this were true of the phosphazenes, we
might expect a crown conformation (Figure 1d) [as in S,(NH),”
and other sulfur imides] for the cyclotetraphosphazenes, but it
is found only for compounds (NPX,X3,),, when X; and X, have
such disparate steric requirements that possible lone pair effects
become sterically irrelevant.

The steric effect of the lone pairs is reduced, virtually to ex-
tinction, by their partial delocalization into the d=-orbitals of
phosphorus, widening the angle at both phosphorus and nitrogen

(71) Burke, J. J.; Lauterbur, P. C. J. Am. Chem. Soc. 1964, 86, 1860.

(72) Chapman, A. C.; Paddock, N. L. J. Chem. Soc. 1962, 635.

(73) Bedford, A. F.; Mortimer, C. T. J. Chem. Soc. 1960, 4649.

(74) Hartley, S. B.; Paddock, N. L.; Searle, H. T. J. Chem. Soc. 1961, 430.
For a discussion, see ref 65.

(75) Riddell, F. G. “The conformational Analysis of Heterocyclic
Compounds”, Academic Press: New York, 1980.

(76) Robb, M. A.; Haines, W. J.; Csizmadia, 1. G. J. Am. Chem. Soc.
1973, 95, 42.

(77) Sass, R. L.; Donohue, J. Acta Crystallogr. 1958, 11, 497.
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and shortening the P-N bond.”™ Although the mutually per-
pendicular w-components are not required to be equal by (local)
symmetry, any barrier arising from their inequality is too small
to have a conformational effect. Also, since.the interactions of
the methyl groups are attractive,’ their deformation energies are
small, so that from both causes the dimethylphosphazenes are
expected to be more flexible than the hydrocarbons, as found. On
the chemical time scale, differences in flexibility may become
apparent. The (qualitative) rates of alkylation of (NPF,)0;2
appear to be very slow, the reaction of the decamer being par-
ticularly difficult to bring to completion. It is at least possible
that this is a conformational effect, the phosphorus atoms in
(NPMe,)y, being folded inward (Figure 7) more than in any other
member of the series. The formation of a short transannular
CH;: - -F bond seems likely, and would need to increase the ac-
tivation energy by no more than 4 kcal mol™! to account for a
1000-fold decrease in rate. The structure of the dodecamer is
similar but more open, and if it is unaffected by some fluorine
substitution, significant retardation arising from intramolecular
bonding is to be expected here also and less in the preparation
of (NPMe,)(;, as found. This may be analogous to the

(78) The role of d-orbitals in determining molecular geometry has been
emphasized by: Collins, M. P. S;; Duke, B. J. Chem. Phys. Lett. 1976, 42,
364.

(79) A similar situation in inorganic high polymers has been pointed out
by: Mark, J. E. Macromolecules 1978, 11, 627.

“medium-ring” effect described for cycloalkane derivatives many
years ago;¥ structurally, Figure 13 shows the compromises nec-
essary to optimize the steric interactions in the nonamer; in the
hydrocarbon series, strain energy is maximized at the same point.

Acknowledgment. We thank the Natural Sciences and Engi-
neering Research Council of Canada for financial support, the
University of British Columbia Computing Centre for assistance,
and Pat Parsons and Elizabeth Jensen for the illustrations.

Registry No. (NPMe,)s, 64651-81-6; (NPMe,),, 64013-20-3
(NPMe,);, 64495-80-3; (NPMe,)q, 98586-82-4; (NPMe,),o, 98586-83-5;
(NPMe,),;, 98586-84-6; (NPMe,),,, 98586-85-7; (NPF,), 19258-93-6;
(NPF,);, 14616-93-4; (NPF,)5, 14097-20-2; (NPF,),, 19258-96-9
(NPF,) o, 14500-76-6; (NPF,),,, 14097-05-3; (NPF,);5, 19258-99-2
MeBr, 74-83-9.

Supplementary Material Available: Table III, anisotropic
thermal parameters; Table IV, calculated hydrogen coordinates
and isotropic thermal parameters; Table V, measured and cal-
culated structure factors; Table VI, bond lengths; Table VII, bond
angles; Table IX, bond lengths involving hydrogen atoms; Table
X, bond angles involving hydrogen atoms; Table XI, torsion angles
(166 pages). Ordering information is given on any current
masthead page.

(80) (a) Kobelt, M.; Barman, P.; Prelog, V.; Ruzicka, L. Helv. Chim. Acta
1949, 32, 256. (b) Prelog, V. J. Chem. Soc. 1950, 420.

Complexation of Tin(II) Chloride by a Novel Macrocycle
Containing Rhodium and Nitrogen Binding Sites. The
Preparation and X-ray Crystal Structure of
Rh,Sn,(CO),Cly[ u-2,6-bis(diphenylphosphino)pyridine ],
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Abstract: Treatment of Rh;(CO)4(u-Cl), with 2,6-bis(diphenylphosphino)pyridine, (Ph,P),py, in benzene forms the yellow
macrocycle Rh,(CO),Cl,[u-(Ph,P),py], which in turn reacts with tin(II) chloride to form Rh,Sn,(CO),Clg[u-(Ph,P),pyl..
Red crystals of Rh,Sn,(CO),Clg[(Ph,P),py],-2CH,Cl; belong to the orthorhombic space group Pb2,a (No. 29) with a = 13.959
(8) A, b=18441 (10) A, ¢ = 25.585 (30) A, Z = 4, R = 0.053 for 3476 reflections with I > 4¢(I) and 450 parameters.
The molecular core consists of the bent chain, Rh-Sn-Rh-SnCl;. The central Sn resides within the cavity of the macrocycle
and is coordinated to two nitrogen atoms, two rhodjum atoms, and one chloride. In a highly uncharacteristic fashion one Sn!'-Cl
bond has undergone oxidative addition to one of the rhodium ions.

The rigid ligand, 2,6-bis(diphenylphosphino)pyridine, (Ph,P),py,
forms a number of 12-membered macrocycles, 1,* which have
a relatively open cavity and should be capable of binding a second,

Phyp "y pPhy Phap" Xy Tph
[ |
RO
LT
P. N Pp

Phy 1 X Phy Ph, X h,
D U

different metal ion in this cavity (eq 1). Complexation of this
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sort differs from more traditional macrocyclic chemistry? in that
two of the potential binding sites are metal ions rather than the
usual nitrogen or oxygen nucleophiles. As a consequence, met-
al-metal interactions will provide one of the characteristic features
of the products.

Here we describe the synthesis of a macrocycle of type 1 in
which M is the trans-C1-Rh-CO unit. This unit prefers to bind
phosphorus atoms in mutually trans orientations,* and coupled
with the rigid nature of (Ph,P),py, this facilitates the formation
of the desired macrocycle while limiting the formation of un-
wanted, chelated complexes. We further demonstrate the com-
plexation of tin(II) chloride by this macrocycle.

There is an extensive background to tin(II) chloride/groups
8-10 metal interactions, where tin(II) chloride has been used as
a reductant,’ a cocatalyst,® and an analytical reagent.” In the

(3) 1zatt, R. M., Christensen, J. J., Eds. “Synthetic Macrocyclic
Compounds”; Academic Press: New York, 1978.
(4) Sanger, A. R. J. Chem. Soc., Chem. Commun. 1975, 893.
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