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Molecular Structures of Cyclic Organophosphorus Compounds

L.S.Khaikin and L.V.Vilkov

The structural data for various classes of cyclic organophosphorus compounds published up to 1972 are gystematicalty reviewed.
The geometrical parameters are classified in accordance with the concepts of the valence states of atoms in the molecule and the

in the latter is discussed. Endocyclic parameters are compared with exocyclic parameters and also with the corresponding para-

meters of acyclic structures. Such comparison makes it possible, in particular, to characterise the influence of exocyclic sub-

(
types of chemical bonds. The dependence of bond lengths and valence angles in various cyclic systems on the number of atoms (
}

stituents on cyclic systems which is sometimes reflected in a considerable change of the geometrical parameters. The results
of studies on the conformational relations in cyclic phosphorus-containing structures are described.

The bibliography includes 274 references.
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I. INTRODUCTION

Among organophosphorus compounds, cyclic derivatives
are fairly common. Much information concerning the
geometrical parameters and conformational characteristics
of these compounds has now accumulatedand a systematic
account. of such data is a timely and important task. We
attempted to carry this out using as a theoretical basis for
the classification of the geometrical parameters the con-
cepts of the valence state of atoms in the molecule and the
types of chemical bonds (in the sense of the classical
theory of structure) '™, The review gives a compilation
of experimental spectroscopic and diffraction data
employed to determine molecular geometry and published
up to 1972,

The vast majority of these data appeared after the
publication of fundamental reviews on the stereochemistry
of phosphorus compounds in the compilations “Topics in
Phosphorus Chemistry” * and “Topics in Stereochemistry
and also reviews on the stereochemistry of phosphorus
sulphides®, compounds with a PP bond’, phosphonitriles®?®,
and cyclophosphazanes *°.

Data quoted in our earlier review ' are used for com-
parison with the geometrical parameters of cyclic struc-
tures. Owing to lack of space, the geometrical isomerism

93 6

determined by the orientation of exocyclic substituents

around the phosphorus atom and other ring atoms is not
discussed, although this problem is undoubtedly closely
related to that of the conformation of cyclic structures.
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. PHOSPHINOBORINES [(I) —(1ID)]

The phosphinoborine cyclic systems consist of PB
bonds, both atoms being tetracoordinate (Table 1). The
comparatively scanty information concerning the structure
of phosphinoborines at present available precludes a suf-
ficiently far-reaching analysis of their chemical structure.
The lengths of the PB bonds in the rings are the same in
each structure within the limits of experimental error.
Exocyclic PC bonds have the usual length for single bonds
formed by tetracoordinate phosphorus. However,
regardless of the complexity of the ring, the length of the
PB bond in phosphinoborines is greater than the sum of
Pauling's covalent radii (1.91 A) ** and also somewhat
greater than the length of the analogous bond in acyclic
structures (1.83—1.95 A).  Although the phosphorus atom
in phosphinoborines is formally pentacovalent, the way
this property is reflected in the length of the PB bonds,
which cannot be regarded as single bonds, is at least
unusual.

The endocyclic valence angles are determined to a
considerable degree by the dimensions of the ring system.
It is striking that, with increase of the number of PB units
in the ring, the endocyclic BPB phosphorus valence angle
increases apparently to a greater extent than the PBP
boron valence angle.

The structures of phosphinoborines have been investi-
gated only in the crystalline state and the conformations
of their ring systems have been found to be non-planar
under these conditions.
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Table 1. Phosphinoborines*.
Endocyclic bonds Exocyclic bonds Endocyclic valence | ‘Exocyclic valence
Ring angles angles . "
Compound conformation " N~ ) | e technique | References
bond type bonAength,A bond type hondA ngth, angle mag;ggu e, | angle ma%t:gtu ,
|1
{Ph.PBI,), (1) non-planar | —P —B —| 2.00(0.03) 1.81(0.02) | BPB 88.0 CcpC 103.5 Xeray 13
[ — 117 ——C\’/ PBP 88.1
1°N
|1 _
(Me,PBH,); (1) chair ditto 1.935 (0,009) «P,—C— 1.837(0,007)| BPB | 148.1(1.2) | CPC | 100,4(0.9) | ditto 14
§ I 1 PBP | 112,2(0.9) | BPC | 109.1(0.6)
Me,PBH,), (111 add > 1.932 (0,024} ditto 1.868 (0,012)] BPB 125%* CPC | 104.2(1.7) > 15
(eaPBEa)e (D | sadde 008 O 28 | e | Brc| 0201

*Here and henceforth the subscript ¢ denotes atoms forming part of the ring system.
**This value is quoted by Goldstein and Jacobson '®

Table 2. Phosphabenzenes.
g Endocyclic bonds Exocyclic bonds Endocyclic valence Exocyclic valence
o angles - angles
Compound EE o B | Refs.
bond length, on itude, magnitude, £
BE | ondtype | PORGEE | bondtype | jongn, o | angle | TGRS | angle G | .8
;
7R - 1.743 Cl 102';,4
2 (v) . PC (0.2) _
el panar | ol | (0l008) - — | pcC | 1229 - Xoray | 20
Me ¢ ¢ (034
Me,
ViR
MeG—CgH. 4 P 103
N V| ditte ditto 1.75 — - gg% 124 — — ditto | 21
OQ (mean)
Ph [ N £ 806 CPC 104.72 CPC (131273,)2
Me b 1.749 AYE S . (0.23) R
Ph f_,é\'P/ v » FRSTCEE |(0.005) s (0.006) | PCC 119.90 Cc PC 112.8 » |22
\me ‘ (0.35) ¢ (mean)
Ph
y 1,72 | A\ 1.58 cPC 107 (2) OPO 93 (2)
OM . . A . 1 23
Phd/ © o » ditto (0.02) s (0.02) PCC 120 (2) C.PO 114 (2) »
32, \0 c
Me
h
Ph NPI;Tq 1011.§2(g,2)
1,739 N /] 1.659 CPC | 105.0 (0.2) C Pl 12. 2
th’ M 4 » ©004) | 27e | 0003 | Pcd |99 03| °© (mean) | >
=2 \NMe
2
'h

III. PHOSPHABENZENES [(IV) —(VII)]

Compounds of this class are derivatives of benzene in
which a phosphorus atom replaces one of the carbon atoms
of the benzene ring (Table 2). The planar six-membered
phosphabenzene ring is one of the first structures where
the phosphorus atom was obtained in a dicoordinate statef.

1 The existence of dicoordinate phosphorus in the
perchlorates of phos hamethinecyanine derivatives was
known previously '’ *°, In the cations [(CsHsNS).P]* *®
and {(CuH1oN)P|*,*° the phosphorus atom forms two PC
bonds in each case. In the first case, the cation is
almost planar and has a symmetrical structure [r(PC) =
1.76 + 0.01 A, ZCPC = 104.6°]. In the second case, the
cation was found to be asymmetric, which is shown by a
difference between the angles of rotation of the C1:H 0N
residues about the PC bonds and by the non-~equivalence
of the bonds themselves [#(PC) = 1.77 + 0.01 and 1.81 +
0.01A; /CPC = 100.4°].

According to X-ray diffraction data, both endocyclic PC
bonds in (IV) and (V) have the same length, which is inter-

i,
mediate between the average lengths of —1‘)=C\ bonds

(1.65—1.78 A) of single PC bonds (1.74—1.94 A) in acyclic
structures . The four CC bonds in the ring alsc have
the same length (1.388 + 0.009 A). The planarity of the
six-membered cyclic system is achieved by an increase
of the PCC and CCC angles to 122—~126°, while the CPC
angle is relatively small (102—-103°),

In compound (IV), the displacement of the atoms in the
heterocycle from the optimum mean-square plane does not
exceed 0.005 A, The displacement of the exocyclic C(n,
C(s), and C( 9 atoms from the plane of the ring is not more

than0,024 A. All these data suggest that the phosphaben-

zene ring system is aromatic. The NMR and ultraviolet
spectroscopic data are consistent with this conclusion *
With increase of the coordination number of phosphorus
to four, the equivalence of the endocyclic PC (as well as
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Table 3. Phospholes.and phospholenes.

Endocyclic bonds Exocyclic bonds Endocyclic valence angles| Exocyclic valence angles '{
Ring con- . s 3
Compound . bond bond tude,| magnitude, 9 Refs.
p! formation bond type length A bond type len;.lh, A angle mﬂ%r:gu e angle %‘leg §
He=cH envelope | DP —c & | 1.78 |SP — E—| 1.8 cpc 90.7 cpC 106.0 Xeray | 30 ‘
Mo o | e | 7 ©N L0005 || (0.009) 0.2) ¢ (0.2) :
,/‘ u PCC 110.0 | PCCpy 1164 ¢
aé=th 0.4 0.4) '
e V. |
=X N ‘
! r ditto ditto 182 | el | 1.822 — cPC | 105.3 ditto | 31 |
D 2f / N < !
A= (
\Ph \
it da *
HC—CH, 1 1\ =P —C — 1.835 | =P ~ 2.040 cPC 98.5 | CP=0 | 118.3 eldif | 32
R ' " envelope A ©.003) | | (0.008) (.5 | cpP=0 | 115.32.0) [|
N SETAN | 1.440 pCcC 104.3 cpal 101.3(1.0) |
H, ...lp,c= (0.010) 1.5)
[ , 1
-envelope ditto 1.830 | =P —Cl | 2,087 cPC 94.2 |C.P =0 147.5(3.0) | ditto | 33 ‘
(methylene: (0.008) \ (0.008) (1.0) b =0 114.8(3.0) |
e o Slosest to I | | '
T /-p\\o w)  [Patm | =P C = Lo | P =0 | ‘égé) pCC 102.6 *?c-pc‘ 105.8(2.0) |
) isplacs {0.008) . (calc.) ¢
HO==CH from plane, [ | | {
of ring) CP=C 1%12& =<116PC1 97.0(2.0) |
- r
|
P [ ‘
half =P —C — 1.768 | =P —C— | 1.864 cPC 104.3 i Xeray | 3t !
chair [° P (0.009) (¢ (0.012) pec . ég‘? —C P=0 | 113.800.4) .
3 =0 ©-8) cp'—o
-t 7 1.762 ' 141 | pe=sc | 123.8 = 109.6(0.5) '
16 e\ {0.009) (0.007) ©.6) _é pc | 110.200.5) !
c
)
=6,PC 104.7(0.5) ,

CC) bonds in phosphabenzene remains unaffected. Within However, the first determinations of the structure of phos-
the limits of experimental error, their length remains the phole derivatives (Table 3) by X-ray diffraction showed

same as for dicoordinate phosphorus and the endocyclic that their five-membered ring with tricoordinate phos-
CPC angle increases only by 2—4°. However, the ring phorus and two C=C double bonds (1.350 A) is non-planar.
conformation deviates a little from planarity. Thus in In particular, in compound (IX) the phosphorus atom
compound (VI) the maximum displacement of a ring atom deviates from the plane of the remaining ring atoms by
from the optimum plane reaches 0,055 A. In compounds 0.21 A (the “envelope” conformation). The exoeyclic Cye)
(VII) and (VIID), the displacement of the ring C atoms from atom is displaced relative to this plane in the direction
the C(sPC¢s) plane reaches up to 0.11 and 0.055 A respec- opposite to that of the displacement of the phosphorus atom,
tively. Although on passing from di- to tetra-coordinate i.e. it is, as it were, Iocated in an equatorial position.
phosphorus, the geometry of the phosphabenzene ring Accordmg to one view *°, based on thermochemical data
changes little, the problem of the aromaticity of the ring and semiempirical quantum-chemical calculations, the
system in the latter case is more complex. This is phosphole ring system may be aromatic, However, the
partlcularly due to the ill-defined role of the d orbitals of barrier to the inversion of the phosphorus atom (16
phosphorus % kcal mole™), obtained from the NMR spectra of 1-iso-
propyl~-2-niethyl-5-phenylphosphole *, is fairly high. The
IV. PHOSPHOLES [(IX)—(X)] AND PHOSPHOLENES faxp'erlmental §tr1.1c.tural paramfeter§ of phospholes do not
[(XI) _ (XIII)] indicate any mg‘mf;cant delocalisation of electrons over the
According to microwave studies, the ring system of five-membered ring, although the>P c—C /bond in the

pyrrole, the nitrogen analogue of phosphole, is planar *"*?,

ring is probably somewhat shorter and approaches the
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|
length of the =P¢— bond involving tetracoordinate phos-

‘[ ; Ce 4
phorus in phospholenes}.

[ Phospholenes —phosphorus—carbon heterocycles with

' one double bond—also have non-planar conformations, the

I characteristics of which are determined, in particular,

’y by the position of the double bond relative to the phos-

/ phorus atom. According to electron diffraction data,

‘ compound (XI) has the envelope conformation with dis-

. placement of the phosphorus atom from the plane of the

|

ring. The C(»PC¢,/CCC dihedral angle in this structure

1 On the basis of a combined spectroscopic study
! (infrared, ultraviolet, and NMR spectra) ****", it has been
| suggested that electrons are delocalised in the six-
i membered PC system of the hexaphenyldiphosphonin-
| cyclohexadiene cation.

P
| H\C>5\ A

| I !

{ /\P/
RS

However, X-ray diffraction data do not agree with the

( delocahsatmn hypothesis, at any rate in the analogous

i system with alkyl substituents®®: »(C=C), = 1.340(0.009) A,
‘ ¥ (PC)e = 1.788(0.008) A, and »(PC) = 1 793(0.003) A.,

| and the average valence angle of the phosphorus atom

| is 109.5 + 0.5°; the average valence angle of the> C=

| atoms is 120.0 ¢ 2.2°.
to within 0,003 A.

The ring was found to be planar
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is 13°, In compound (XII), the methylene group closest to
the phosphorus atom is displaced from the P-C=C—-C
plane (dihedral angle 27°). In the condensed system
(XI1I), studied in the crystalline phase, the C4), Cs),
Cisys and P atoms are coplanar to within 0.05 A while the
C(2 and C(s atoms are 0.6 A and 0.2 A above and below
this plane.

V. SATURATED PHOSPHORUS—CARBON HETERO-
CYCLES [(XIV) —(XXIV)]

One of the most interesting saturated PC ring systems
is ethylenephosphine (XIV) —a three-membered ring with
tricoordinate phosphorus (Table 4). According to
microwave data, the CPC endocyclic angle in this com-
pound is only 47.4° + 0.5°.  This is the smallest valence
angle of the phosphorus atom ever found. The length of
|
the >Pc—Cc— bonds is geater by 0.017 A than in the open-

!
chain analogue HP(CHs), (1.850 A). ™

According to X-ray diffraction data, in six-membered
rings with tricoordinate phosphorus [compounds (XV) and
(XVD)], the CPC endocyclic angle increases to about 98°

!
and the>Pc-—C ¢c— bonds are shortened to the usual value
|

of 1.84—1.85 A. Both these rings have a non-planar
conformation of the chair type with an axial location of the
exocyclic phenyl substituent at the phosphorus atom des-
pite the difference between the crystal fields in their
macrostructures. The deviation of the ring atoms from
the average plane diminishes somewhat at its phosphorus
end.

“ Table 4. Saturated phosphorus—carbon heterocycles.
‘ .
N Endocyclic bonds Exocyclic bonds vf.lt:z:y::gcles val;:chzlglces
K Compound confor;gnation [ bond L - Method | Refs.
bond type :length, A bond type b:;tx;f A‘, angle ;’;'g'"d' angle t:ldaeg:%_eg
H |
g i planar Se—C~| 1,867 | N 1.428 | CPC| 47.4 CPH 95.2 |microwave| 59
! i P\L bav) s qe | oosy | B | 0l00s) 0’5 ©.5
2
CHc chair ditto 1.838 1837 | CPC| 98.2 | CPC | 102.9 | Xray | 4
TN ©.005 | \,_.# | (0.003) ©.2) ©.2)
s 3 ' SEN pcC| 148.5
CH,—CH, ©0.2)
M CH,—CH, ditto > 1.855 ditto 1.854 | PCP 97.7 Cc prC 102.3 ditto 41
N N v (0.005) 0.005) 0y | ° 0.2)
Meo” gy 2.7 PCC| 116.3
CH;—CH, 02 -
{ Me Me
N | ] [
M{ /Q\ oH non-planar | =P —C —| 1.83 =P —0— | 1.54 CcpC 82.5 (106—121)] » 42
€5 1P v ¢ 1 0,02 ¢ 0,01) 0.5)
&N Y, |
A —Pe=0 | 1.48 {Pcc| 86.0
. 0.01) 0.6)
| . .
Me e =p-c{ | 1.79 C,P=0| 2.0 | * »
Me 3¢’ o ditto ditto 1.88 te ©.04) |CPC| 8.9 ©.6)
\C_J/‘\lp/ (Xvimy (0.02) | 0.6) CorP=0| 110.0
’ W >é< Sou —P =0 | 150 |pcc| 867 | ™ ©.6)
Me e i ©.02) ©8) | ¢cpcy, | 1114
(Me/P = O cis-form) ¢ ©.6)
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Table 4 (continued),
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o S ‘Endocyclic Exocyclic
Ring Endacyclic bonds Exocyclic bonds valence angles valence angles
Compound conformation bond bond - e Method | Refs.
bond type |jengtn 5 | bond type 1en§tr}l;,1\ angle maf{;'g'"d" angle tu;eg,n (li-eg
Mo My
" \°C/° | b 1809 [CPC| 8.3 |CP=0| 52 |Xmy | u
A nonphanar | =P ~C —| 1.836 | =76 | (0.004) 0.2 ©0.2)
/C‘\z/“<o ) (4 | (0.009) | 1494 |Pcc| 874 |cup=0| 109.2
i —p,=0 | (0:009 ©:2) 0.2
e Me
(Me/P = O trans-form) ! CcpCph M(gfz))
M M
u NS ditto ditto 1.84 | 2.06 |CPC| 8.9 [C.P=0| 122.0 ditto | 45
AN (0.03) =P_—Cl | (0.01) 4y | c (1.1)
N 1° cp—o | 1104
e /é( Na P{ o 3,33 PCC 3.3.2 = 0.8)
P — . 5) 07.
Me Me i© @09 ¢ C.pCl 1(0.3)
]
» N 1836 | =P —Cl | 2.032 |CPC| 86(2 |CP=0] 121 eLdif, | 45
{.”ﬂ\lp/d ) (0.015) € (0-015) c
& No _J o 1.444 Cip=0 | 418(3)
i© (0.010) C.PCl 103(3)
|
H GG, on half chair » 1.786 =P —0—| 1.567 | CPC 94.8 CP=0 |{16(mean) | X-ay 47
\ it (twisted 0.017) pe (0.006) 0.5 | OoP=0| 113.4
/3\\o e envelope) | (0.5)
5 )
¢t —<h, —P =0 1.473 | PCC | 106.0
i (0.01) (.5 | CPO |107.4(mean)]
[
non-planar » 1,820 |=P —P.=| 2.210 | cPC| 9.6 | CP=S [147.6(1.0) | dgitto |
H’T—CH\/? P/CH?_TH&xun (0 007) & 1| 0.004 | ©-3) | PP=S [111.1(1.0)
i
wt—tny Den—tn, —p=s | A8 |pcc| 1050 | cPp (106.35.0)
i (0.002) ©.6)
1 .
e ditto » 1.810 | 22 |epc| 1018 | cp=s 115.30.4) | » 1
5 .“’\ﬁ % ’>H o) (0.011) | | fc | (0-004) 0.4 | Pp=S [112.7(0°2)
p— )
R _&” Donon, b -s | 1950 |pcc| w88 | cop |105.20.4
H e (0.004) (0.8)

The distribution of torsion angles is as follows (in
degrees):

oo’  Cafofefs ‘@‘@ete
in (XV) 498 53.0 —56.1
in (XVD —58.0 152.4 —60.5
C@leCe? S CefCeta
in (XV) -+56.3 —47.6 +44.3
in (XVI) +56.1 —44.7 —+45.5

According to the NMR spectrum, in a solution of com-
pound (XVI), one conformation also predommates as has
been suggested for the solid phase *

In saturated four-, five-, and 51x-membered rings
with tetracoordinate phosphorus, the length of the

| |
=Pc—Cc— bonds does not differ, within the limits of

| |
experimental error, from the values found for open-chain
compounds. At the same time, the endocyclic CPC angles
are determined by the ring size and increase from 82—86°
in compounds (XVII) —(XXI) to 94.5—96.5° in compounds
(XXI) and (XXIII) and to 102° in compound (XXIV). How-
ever, the last value is still less than the analogous angle
in open-cham compounds (104—109°).** The ring con-
formations in these compounds are also non-planar. The

displacement of the atoms from the optimal mean-square
plane in the four-membered rings of (XVII) —(XX]) is
0.10—0.,15 A, The dihedral angles and other characteris-
tics of the conformations of the rings§ are given in Table5.

In compounds (XVIII) —(XX), the single methyl group at
the C(s atom is fixed in the equatorial position. Thus in
these structures there is geometrical isomerism deter-
mined by the position of the exocyclic substituent at the P
atom.

In the five-membered ring of (XXII), the P, C(z, C,
and C(s) atoms are approximately in the same plane (the
angle between the normals to the PC(3)C¢sy and PC5Cca

§ In the cyclic cation

Me M 50
e e
N

e TN
H/ \2/ \Me
Me Me
the C(2PC(4,/C(2C(3C(s) dihedral angle is 24°, The
remaining structural parameters have the following
values: 7(PC)c = 1.93(0.02) A, £(CPC)¢ = 82.6°, and
Z(PCC)e = 84.7°. The methyl group at the Cq 3,atom is

in the cis —position relative to the phenyl group.

bt et mn

amoAn An




|
|
1
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planes is only 5°), from which only the C(s atom deviates
significantly. The torsion angles relative to the bonds in
the ring have the following values starting from PCq:

5°, 24°, 36°, 30°and 14°7.

Table 5.
Dihedral angles,deg g}o{siﬁon of
Position of P=0 bond 3 group
Compound at C, t
CyPCay | PC(2C3) | €y PC (3) atom
2)FCe4) QY | CoyPCiay/ relative to
CaCEXw| Fwte | xe=o0 P=0 bond
(XVII) 19.6
(XVIID} 21.6 20.6 91.6 eq. cis-
(XIX) 23.8 22.3 9.1 ax. trans-
[0,0,¢] 26.4 aq, cis-
(XXD 10and35 mixture of isomers
with ax. and eq.
P=0 bonds in pro-
portions of 4 : 1

VI. PHOSPHADIAZOLES [(XXV)-(XXVIII)], PHOSPHA-
OXADIAZOLES (XXIX), AND PHOSPHAOXAZOLES (XXX)

After phosphabenzenes, phosphadiazoles are the second
class of compounds in which the existence of dicoordinate
phosphorus was demonstrated {Table 6). The planarity of
the five-membered ring system with dicoordinate phos-
phorus was studied by electron diffraction. The experi-
mental geometrical parameters and the vibration, ultra-
violet, and NMR spectroscopic data for compounds of this
class 2595 suggest that electrons are delocalised in the
phosphadiazole rings of (XXV) and (XXVI) as in phospha-
benzene derivatives.

The conformation of the five-membered rings with tri-
coordinate phosphorus in compounds (XXVII), (XXIX), and
(XXX) is non-planar: the phosphorus atom is markedly
displaced from the plane of the remaining four atoms
(envelope conformation). According to electron diffrac-
tion data, the dihedral angles characterising the displace-
ment of the phosphorus atom from the plane are respec-
tively 28.8°, 20.0°, and 23.0°. The lengths of the
endocyclic PO and PN bonds are normal for tricoordinate
phosphorus . At the same time, it is striking that the
endocyclic valence angle at the tricoordinate phosphorus
atom is appreciably greater (by about 5°) than that at the

1 A fundamentally identical ring conformation was
found in the cation®

—CH,
T N
+ 3P, .
s 2/ N\
HG—CH, Me

where the torsion angles have the following values (also
starting from PCz): 5°, 26°, 40°, 36°, and 17°. The
remaining parameters of th1s strunture are as follows:
7(PC)c = 1.765(0.02) A, r(PCMme) = 1.80(0.02) &,
r(PCph) = 1.76(0.02) A £(CPQC)c = 94.8(1.1)°, A(PCC)
101.1(1.7)°.

+ Anomalous PN bond lengths were found by X-ray
diffraction in the structure of the cation C14P(NCH3)2C*Cl—
a planar four -membered ring system with hexacoordinate
phosphorus®®.  The lengths of both PN bonds —axial
(1.91 + 0.04 A) and equatorial (1.85 + 0.06 A) —are sig-
nificantly greater than the sum of the covalent radii
after correction for heteropolarity (1.75 A). 'This can
also be said of the exoeyclic PCI bonds (2.15 + 0.02 A and
2.09 + 0,02 A) found in this structure.
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dicoordinate phosphorus atom, The exocyclic PC] bonds
in (XXVII), (XXIX), and (XXX) occupy axial positions.

Their leng‘ths (2. 17 2.19 A) are unusual for covalent bonds
of tricoordinate phosphorus. They are significantly longer
than in all the cases known previously (2.04—2.08 A), 1!

VII. PHOSPHONITRILES [(XXXI) —(LXD]
Phosphonitriles are cyclic structures comprising a

|
variable number of formally unsaturated —P=N— units

|
formed by tetracoordinate quinquevalent phosphorus and
dicoordinate tervalent nifrogen. Nevertheless there is no
alternation of single and multiple bonds in phosphonitriles
(Table 7).

1. Phosphonitriles with Identical Substituents at the
Phosphorus Atoms [(XXXI) —(L)}%

When the substituents at all the phosphorus atoms are
the same, the PN bonds in the ring have the same length,
which however is much smaller, particularly in more
complex rings, when the number of ring units » > 4, than

| |
the =P—N<(1.60—1.‘71 £) and even —P=N—

| |
bond lengths in acyclic structures'’. The length of the
PN endocyclic bonds is significantly influenced by the
substituents at the phosphorus atom. Whereas in the
trimers this effect is relatively small [the average 7(PN)
remains within the limits 1.58 + 0.02 A] in the octafluoro-
tetramer (XLII) »(PN) = 1.507 A and in the decachloro-
pentamer (XLVII) #(PN) = 1.521 A, which is far outside the
range of the other values. Although the endocyclic valence
angles of the phosphorus atom vary in these structures
comparatively little (117—123°), these changes are also
related to the properties of the substituents. A large
NPN angle is obtained when the substituents are halogen
atoms. The range of variation of the PNP angles is much
greater (120—149°). A gradual increase in the PNP
angles takes place with increase of ring size up to
hexamers, but subsequently the angles appear to decrease.
A systematic effect of the properties of exocyclic substi-
tuents on the PNP angles could not be discovered.

It is interesting that the ratio of the ranges of variation
of the NPN and PNP angles in phosphonitriles is the
reverse of the ratio of the ranges of variation of the BPB
and PBP angles in phosphinoborines (see above).

The conformations of the phosphonitrile ring systems
bear a definite relation to the number of PN units. The
trimers (XXXI) - (XXXVIII) have planar or almost planar
ring conformations, the average endocyclic angle being
always close to 120°. As a rule, the deviations from the
ideal symmetry Dsh are minimal: the displacement of the
ring atoms from the plane usually does not exceed 0.07 A.
More pronounced distortions were found in only two cases.
In compound (XXXII), five ring atoms lie in one plane,
while one of the N atoms is displaced from it by 0.15 A.

In (XXXIII), two nitrogen atoms are displaced from the
plane of the remaining ring atoms in opposite directions

(up to 1.64 A)

1 Symmetrical phosphonitriles with non-geminal
substituents [compounds (XLI}, (XLV), and (XLVI)}
are also included here.



1066

Russian Chemical Reviews, 41 (12), 1972

Table 6. Phosphadiazoles, phosphaoxadiazoles, and phosphaoxazoles.

Endocyclic bonds Exocyclic bonds Endocyclic valence angles|Exocyclic valence angies
Ring
Compound : bond ‘bond [magnitud itude,| Method { Refs.
conformation bond type e n;rt.h,!\ bond type length, A angle deg" e angle ma%yzg .e & efs.
Me—g==N Me planar PN/ | 1.88 - NPC 89,0 — el, dif.
! >“C<: (e =PeN | o0y (t.5) o
H—C==P —p =c 1.75 PNN 115.0
cTeN | (0.01) 2.5
Me—Ca==N ditto =P, —N, / (1) gg — NPC 92 — ) ditto 5
N 00OV | 00y
H~C==p _p.~c. 1.75 PNN 110
c=%e | 0.03) s d)
Me envelope AN / 1.68 N 2.49 NPN 89,3 NPCI 1022 | » 54
HG—N /Pc Ne . | (assumed) /PC —~c {0.02) PNC 113.7 :
P—Cl {(XXVID) .0
RN CCN 106.2
Me 4.5
. M non-planar | | 184 2.069 NPN 108.3 | NPCl | 103,0 Xray | 35
Mg TN o ‘ =P ~N | (0.006) | =P—Cl | (0.009 0.3 (mean)
. P/\ oty | [ NP=O | 115.8
/ Ng | (mean)
He: N\ -—Pc~_—-0 1.492 PNC 120.4 CIP=0 109.2
Me | (0.005) (mean) 0.2)
Me—L—0, ewvelope | Ny N/ | 470 | Np o | 247 NPO 95 | NPCl= | 101¢t) |eldif.| &5
I Pl (XX1X) VAL AN ©.015 | o (0.005) =0PCl
N—N AN 1.60 PNN 108
e PO | ploty) roc | 1055
HL—O ditto N / 1.692 | N\ 2,474 NPO 93,9 | NPCI | 101.2 ditto | 57
Dl PPN oionyy | P ) @0 | poc | usie 5
H,c—«N\ Np 0 — 1.622 CCO=CCN | 107.8 OPCl 98.1
Me /e e 0.013) 1.0 1.5)
PNC 142.7
1.0)
Table 7.
Ring Endocyclic bonds Exocyclic bonds Endocyclic valence angles FExocyclic valence angles.}
Compound conformation Sond v e o £ s
bond type | jengih, A bond type I Iength, A angle magdeg ® | angle l ey 102 i
A. Phosphonitriles with all substituents of the same type at the phosphorus atoms ‘
(NPPhy); (XXXI) chair 1,597 (0.006) 1,804 (0.007) NPN 117.8(0.4) | CPC 103.8(0.3) | Xxay | 72
‘weak) §_ 7 PNP  [122.1(0.3) |NPC 108.6 (0.3)
——,lc—c ¢
N
[NP(—N=C=S)}3(XXXII)| non-planar | ditto 1.58 (0.05) 1.63 (0.04) NPN 418 (3) NPN 100 (4) ditto } ™
(weak) e PNP 121 (& |NPN 109 (2)
3¢ PNC 152 (10)
N=C=S| 175(2)
[NP(OPh),ls (XXXITI) non-planar » 1.575(0.002)] 1.582(0.002))  NPN 117.3 (0.2) |OPO 98.4 > |74
(weak) —PRe—0— PNP 121.9(0.3) | NPO 110.0
i POC 123.2
[NP(OC4Hy)o]a (XXX1V) boat » 1.572(0.006)] ! 1.584 (0.005) NPN 118.4 (0.25; (0PO) | 102.7(0.25)} » |75
(weak) _sc*OF PNP 121.0 (0.25)] NpO 108.6 (0.25),
; (POC), | 120.0(0.4)
NPQO,CaH,)s (XXXV planar » 1.576 (0.002) ditt 1.598 NPN 119 QPQ) 97 » 76
( 2CaHy)s ( ) 576 ( ) o PNP 122 ;*JPO ¢ 107.0
(NPF,); (XXXVIa) ditto > 1,586 (0.013) i 1.548 (0.043)] NPN=PNP 120.0 FPF 98.8 (3.0) |el.dif |77
—Pe—F
] (assume)
NPF,); (XXXVIb) » 1.560 (0.,012) ditto 1.524 (0.012) NPN 149,4(0.9) FPF 99.1(0.7) | Xqay |8
(NPE2)s ? ¢ PNP 120.3(0.9) | NPF | 109.0(0.6)
(NPCly)s (XXXVIIa) chair » 1.582 (0.005), h 2,006 (0.003)] NPN=PNP | 118.7(0.2) | CIPC! 401.5(4.5) jel. dif | 79
-(weak) —%C—m (mean) ’

K
|
]
i
t
|
i
|



Russian Chemical Reviews, 41 (12), 1972 1067

Table 7 (continued).

Rin Endocyclic bonds Endocyclic bonds Endocyclic valence angles |Endocyclic valence angles| o
Compound confouglation Bond K bond - - —— -?3 &
} bond type l lengtlt, A bond type 1en§3,, A angle magdrgéude, angle mdgneléude, 2|8
!
(NPCl,)s (XXXV1Ib) chair SRS 14 581 (0.003)]  —ho—ci [1.993(0.002) NPN | 118.4(0.2) | CIPCI | 101.4(0.4) [Xay |8
J ) (weak) ) PNP 124.4(0.3) NPCl 108.9(0.3)
(NPBry); (XXXIII) ditto ditto 1.576 (0.008) ; 2.162 (0.004) NEN 118.5(0.6) | BrPBr | 102.4(0.1) | ditto .| 81
] —:lc——Br PNP 124.4(0.6) | NPBr 108.8 (0.5)
] (NPMey); (XXXIX) saddle » 1.506(0.005) _§ | (18050.008 NPN | 19.8(0.3) | CPC | 1041003 | > |&
. ”}Tc‘“[_ PNP 131.9(0.3) NPC {108.0 (mean)
| !
|
: NP(NMe, XL . ditto 1.578 (0.01) . 1.679 (0.01) NPN 120.1 (0.5) |NPN 103.8 (0.5) » |8
l (NP(NMez)lo (XL) > 1 s PNP 133.0(0.6) |PNC  [119.1 (mean)
‘ "ﬁc_N\ CNC 116.0 (1.0)
i ! N»CPN 108 (mean))
|
N,P,Phy(NHMe)® (XLI) | chai » 1.590.00) | 1 # |1.810.00) NPN | 120 (meam) | CPN | 106.0(0.5 | > |
! 4P4Phy( )a (XLD) i ( —he—{_ PNP 128 (mean) | BNC 120 0.5)
] N
! —P—N 1.68 (0.01)
NP(OM XLII saddle » 1.570 (0,01) h 1.581 (0.01) NPN 421.0(0.6) OPO 105.5(0.5) » 85
) (NP(OMelala (XLID ¢ o PNP | 132.2(0.7) | POC |121.0(0.9)
i NPO. | 107.4 (0.5)
1 N XL las 1.507 (0.017 i 1.514 (0.015) NPN 122.7(1.0) FPF 99.9 (1.0) » 86
‘] (NPF3)q (XLID) pranat > ©.017 —feF ¢ PNP | 147.2(1.4) | NPF | 108.0(1.0)
NPC L boat 1,570 (0.01 i 1,989 (0.004) NPN 121,2 (0.5) CIPCl | 102.8 (0.2) » |87
% ey (XLIVe) o ’ ©-0h —fe PNP | 431/3(016) | CIPN | 108 (mean.)
(NPCly)s (XLIVb) chair ditte  |1.559(0.013) ditto  [1.992(0.004)] NPN | 420.5(0,7) | CIPCl |103.4(0.2)| » |8
(T-form) ) PNP 135.6 (mean) | CIPN 108 (mean)!
p N,P‘Ph.CI:(XLV) chair » 1.57 (mean) —,gc—ci/: 1.79 (mean). NPN 120 (mean) CipC 104 (mean)}| * 84
‘ . trans-isomer - i A PNP 135.5 (mean)
i
] —qc—m 2.03 (mean)
(
l - 1~
N,P,Ph,CI; (XLVI) crown » 1,573 (0.008) —fe—c{  (1.7830.010| NPN | 120.20.5) | CIPC |103.00.5)| » |#
‘., cis- isomer ! N PNP 137.4(0.5)
| i
{ - _ﬁc—@ 2.042 (0.004)
| E
}
X (NPCly)s (XLVII) nearly » 1.521 (0.02) ditto 1.964 (0.01) NPN 118.3(1.0) | CIPCl | 102.2(0.5) | » |%
X planar PNP 148.6(1.5) | CIPN [108.7 (mean))
) [NP(NMe,)], (XLVIII) boat » 1.563 (0.01) ; - NPN 120.0(0.5) | NPN |102.9(0.5) | » (9
( " i ssoon | PNP | 147507 | PNC | 1201408
e [1.669(0.01) CNC | 113.0(1.0)
NOPN 108.2 (mean)
!
[NP(OMe)slg (XLIX) consists of » 1.561(0.005) 4 1.576(0.005) NPN  [146.7(mean) | OPO [101.3'(mean) | » |92
‘ two plane and, —pe—0— PNP 136.7 (mean) POC | 120.6(0.4) -
i&;;ﬁ " i NPO  [109.4 (mean)
¢
plane N 93
.(NCPI,)G,(L) _\ e » 1.60 , pﬁtg 19 »
B. Phosphonitriles with substituents of different types at the phosphorus atoms
: .
NgPsPheF, (LD > 4,539 (0.005) 1.79(0.01) 415.5 (0.3) CPC 107.9(0.3) | » 94
sPiPheFs o {1.558 o NPN  K420/6(0.3) | NPC | 10804 (0.3)
1.618 (0.005)] —¥c—C {{t PNP 120.5(0.2) FPF 96.9(0.2)
i NPF 109.4 (0.3)
‘ —i%m: 1.526 (0.005)
. .
NyPsPhyCly (LII] chair » 1,555 (0.005)| _ _ .7 11.788(0.006 145.2(0.3) | CPC | 104.4(0.3) | » |9
PaPhCla (LD (weak) {1.578 {0005 K NN ESI0S | cibc | 10073 (0.1)
1.615 (0.005)] PNP {1192 (0.3)
I 122.0 (0.3)
—FcG }14.998(0.002)
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Table 7 (continued).
Ring Endocyclic bonds Exocyclic bonds Endocyclic valence angles [Exocyclic valence angles ' -
Compound 5 2 4
conformation bond bond magnitude, magnitude, s °
bond type | yength, & bond type length, & _ angle deg angle deg = (&
N3P;PhyCly (LII boat | 1.556 (0.009) i7" |1.792 0.011 145.5(0.4) | CPC | 104.4(0.5) |Xray | o6
SPaPCh (LD (eak) | Pt {1.578 fooog) X OO wew 120709 | cirC | w502 C
1.609 (0.008 40,
(0-008) ] PNP 124.9 (0.5)
~hea (2017 (0.005)
NgPCIgF (LIV) planar ditto 4,563 (0.007) 1.963(0.005| NPN © | 118.5(0.5) | HalPHal | 100.5 (0.2) | ditto | &7
“5&\’*!'121 (mean) PNP 121.9(0.4) | NPHal | 108.9 (0.4)
NePMeFq (LV, saddle » 1.487 (0.0 il 1.481 (0.009) 125.4(0.5)| FPF | 93.7(0.5 | » |98
Pudlesl's LV} 1,532(0_032; —he—F NPN {116.9(0\5) CPC | 105.7(0.6)
o PNP 145,0(0.5) | FPN | 107.9(05)
piogooa CPN | 10874 (0.4)
+584 (0.006) _?‘c._‘}__ 1.79 (0,008)
NP Me,F, (LVI saddle » 1.530.00 | 4 1.52 (0.04) 125.9(0.9) | FPF | 96.7(1.2){ » |9
sPaMesFy (LVI) {1.59{0,01) ~fer ( NN {117,5(0,5) cpc | 106.9 0.7
! PNP 134.6(07) | FPN | 108 (mean)
1o CPN 408 (mean)
—He— 1.84(0.01)
C. Diphosphatriazines and phosphatriazines
NPCI,(NSOCl); (LVII) chair » 1.585 (0,043)] . N§N 1%3 .3(0.7) e 104.3(0_3) > )100
__7 o |1esro00m PN 12275 (0.8) ngcf 109.2 (0.5)
(NPPh,),NCMe (LVIII) twisted » ‘{1.597 ©003) _ ! # |1.801(0.002] PNP 116,5(0.2) | CPC | 105.4(0.2) | »
boat 1620 (0.003)) ~HeTE PNP 115.4(0.2) | NPC |108.5 (mean)
! PNC [ 119.9(0.2)
(NPPh,),NCNMe, (LIX) ditto | » 1597 (0.002)  ditto  [1.802(0.002] NPN | 117.4(0.0) | CPC | 104.40.0)| » 12
1.608 (0.002) PNP 115.4(0.1) | NPC [108.4 (mean)
PNC | 120.9(00%)
D. Structures complicated by additional covalent bonds at the nitrogen atom
[(NPMey)H]CuCl, (LX) boat » {i.ggg.g%; . 1,78 (9.03) NPN ﬁg Eig; CNC  |106.8 (mean) | » |13
{1 63(0.02) | —pe—C— PNP | 129 (mean)
1.670.02) | i T
N,PCl, (LXI condensed 1572 (0007 1,980 (0.004)] ... CIPCI | 101.6(0.4) | » |04
PeCls (2D non-planar “"c—’Nc e {0.007) —glc — |{zo04 20.0043 e 49 | oo | 109300:5)
structure i Ne—peoey NPN | 113.1(0.4)
—p==s 110.7
l / .
b
N | 4723 (0.006) PNP 125.5

*Each ring phosphorus atom has two different substituents.

by 0.13 and 0.17 A. Since most of the investigations were
made by X-ray diffraction on crystalline materials, the
deviations from the planar conformation are frequently
accounted for by intermolecular interactions. This view
appears to be confirmed by the vibration spectra of solu-
tions of (XXXII) °° and also the spectra of the tetrafluoro-
and hexachloro-compounds in solutions and in liquid and
gaseous phases *’®?, which agree with the Dy symmetry.
When the substituents at the phosphorus atoms are very
bulky, the distortion of the planar conformation can also
be a consequence of intramolecular steric interactions.
The almost planar ring conformation in trimers and also
the equivalence of the endocyclic PN bonds are sometimes
quoted as ewdence in suppert of the aromaticity of the
(R2PN); system %

In the crystalhne phase, the tetrameric phosphonitriles
(XXXIX) —(XLVI) have significantly non-planar rings with
the exception of the octafluoro-compound (XLIII), the con-
formation of which in the crystalline phase shows only a

slight deviation from the D4 symmetry. The dlsplace-
ment of the phosphorus atoms from the mean plane

varies as a function of substituents up to 0.35 & and that of
the nitrogen atom is almost constant (0.47-0,54 A) in such
structures, with the exception of (XLIII).

One should note that the vibration spectra of the octa-
fluoro-compound in the gaseous and liquid phases ®* were
interpreted on the basis of a lower symmetry (probably
C:h) than those of the crystalline phase (~Dsh). The
authors *® believe that this is an indication of a high
flexibility of the phosphonitrile ring.

The importance of the role of steric interactions in the
determination of the conformations of the tetrameric rings
is confirmed by the existence of configurational isomers in
the crystalline phase. The first known example (the
octachloro-compound) has two polymorphic forms (XLIVa)
and (XLIVb) with similar bond lengths and valence angles:
the K-form (boat, symmetry close to S4) and the T -form
(chair, symmetry close to Cz:h). The conformation of the
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| ring of (XLIV) is evidently different in the liquid and
gaseous phases. The vibration spectra of the octachloro-
compound in the vapour and liquid phases and in two solid
modifications are interpreted according to latest data on

l the basis of the molecular symmetries Dsh, D2h, S, and

C:h respectively ®, although previously the spectra of the

‘ gaseous phase were interpreted on the basis of a lower
symmetry

Yet another example of configurational isomerism is

provided by a structure with symmetrical non-geminal
substituents at the phosphorus atoms: NsP4(CeHs)4Cla.
Two crystalline modifications, (XLV) and (XLVI), are
known; their molecules differ not only by the ring from
(chair, close to C:h symmetry, and crown with distortions
resulting in a lowering to C.v symmetry instead of Cav
symmetry) but also by the mutual orientation of the sub-

! stituents at the phosphorus atoms. Whereas in (XLV) the
chlorine atoms as well as the CsHs groups are located

j alternately above and below the ring (the trans -isomer),

§ in (XLV]) all the chlorine atoms lie on one side of the ring
(the cis-isomer). Since (XLV) and (XLV]) are geometrical

' isomers, the differences between their ring forms are

most probably due to steric factors.

Despite the fact that the ring conformations of the
tetramers are mainly non-planar, a common feature of
phosphonitriles is believed to be a tendency to assume a
planar ring conformation. This tendency competes with
steric influences of different types.

Analysis of the vibration s })ectra of solutions and of the
liquid and gaseous phases 6156 suggested a planar ring
conformation (symmetry close to Dsh) of the decafluoro-

i pentamer and a lower, probably Csy, symmetry (crown
conformation) for the decachloro-pentamer. X-Ray
diffraction showed that in the decachloro-pentamer
(XLVIID) the ring conformation is also very nearly planar:
the displacement of the atoms from the plane are not more
than 0.2 A). In the case of Dsh symmetry, a planar ten-
¢ membered ring would require an increase of the nitrogen
‘ valence angles to about 170° (since the endocyclic phos-
¢ phorus angles usually differ little from 120°), The actual
: planar conformation (symmetry Cav) is achieved owing to
the formation by two nitrogen atoms of angles directed
inwards into the ring (“re-entrant” angles). As a resulf,
the average angle of the nitrogen atom decreases to 148°.
The vibration spectra of the decabromo-pentamer *
indicate a distortion of the ring conformation with a con-
sequent change from Dsh symmetry probably to a Cay
structure, of the type observed for the chloro-derivative.
The ring system of the octamer (XLIX) consists of two
symmetrical six~-membered segments located in parallel
planes and joined to one another via PN units. The
: planarity of each segment (the average deviation of the
atoms from the plane is about 0.12 A) is ensured, as in
f compound (XLVII), by re-entrant nitrogen atoms, The
deviation of the ring atoms from the common plane is also
small (0.26 A).

A nearly planar distribution of PN bonds was found by
X-ray diffraction in the structure of the high-polymer (L).
This is not inconsistent with infrared spectroscopic data®
According to X-ray dif:fraction; the [NPFz)o fibres also
have 2 planar chain structure® In this case two molecu-~
lar conformers were found.

However, the hexamer (XLVIII) has a highly puckered
ring. The dlsplacement of the phosphorus atoms from
the average plane is 0.56 A and that of the nitrogen atoms
is 0.39 A. This is regarded as a consequence of the
steric interactions of the substituents at the phosphorus
atoms —N(CHzs)2 groups.

1069

2. Phosphonitriles with Different Substituents at the
Nitrogen Atoms [(LI) —(LVD)]

The different exocyclic substituents at the phosphorus
atoms result in the inequality of the PN bond lengths and
the analogous angles in the ring. The length of the PN
bond in each PNP segment depends in general on substitu-
ents at the two extreme phosphorus atoms. For example,
7(PN) on the side of halogen atoms is somewhat shorter
than on the side of hydrocarbon groups. This is clearly
illustrated by the results of an X- ray diffraction study of
trimers (inA): (LI (1.558 for ~==PFy=N=x= ==PF,; 1.539
and 1.618 for ==PF,=:N==PPh,===); (LI (1.578 for
=22 PClp==N==PClz==; 1.555 and 1.615 for ==PCly==N==
PPh,==); (LII) (1.556 and 1.609 for -—=Pth—-N'"Pth-‘—;
1.578 for ==PCly==N==PPh,==), Similar relations were
found also for the tetramers (LV) and (LVI).

An increase of the relative number of halogen substitu-
ents leads to a systematic decrease of the average PN
bond length in the ring, although in the chloro-derivatives
these changes are in general within the limits of experi-
mental error; we have (in A):

1.597 in NgPyPh, — 1.581 in NyPyClyPh, — 1.583 in NgP,Cl,Phy — 1.581 in N,PsCls.
(XXXI) (Lun (L1I) (XXXVID)

However, in the fluoro-derivatives the changes are fairly
explicit:
1.597 inNgPyPhy ~ 1.572 in NsPsF.Phy — 1,560 in N,PgFy;
(XXXI) L (XXXVI)

1.596 in NP, Me, — 1,560 in N,P,FyMe, — 1.518 in NyPFeMe; — 1.507 in NoPGFs.
(XXXIX) (v (Lv) (XLIIT)

The conformations of the trimeric rings are nearly
planar, as in the case discussed above. In compound
(LID) the maximum deviation of the ring atoms from the
average plane does not exceed 0.078 A. In (LI) five P and
N atoms are located approximately in one plane and the
sixth atom (phosphorus), linked to two phenyl groups, is
displaced from this plane by 0.20 A. The opposite N atom
is displaced from the plane of the remaining four atoms by
0.06 A, This form of the ring may be regarded as a weak
boat type of conformation. A similar conformation was
found in compound (LII).

The six-membered ring is closest to planarity in
compound (LIV), where the maximum deviation of the P
and N atoms from the plane is only 0.011 A.

In the tetramer (LVI), the N atoms deviate from the
plane of the phosphorus atoms by 0.48 A. In(LV) the
deviation is much less (0.15 A). In this case, thereis a
correlation between the increase of the number of F atoms
and the tendency towards the formation of a planar ring.

3. D%phosphatriazines and Phosphatriazines [(LVII) —
(LIX)]

The six-membered diphosphatriazine rings NsP».C are
intermediate between the planar triazine structures Ni;Cs
and the trimeric phosphonitriles, which, apart from the
hexafluoro-compounds, have incompletely planar ring
conformations.

The replacement of one of the phosphorus atoms in the

trimer by a carbon atom = C \results, according to X-ray

diffraction data, in a lengthening of the PN(C) bonds in the
ring compared with the PN(P) bonds, to 1.620 A in (LVII)
and to 1.608 A in (LIX). Moreover, the endocyclic NPN

and PNP angles are smaller than the corresponding angles
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in the trimeric phosphonitriles. The ring conformations
in both molecules were found to be non-planar, although
X-ray diffraction study of the (NPMe3).NCNMe; structure
led to the opposite conclusion®. In the methyl derivative
(LvID), the displacement of the ring atoms from the
average plane reaches 0.1 A. In the amino-derivative
(LIX), the degree of puckering of the ring is significantly
smaller (the displacement of the atoms from the average
plane is up to 0.024 A). However, this difference has
little influence on the geometrical ring parameters.

0,095 P N 0,095
N

’ ~
’ \

o 5N XA (Lvir)

7 0 C
=0,074 N- 0,095 4 030

dihedral angle PNP/NCN = 8.5°

0,021 P NQM
N
N i
/ \,

—N C S CrmmN— (LIX)

N Lo
~0,0 P NZo,024
dihedral angle PNP/NCN = 2.0°

The ring in compound (LVII) also has a non-planar
conformation of the chair type which is somewhat distorted
owing, it is believed, to intermolecular interactions in the
crystalline phase.

4, Structures Complicated by Additional Covalent Bonds
at the N Atoms [(LX) and (LXD]

In compound (LX), the proton and the CuCls group are
linked covalently to the N atoms at the opposite ends of the
eight-membered ring which thus become tricoordinate§.
This causes a significant increase in the length of the
nearest PN endocyclic bonds. PN bonds of different
lengths are located in the ring symmetrically in pairs, the
effect of the proton on their length being more pronounced
than that of the CuCl; group: the respective lengths are
1.67, 1.56, 1.60, and 1.63 A. The valence angles of the
P atoms differ significantly from those in the initial com-
pound (XXXIX): the average NPN angle is 114° against

§ In contrast to compound (LX), the comglex
[(NPMe:)sH*]:CoCl1i™ has an ionic structure In each
of the two cyclic cations, the only perturbing factor is
the proton linked to one of the N atoms. It is interest-
ing to note that the rings have different conformations.
One of them has the same boat conformation as (LX),
the displacement of the N atoms from the average plane
being greater than that of the P atoms (0.59 and 0.40 A).
The other has a conformation of the saddle type, where
the P atoms are in one plane to within 0.02 A and the N
atoms are located alternately above and below this plane
at a distance of about 0.61 A. Despite this, the variation
of the PN bond length in the two rings is the same: the
average length of each pair of bonds is independent of
the conformation. Starting with the protonated N atom,
the longest of the PN bonds is followed by the shortest
bond, after which a long bond is followed by a shorter
bond: 1.695, 1.538, 1.614, and 1.582 (+0.015) A. The
remaining parameters are close to those found for com-
pound (LX).

In the trimeric cation N3P3Clx(iso-Cs:H/NH)sH", " the
protonation of the ring also has an appreciable influence
on the endocyclic bonds and angles. The variation of
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119.8° in the initial compound and the exocyclic CPC angle .

is 106.6° against 104°, In the absence of factors distort-
ing their symmetry, the endocyclic NPN angles do not
differ significantly from 120° in any of the phosphonitrile
structures and the exocyclic XPX angles as a rule do not
exceed 104°,

The conformation of the ring in compound (LX) is non-
planar boat. As in other tetrameric structures (see
above), the displacement of the N atoms from the average
plane is somewhat greater than that of the P atoms (0.55
and 0.48 A).

In the condensed cyclic structure of (LXI), the geomet-
rical parameters of the central fragment with a tricoor-
dinate central N atom are of special interest. The
average length of the three PN bonds formed by this atom
is 1.723 A, i.e. greater than the average length of the

exocyclic PN bonds in phosphonitriles and also of the endo-

cyclic bonds in cyclophosphazanes with tetracoordinate
phosphorus (see below). The central N atom is almost
coplanar with the neighbouring P atoms (its deviation from
their plane amounts to only 0,04 A) while in the last two
cases the N atoms have less planar bond configurations.
The increase of the PN bond length with retention of a
nearly planar configuration of the N bonds was noted also
in the review of the molecular structures of acyclic phos-
phorus compounds **

] [ol}
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The three penta-atomic segments in compound (LXI)
{without the N¢my atom) are almost planar (the average
deviation is 0.06 A) but on the whole the molecule is non-
planar; the average dihedral angle of the type
N P2yNeay /P2y PeayPesy is 49°.

the PN bond in the ring, starting with the protonated N
atom, is as follows: 1.666, 1.583, and 1.558 (+0.005) & .
The shortest bond is near the PCl: group, i.e. the differ-
ences between the substituents at the P atoms also affect
the ring parameters. The lengths of the exocyclic bonds
are ¥(PN) = 1.609(5) and »(PC1) = 2.000(3) A. The ring
has a distorted boat conformation with deviations of the
N and P atoms from the average plane up to 0.09 A.

In the hexameric cyclic cation [NsPs(NMe):]:.CuCl*, ™
the copper atom is linked covalently to four ring N atoms
as well as to the Cl atom (overall symmetry ~Ci). As
a result there are two types of PN bonds in the ring system

with di~ and tri-coordinate N atoms: bond lengths of
1.55 and 1.62 (+0.02) A. The average endocyclic N and
P angles are reduced, compared with those found in the
initial structure of (XLVIII) to 133.6(1.3)° and
107.5(1.1)° against 147.5° and 120.0°.
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Table 8. Cyclophosphazanes.
i Endocyclic bonds Exocyclic bonds m“dma;ﬁe‘flm“‘ Ex°°g’:gﬂ‘:!“1°n“
Compound confoxg'maﬁon tm Method | Refs.
bond bond ituds itude,.
bond type lenglgln, " bond type len;t‘}.:, 4 | angle ":;;‘g" e angle m"gd’:g“ e
| IL NPCI=NP=
[CIP(=S)NMel(L X1I) planar =P¢—Nc< 1.87 =I°—CI 1,93 NPN | 84.0 =S 1147 Xtay |8
|
—LLQ=S 1,93 PNP | 96.0 CIP=$ 11,5
|
[MeOP(=0)NMe]s (LXI11) ditt 1.664 (0.011) IE‘ —O— 1,564 (0.011)] NPN [105.20.6)) NP=0O | 143,5(0.7) | ditt
eOP(= e twisted itto . . = — 1. . .2(0, = 5(0, o 19
’ boat lf O0P=0 | 116.1(0.7)
—P,= 1.453 (0,012)] PNP [121.7(0.6)) OPN 103.7 (0.7)
| POC 119.3 (1.0)
(FsPNMe), (LXIV) planar (PN, 1.735 | (PP, 1,605 | NPN | 77.9 F,PN, 99.1 el dif. | 120
F,PF, 88.5
(PN, )q 1.595 | (PP, 1,570 | PNP | 102,4 N,PN, 92.0
F,PF, 103.9
o ) N,PF, 127.5
(PhF,PNMe), (LXV) ditto (PN, ), 1.78(0.02) | (P.F), 1,62(0,02) [ NPN | 80.6 F,PN, 92.5 x.,;y - .
F,PF, 87.0 i
(PN )e 1.64(0.02) | (P.F), 1.57(0,02) | PNP | 99.4 F,PC, 91.8 ‘
(PCle 1,79(0.02) N,PF, 9.7 !
N,PC, 97.9 ]
N,PE, 128 :
NePC, 122 :
F,PC, 109 ;
- |
(C1;PNMe); (LXVIa) » (PN,), [1.769(0.007)| (PeCl),  |2.133 (0.003)| NPN [80.5 (0.4){ Cl,PCl, 110 (0.2) ditte |12 I
(PoNgse  [1.635 (0.007)] (Pl 12.026 (0.004) PNP [99.5 (0.4)) CI,PN, 124.8(0.3)
' X,PX, 90,2-+94.5
(ClsPNMe), (LXVIb) » (P.Ng)a  [1.776(0.01) | (P.CI),  [2.152(0.005)| NPN [84.7 (0,5){ C1,PN, 93.8(0.4) » 123
(PeNg),  [1.629(0.01) | (BoCle {2,020 (0,005)| PNP [88.3 (0,5)( CI,PCl, 90.5 (0.3)
N,PCl, 92.0(0.4)
ClPCl, 109.8 (0.3)
) s N,PCl, 124,9(0.4)
P,Cly(NMe)s (LXVID) » (PN.),  |1.74 (mean) | (P,CD), 2.16 NPN | 80.6 » 104
PN [1.66 mean) | p oy, 3% one| 99.4

*The subscripts a and e correspond to the axial and equatorial bonds in the trigonal bipyramidal
structure.

length (1.67 A) is greater by about 0.1 A than in phospho-
nitriles, where the terminal PN bonds have the same
length only in structures complicated by additional bonds .
formed by the N atoms (see above), This length is com-
parable to that of single PN bonds formed by tetracoordin-
ate phosphorus in acyclic structures (1.60—1.71 4).!* The
configuration of the bonds involving the nitrogen atom is
planar.

It is also striking that the endocyclic angles of the phos-
phorus atom in compound (LXII) (105.2°) are significantly

VII. CYCLOPHOSPHAZANES [(LXII)—(LXVII)]

In contrast to phosphonitriles, the phosphazane ring
systems contain tricoordinate nitrogen and are saturated.
Among compounds of this class, the structures with tetra-
and penta-coordinate phosphorus have been investigated
(Table 8).

In the first case, there are X-ray diffraction data for
the dimer (LXII) and the trimer (LXIINY. The endocyclic
PN bonds in each molecule are equivalent. Their average

% In addition there are data for the structures of the
cyclic phosphazane anions (HNPOz)n", wheren = 3 or 4.
These structures differ from those of the non-ionised
phosphazanes by the fact that their exocyclic PO bonds
are equivalent. It has been shown by X-ray diffrac-
tion *®~'%" that the endocylic PN bonds in phosphazane
anions are also equivalent (1.66—1.68 A). The endo-

membered rings is extremely interesting. X-Ray
diffraction data ***'" and the vibration spectra of the
crystalline structures '”**! showed that the tetrameric
anions have conformations of the chair (C:h), boat (SJ), ‘
and saddle (D:d) types, the difference between the con- ;
formations not affecting the geometrical parameters. |
The non-planarity of the ring in the tetrameric phos-
phazane anions is probably greater than in the tetrameric
phosphonitriles. In one of the structures with the boat
conformation’®, the displacement of the phosphorus

eyelic angles NPN (104.5° in the trimer'® and 107—108°
in the tetramers '®"*”") are much smaller than in phos-

phonitriles.
The six-membered ring of the trimer has Csv sym-

metry (chair conformation), which is confirmed by the
vibration spectra of the crystalline structures and solu-
tions

108,109 " The conformational isomerism of eight-

atoms from the mean plane®’ is AP = 0.42 A and that of
nitrogen atoms AN = 0.71 A, which is greater than in the
tetrameric phosphonitriles (see above).
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smaller than the exocyclic OP=0 angles (116.1°), while in
phosphonitriles the opposite relation obtains between the
endocyclic NPN angles (115—-122°) and the exocyclic XPX
angles (97—108°). * The ring system of the dimer (LXII) is
planar. However, in the molecule of the trimer (LXIII)
the ring has a non-planar boat conformation with a sym-
metry approaching Cs. The N and P atoms located at the
opposite ends of the molecule are displaced from the plane
of the remaining four ring atoms by about 0.54 A. Two of
the exocyclic MeO groups are located on one side of the
ring and the third is on the other. The study of the dipole
moments of the dimers with tetracoordinate phosphorus
showed that there is a possibility of geometrical (cis —
trans) isomerism, depending on the relative positions of
the exocyclic substituents at the P atom '*%,

In dimeric cyclophosphazanes with pentacoordinate
phosphorus [compound (LXIV—(LXVID)], the immediate
environment of each phosphorus atom gives rise to a dis-
torted trigonal bipyramid. According to X-ray diffraction
and electron diffraction data, the endocyclic PN bonds are
not equivalent: one of the N atoms is axial and the other
is equatorial. The equatorial PN bonds (~1.63 A) are
shorter than the PN bonds in phosphazanes with tetra-
coordinate phosphorus. The average length of the axial
PN bonds (1.74—1.78 A) is somewhat greater than the sum
of the covalent radii corrected for heteropolarity by the
Shoemaker —Stevenson method (1.75 A). The configuration
of the bonds involving the N atoms is planar. It is inter-
esting to note that the empirical rule according to which
the axial positions in the trigonal bipyramidal structure of
substituted fluorophosphoranes should contain F atoms does
not hold for the fluoro-derivatives (LXIV) and (LXV), >
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The conformation of the four-membered ring in the
dimers with pentacoordinate phosphorus is planar. This
is confirmed for (LXIV) by the vibration spectra of sclu-
tions **M® and also of the liquid and vapour phases'’. It
is striking that the endocyclic NPN angle is smaller than
the PNP angle. The condensed structure of (LXVII) con-
tains three planar four-membered rings. The interatomic
distances and the angles around P(;, are largely consistent
with those found in (LXVI). The trigonal bipyramid
around P(» is distorted much more, since the P2 atom is
involved simultaneously in two rings.

C|H3 CH'{ H3
Che N Ne TN
s AN A
X Z
c11-°5 \N/ :m\;y wy},dl\cx
a
3

CH CH, CH,

{LXVID

IX. CYCLIC PHOSPHITES [(LXVIII) —(LXXI)] AND
PHOSPHATES [(LXXII) —(LXXXIV)]

In cyclic phosphites, the PO bond length is greater and
the OPO bond angles are smaller than the corresponding
ring parameters of cyclic phosphates (Table 9), as in the
open-chain compounds **,

However, in the cyclic structures, the geometrical
parameters depend on the dimensions of the ring system.
In the five-membered rings of (LXVII) ~(LXX) and
(LXXII) -(LXXIV), the endocyclic OPO and POC angles

Table 9. Cyclic phosphites and phosphates.
= - "
~§ Endocyclic bonds Exocyclic bonds Endocya%léfezalenm‘ Exoacnyg ?2: valence
Compound S ond o ® | Refs
wd o1 ond itad itude,| = -
55 bond type | fength, A bond type length, A | angle m“d“e‘;l ®| angle ma%\elgu © 3
Hafr9 1(0.007 2 5 it ] 125
[ Nt e cnvelope >Pc—0c— 1.631(0.007) >Pc—C‘ (01%}?)?1) 888 1&:0.;' OPCl [99.6(0.5) ] el. dif
H G0
MeC—0 ditto |1.630(0,01) ditta 2,093 | OPO [95.92.0)| ditto | 108.2 | ditto | 126
o axw hal- (6.009) | POC |112.0 0.6
a2/ chair
MecE—0
» 1.65(0.03) » 2,108 | OPO {99.0(1.0) » 101,6(2.0)] » 127
@é NP envelope (0.008) | POC {164 6(1.0)
o
LG9 » [ .63 » 2428 | oPo M02.63.0 »  100.84.8 » | 12
md lp—c XX chair (assumed) (0.008) | POC {120 1(1.0)
CH,—0
| 1.585(0.01) i 1.54(0.01)] OPO [98.1(0,5) [POC 149 .7¢4.1)| X-ray {129, 190
" " =P —0,— =P,—0 POC [113.4(0.8)/QP =0 |116.5(0.8)
s\ /OMe envelope € O€> o It 9
Yp (Lxxi) (distorted)| | b ° 1 = 08,6(0.9)
b N —P = 1,45(0.00) 0O {1083
5 | {(mean}
ditto 1.58(0.01) I 1.56(0.01)] OPO {98.4(0.5) |POC 123.4(0.9)| ditto | 13t
M0 ome natt =P.~0 POC [112.1(0.8)}0,P=0 |i16. 6(0.6)
l P (L chair i OP=0  |112,6(0.6)
b 2 No L LL440.0%) 0.PO  [105,6(0.7)
—P = .
]
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Table 9 (continued).
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! g Endocyclic bonds Exocyclic bonds Endoc};lgice\;aleﬂce Exzcnyg‘i]é: valence
{ Compound g bond 3 Refs
Frest on bond o . 3
(‘ 25 bond type | jength, A bond type length, A | angle mabr:!xgtude, angle ma%nexéude §
i | 1.58(0.02) I 1.53(0.02)| OPO |98.5(0.6) [POC 122,9(0.9)| Xray | 132
| MeL0/OMe planar } =P, —O,— =P, —O— POC |108.0(1.5)|0.P=0 |116.2(0.7)
! ﬂ SR, W * b OP=0 - 1109,5(0.8)
: MeC—0 —Po= 1,38(0.03) 0.PO  [107.9(0.7)
| |
|
; [
] t-Bu, SHy M chair » 1.57(0.01) | =PF —C— 1.84(0.03)] OPO [104.4(0.4){C,P=0 ]113,4(0.5) ditto | 133
: N T U POC {120.008)IcP=0  [108.7(0.5)
l W Ny o ’ | O.,PC  [108,7(0.5)
—P, =0 1.48(0.01)
l !
”‘\‘ ”0 ditto » 1.579(0.015) [ 1.860 | OPO [104.6(0.8)0.P=0 |113,2(1.0)] » | 134
/ﬂ G\xp/cp {LXXVD) :TC-(]:_ (0-029) poc 127.7(1.2) 891—32 iégéﬁég
| Pt beo fif A
\ Me ¥ "‘Ic= (0.021)
l i on » » 1.55(0.02) p 1,82(0.02)] OPO |106.2(0.8)[C_P=.0 [112,50.9)] » | 1%
\‘ Me,Ce /:/ (LXXVID) =1[:C_c ¢ pac “9<9(1-5)8PP=O 11%.;(0.8)
. Nu—0” Yo N LPC [107.2(0.9)
\
1 L
| Fc_o 1,47(0.02)
}
» ditto  [1,57(0,03) | 1.55(0.03)| OPO (104.6(0.5){0.P=0 (110.2(0.6)| » | 136
i H,C{ \lp/OH (LXXVIT) =P, —0— POC [118.9(1.1) 0113:0 116,6(0.7)
! N\ - /N } | 0,PO 107,3(0.7)
‘ g P = 1,54(0.03)
‘
{
j » 1,581(0,012) | 1.542 | OPO |106.1(0.8)|0.P=0 [111,3(0.8)] » | 17
? mc<?H’—?\|p/° " ’ =P, —0— (0.011) ¢
' ) N 6/ \ (EXXIX) ‘l
] 7
(ﬁ —P.=0 1.457 | POC |116,01.20/0P=0  |1o4 50
] (0.014) 0, PO (mean)
) |
( PN » » 1.5650,01) | —P,—0— 1,59(0,01){ OPO {106.6(0.6)[POC 121,309 » | 128
| L S (LXxx) | POC [117.6(0.9)[0,P=0 |14
‘ 0" 0 oP—0  [114
! o o |104.5
| C,PO 5
—P =0 1.48(0.01)
|
CH—0 N » 1,57(0,02) | 1.46(0.02)| OPO [103.7(0.6)|0 . P=0 l115.0(1.1)] » | 189
( Meclcr—op=0  xxxy  [Picyelic, —P,_=0 POC |15 2%1 1 ©
) v e
i CHy—0 |
4
{ Mex /§H~<3\ v ) » 1.555(0.013) =E}>C—Br 2.171 OPO [104.90.7)|0 P=0 |115,001,0)f » | M0
/c\3 )/\ {LXXX11) chair i (0.06) Bo—0  |111.5(0.7)
¢ CH,Br ] O, PBr 104,8(0,5)
—Pe= POC [120.5(1,2)
[ 1.443
‘. 0.016)
% |
‘ C—0_ oM » 1.562(0.01) | «P,—O— 1.562 OPO [105.4(0.6)O_PB  {113.6(0.7) » | 11
wdt N (LXXXIII) <P, —0,— | (0.01)
N e I I 1,879 | POC |119.3(0.9)|opB 15.50.0)
. P —p,—B— [(0.017) 0.PO
Me H l l POC (me
119 9(1 1)
; A
{ p: | 1.550(0.005) | 1,430 OPO [107.5(0.2Q_P=0 |114.5 » | 2
" o voat |p—0, ~ —P,=0 0.008) | POC 121.7(0.4) 0.3)
) ! |
C
N e tcul &u (LXXXIV)
§ H;—C| K

are significantly smaller (by 5—10°) than in the open-
chain analogues. Conversely, the magnitude of the exo-
cyclic OPO and POC angles in (LXXII) —(LXXIV) is char-
acteristic also of acyclic esters. The six-membered
rings of (LXXI) and (LXXV)—(LXXXIV) are very similar

to the acyclic structures as regards the parameters under
It is also noteworthy that the exocyclic

consideration.

PCl bonds in cyclic phosphites are significantly longer,
than in the PCls or MeOPCl. molecules (by 0.05—0.08 A)
but not to the same extent as in the oxaphosphadiazole,
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etc. structures discussed above. The length of the PBr
bond in the six-membered cyclic phosphate is greater by
0.03 A than in POBrs. "

According to electron and X-ray diffraction data, cyclic
phosphites and phosphates have as a rule non-planar ring
conformations. The only exception is compound (LXXIV),
where the five-membered ring with tetracoordinate phos-
phorus and one multiple bond was found to be planar.
Five-membered cyclic phosphites have conformations of
the envelope (with an axial exoeyelic PCl bond) or twisted
envelope (half-chair) types, The OPO/OCCO dihedral
angle, characterising in the case of envelope conformation
the displacement of the P atom from the plane of the
remaining ring atoms, is 26° in (LXVIID) and 24.3° in
(LXX). In non-planar five-membered cyclic phosphates,
the dihedral angles O PO 5)/0( 2)C(3)0(5) and
O(2yPO¢sy/0c2C(4O¢sy were found to be respectively 10.9°
and 1.8° in {LXXII) (distorted enveloped conformation) and
12.2° and 12.1° in (LXXIID (half~chair conformation). The
only study so far of the six-membered cyclic phosphite
(LXXI) showed that in the gas phase its ring has a chair
conformation (with an axial exocyclic PC1 bond). The
chair conformation (with an equatorial P=0O phosphoryl
bond) is also most characteristic of six-membered cyclic
phosphates in the crystalline phase. The phosphorus end
of the ring in these compounds is more planar than the
carbon end (Table 10).

Table 10.
Dihedral angles, ’ Dihedral angles,
eg deg
Exocyclic @ = \:o: Exocycli @ -~ @
Compound!| gpstituents \Go;; @9, || Compound sut?szglt%e;zs > S [
at P atomm o | % 2 at Patom L v vl 2
A I Q O I Q
n';;us DS e o e
< e) S0 | ol
o %l ES % &%
] ) ov o~
Me OH
Npd 33.5 | 54.9 Sed 1
axxvy | s o . (LXXIX) /P\O 4.8 54.7
CPh OPh
Ned T s | ss2 ¢ 36
(LXXVD 7R B . (LXXX) ) /P\O -5 53.1
Ph Br
wxxvin| Sp 32.6 | 51.2 wxxxm | Sp¢ ) 2,
> <o ( | DR | s | 2
| OH OMe
axxvim| Spg 0.4 | s42 | axxxm | Npd 8.3 | 5.0
7/ No /gy

The degree of smoothing of the conformation on the side
of phosphate group is evidently determined by the nature
of the exocyclic substituents at the phosphorus atom, since
the C(3,C(0yC(5y/0¢2C(3C(5yOsy dihedral angle hardly
changes on passing from one structure to the other. Boat
conformations occur only in the bicyclic structures of
(LXXXI) and (LXXXIV). Numerous studies dealing with
the problems of conformational equilibrium and the geo-
metrical isomerism and stereochemistry of cyclic phos-
phites ****"2 and phosphates '">"*° have been carried out by
NMR, by determining the dipole moments, etc. However,
as pointed out, in particular, by White et al.’®, the
interpretation of the results of these studies is frequently
ambiguous and contradictory. Further studies by struc-

tural methods are necessary for the solution of the above
problems,
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X. CYCLIC OXYPHOSPHORANES [(L)Q(XV)—(LXXXVII)]

1. Characteristics of the Geometrical Structure

Cyclic oxyphosphoranes are a new class of compounds
in which a pentacoordinate phosphorus atom is located at
the centre of a distorted trigonal bipyramid. The distor-

_ tion may be due to the presence of a ring system and of

different substituents at the phosphorus atom.

In compound (LXXXV), which was investigated by X-~ray
diffraction, two ester groups in the axial and equatorial
positions are linked to a five-membered ring. Two ten-
dencies (Table 11) may be noted: (1) the length of the
axial bonds is greater than that of the equatorial bonds, as
in other trigonal bipyramidal structures; (2) the PO bonds
in the five-membered ring are much longer than the cor-
responding exocyclic bonds (by 0.05 A for the equatorial
bonds and by 0.1 A for the axial bonds). The OPO angle
inthis ring(89.3° + 0.3°) is smaller than infive-membered
cyclic phosphates and phosphites and corresponds to the
angle between the axial and equatorial bonds. The POC
endocyclic bonds are smaller than the exocyclic bonds and
close to the analogous angles in the five-membered cyclic
phosphites and phosphates.

In contrast to compound (LXXXV), in compounds
(LXXXVI) and (LXXXVII) the phosphorus atom can be
regarded as the centre of a trigonal bipyramid only by
convention, The endocyclic axial PO bonds in the last two
compounds are significantly longer than in (LXXXYV) (by
0.25 and 0.6 A respectively). On the other hand, the
endocyclic PC bonds, which are formally equatorial in the
trigonal bipyramid, are unusually short. In the four-
membered ring of (LXXXVI), this bond (1.76 + 0.02 A) is
of the same length as the exocyelic P=C bond (1.75+ 0.02
A) within the limits of experimental error. The inves-
tigators who studied the structure of (LXXXVI) suggest a
delocalisation of electrons in the P==C ==P system and
explain thereby the stability of the ring. It is noteworthy
that the CPO angle in the ring is only 71.3° + 1.0°, which
is smaller by 10° than in four-membered phosphorus—
carbon heterocycles, while the POC angle is 94.1° + 1.0°.
In the five-membered ring of (},XXXVII), the equatorial
PC bond is even shorter (1.70 A) than in (LXXXVI). The
ring conformations in the above structures are planar to
within 0.07—0.10 A,

2. Pseudorotation

The study of the NMR spectra of oxy}g)hos horanes with
four-, five-, and six-membered rings "***® showed that,
as in acyclic fluorophosphoranes ™, they undergo an intra-
molecular rearrangement which is usually described as
“pseudorotation”., This process involves a deformation of
the valence angles and as a result two axial groups of the
trigonal bipyramid move to the equatorial positions and
correspondingly two equatorial groups move to the axial
positions, This mechanism was proposed by Berry 208,
However, it is noteworthy that Berry's mechanism does
not always provide a sufficiently comg}’ete explanation of

the characteristics of the spectra ****”",  The possible
mechanisms of pseudorotation are also discussed in other
reports®*®™*",

It is assumed that in ring structures pseudorotation is
hindered by two principal factors characterised by the
polarity ** and strain rules **"’*'%,  According to the
former, alkyl groups occupy preferentially equatorial
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Table 11. Cyclo-oxyphosphoranes*,
g Endocyclic bonds Exocyclic bonds Endocyclic valence Exocyclic valence
s angles angles ]
Compound @ E £ | Refs.
2< bond length, bond length, | magnitude, " magnitude, 2
§ bond type N bond type A angle deg angle deg =
phnar | (P,Q)),  [t.752(0.007){ (P_O), [1.638(0.008) OPO, |89.3(0.3) {PO,C 124.8(0.6) | Xetay [194, 195
O (P,0,), [1.633(0.000] (PO}, [1.581(0.008) PO,C [11.9(0.6) | POC | 128.7 (mean)
] N i% Iso-pr POeC 114.2(0.6) distortion of trigonal bipyramid,
P iso- pr within the lifnits of experimental
E o N6 iso-Pr error
(LXXXV)
Php—0 ditto | (P,0,),  [2.01(0.02) | (P,Cyy [1.848(0.02) | O,PC, | 71.3(1.0) | C,PO 172.4(0.8) | dittc| 196
l @wxxxvy (PCO Je [1.76(0.02) | C =P |£.7450.02) | PO,C | 94,1(1.0) [CPO 86.4 (mean)
PhyP= (CFg, PCC | 98.5(1.0) Cai?C,e 99.3 (mean)
CPC 106.8 (0.9)
e "€ {122_6 {mean)
on » (®.0,), [2.36 (0, [1.83 C,PO 177.8 » | 197
©\/§m3 oy (B.C)e [1.70 ®,C), [1.775 cpe 102 6:mean)
142
° crC, { 116
© 119
*The subscripts a and e correspond to axial and equatorial bonds in the trigonal-bipyramidal structure.
positions, while O atoms occupy preferentially axial posi- Overall, the molecule has the ~C sy symmetry: all three

tions. According to the second rule, the pentacoordinate
phosphorus atom is bound to the adjacent ring atoms
mainly via one axial and one equatorial bond. This reduces
ring strain to a minimum, as a result of which the angle
between the axial and the equatorial bonds involving the
phosphorus atom is smaller than, for example, that
between two equatorial bonds. Pseudorotation requires
an energy sufficient to overcome the barrier due to one of
these factors or to both at the same time. According to
the available data, the potential barrier caused by the
polarity rule in alkoxyphosphoranes containing at least one
PO bond in a five-membered ring is 10—17 kcal mole ™, ***
The barrier due to the strain rule has been estimated as
higher —up to 22 kcal mole™.** In such structures at a
temperature <140°C, an axial— ecguatorial arrangement of
the ring is greatly preferred 202,203 In alkoxyphos-
phoranes with a four-membered phosphetane ring (i.e.
having only PC bonds in the ring), an axial—equatorial
arrangement of the ring is also preferred, at least at a
temperature <30°C.?”" The barrier to the transition of
the ring to a diequatorial arrangement is estimated in this
case as 20 kecal mole™.*®* Six-membered rings with two
oxygen atoms linked to a phosphorus atom can assume a
diequatorial arrangement *° It is interesting that in the
CsH,0PF3; molecule, contammg a six-membered phos-
phorus—carbon ring, there is no pseudorotation at room
temperature and the ring assumes a diequatorial arrange-
ment **°,

XI. CYCLIC POLYPHOSPHATES [(LXXXVII) —(LXXXIX)]|
AND PHOSPHORUS OXIDES [(XC)—(XCVT)]

The cyclic skeletons of the molecules of these com-
pounds consist of alternating P and O atoms. Among the -
unionised polyphosphates, only two geometrical isomers of
the trimeric diethylamide of metaphosphoric acid,
(LXXXVIII) and (LXXXIX), have been investigated. In the
first of these, the six-membered ring has the chair con-
formation, two atoms (phosphorus and oxygen) deviating _
from the plane of the remaining four by +0.61 and —0.53 A..

endocyclic P=0 bonds lie on one side of the ring (axial
bonds) and all three PN bonds are on the other side (equa-
torial bonds). In the second structure the ring has an
unusual conformation: three oxygen atoms and two phos-
phorus atoms lie approximately in one plane{to within 0.1A)
and the third phosphorus atom deviates from this plane by
0.54 A. Two PN bonds are located on one side of the ring
and the third on the other. The PO bonds in the ring were
found to have the same 1ength (Table 12)}, which however
is greater by about 0.05 A than the length of the analogous
bonds in six-membered cyclic phosphates and also in
acyclic structures'’. On the other hand, the OPO endo-
cyclic angles were found to be somewhat smaller than in
cyclic phosphates. The configuration of the bonds involv-
ing the exocyclic N atoms is almost planar in both struc-
tures.

Phosphorus oxides form three-dimensional polycyclic
structures. In the simplest of these (the trioxide P4Os),
tervalent phosphorus atoms are located at the vertices of
a tetrahedron and O atoms form bridging bonds along the
edges of the tetrahedron. The pentoxide molecules P4Oio
consist, as it were, of a P4Os nucleus and four terminal
oxygen atoms completing the tetrahedron around each

T Until recently, X-ray diffraction data could not
yield an unambiguous answer concerning the identity or
non-identity of the PO endocyclic bond lengths in tri-
meric and tetrameric cyclic polyphosphate anions *2*°,
The identity of the bond lengths has now been demon-
strated. In the NasP3Os crystal structure, the P,05”
anions (the chair conformation) have the followmg geo-
metrical parameters *** 7(Pe—~O¢) = 1.615(0.004) A,

|
r(—llac =0) = 1.484(0.004) A, /POP = 126.9(0.2)°, and

£0OPO = 101.1(0.3)°.

In the (NH4)4P4012 structure, these parameters for
the P4O}s anion (the chair conformatmn) have the follow-
ing values®®': 1.607(0.004) A, 1.479(0.004) &,
131.2(0.0)°, and two different OPO angles—-98.7(0.02)°
and 104.5(0.2)°.
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Table 12, Cyclic polyphosphates and phosphorus oxides*.

Endocyclic bonds Exocyclic bonds Endocyclic valence Exocyclic valence
Ring angles angles
Compound conformation - ] R Method | Refs.
bond type b°"dAle"gth' bond type bm\ck length, | angte ma%nexgtude, angle magdnel;ude,
5 - |
] } —P =0 | 1.44(0.03) | OPO 104 (2) OP=0 115 (2)
—P—O— chair —P —0 —| 1,62(0.03) | © NP=0 | 116 (2) Xeray | 222
‘ o -~ we |
L NEt, =P —N{ | 1.67(0.04) | POP | 124 (2 (3)
(isomer A) (LXXXVEI) [N .09 @ 1 oné 17 (3)
r O E |
1 —P =0 | 1.49(0.02) | OPO | 102 (0,5) OP=0 112 () ditto 223
—P-O— non-planar ditto 1.62(0.02) | NP = 117 (1)
| : NPO | 104 (1)
L NEt, J, =i> —N< 1,62 (0.02) | POP 132 (1) PNC 1?} (8)
(isomer B} (LXXXIX) | ° CNC us 3
three dimensional !
PO (XC twork of rings » 1.56(0.015)] —P =0 [1,49(0.015)| OPO 103 0P=0 16 » 24
(POs)es (XC) formed by six PO4 I POP 145
tetrahedra
< tricyclic 1.58 (mean) ditto 1.43 (mean) { OPO 101 ditto 117 » 225
POy (XCI2)* st;u);ture ’ . POP 124
. |
itte 1,61 (0,02 —P =S [1,862 (0.02) { OPO | 100,8 (0.9) | OP-S 117.2 (0.8) » 226
P,0sSs (XCiTa) ditto » (0.02) e ( POB | 124°3 (0.6)
1.85 (0,02 ditt 1.85 (0,02)| OPO | 101.5 (1.0) ditto | 146.5 (1.0) ).dif. 227
P,0sS; (XCIIb) » > 1850091 dito ¢ POP | 1235 (1.0 ¢

*See also Table 13,

Table 13. Bond lengths and valence angles in phosphorus oxides.

Bond lengths, A* Valence angles, deg*
o
Compound g 4 5] > = 4 O“ Method Refs.
§ & 5 5 o FAR I o o | 2 8
...‘ 4 1 { 1l L .:? % = > ET =
a e % % & 2R 5 & S e
PO, (XCIII) 1.638 — — — — 126,41 — — 99.8 — — - el. dif. 228
(0,003) 0.7) 0.8)
PO; (XCIV}) 1.637 1.67 1.59 — 1.424 128 | 125 — 99.5 105 17 — estimate 228
PO (XCV) 1.633 1,668 1.556%* 11,596 (0.014)|1.414 (0.014)( 130.1]124.%4121,2; 98.0 104 115,6] 113,6 Xeray 228
(0.014) | (0.014) { %0.53?4) 0.9y (0.9) | (0.9) | (mean) | (mean) | (1.0)| (0.8)
PO, (XCV] — 1,661 1.605 1.500 1.418 — 1126.81122.8| 96.7 102 118 .8} 4.6 X-rdy 229
(0.014) | (0.014) (0.014) 0.014) ©.7).10.7) ®.7 (mean) | (0.7)} (0.7)

PO, (XCIY) — — — 1.604 1.429 — — 11235 — 104.6 — 116.5 el. dif, 229
(0.004) (0,004) 0.7) (0,8) (0.3)

Weighted mean 1.637 1.666 l 1.586 1.598 1,424 128.01125.31122.6 | 98.4 103,0 |117.0| 145.3 - -
values (0.004) | (0.008) | (0.010) (0.004) (0.004) 0.6) { (0.5 | (0.5 | (0.8 0.8) 0.5 | (0.3)

*The symbols PII and PV denote tervalent and quinquevalent phosphorus respectively.
**Beagley et al. **® believe that the length 1,556 A is due to an unusual error in the X~-ray

diffraction data.

quinquevalent phosphorus atom. The remaining oxides
differ from these by the number of terminal oxygen atoms
(and correspondingly by the number of tervalent and
quinquevalent phosphorus atoms). The replacement of
P=0 by P=S bonds in P,0O,S, leaves the overall structure
the same as before.

Table 13, which we took from Stosick **’, lists the bond
lengths and the valence angles of all the phosphorus oxides.
The PIII—O bridging bonds are not the same for both types

- of oxygen atoms (the difference is 0.029 + 0.009 A). This
is evidence that the intermediate oxides P4O», P4Os, and
P40y cannot be regarded as comprising simply fragments
of the terminal members of the series (P4Os and P4Oi0).

The PIII—O bridging bonds are longer than the PV —0O bonds
and the corresponding bonds in the acyclic structures
(1.60 A). "

XII. CYCLIC POLYPHOSPHINES AND ELEMENTAL
PHOSPHORUS

An interesting feature of the PP bond in acyclic struc-
tures is the low sensitivity of its length to changes in the
valence state of the phosphorus atom and in the nature of
the attached groups (2.18—2.22 A)."" In the ring systems
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Table 14. Cyclic polyphosphines and elemental phosphorus.

Endocyclic bonds Exocyclic bonds Endocyclic valence Exocyeclic valence
Compound Ring angles angles Method
conformation ond bond bond bond T o 0 Refs.
p 2, magnitude
ond tYP® | jangth, A | PORYPE | jength, A | angle [TUGeg angle MRER
o _p/ | 2283 1,867 PPP | 84.7 PPC 9. X+
(PCF3) (XCVID) non-planar JPP | (00005) >pc—c— (0.044) 8 i
(PCeHyy)¢ (XCVIID) ditto ditto 2,224 ditto 1.874 ditto 85.5 ditto 102,7 ditto 232
(0.002) | (.00 (0.06) ©0.2)
AN 2
(PCsFy)a (XCIX) » » 2,236 p—ci | 1.838 » 85.24 » 104.05 » 233
0.002) | 7/ ° ™\ | (0.003) (0,04) 0.1)
|
(PCFy)s (C) envelope » 2,223 | O —Cc— | 1.908 » 101.3 » 97,6 » 234,295
@otn | 7 7 1 @020 (mean) (mean) '
(PPh), (CI) ditto » 2.217 | =b<f | 183 | 100 » 102
(0.006) €N 1 0.09) (mean) ’ o8
o _Ph p}ana: bicyclic » 2,209 ditto 1.825 » 97.3 » 101.8 » 237
o on ring system (0.003) 0.01) ©0.1) (mean)
P—PB (CIn) PPC 99.7
“eh 0.2)
PCC | 120,5
(mean)
(PPh), (CII) chair » 2.235 » 1.843 | PPP 95.0 » 98.5 » 238,239
(0.005) (0.01) (0.5) (0.5)
P, (vapour)(CLV) tricyclic structure » 2.21 ditto 60 — el. dif. 240
(tetrahedron) (0.02) -
Black orthorhombi chai 2.234
phgsphmuosI (ll’)g)l,:c(CV) " ’ (mean) - ’ 10 - Foray 2“
e P ered | Mo Planar 2249 - » 0.0 |~ ditto 22
groups) (CVT) (0.01) 0.3)
considered (Table 14), the length of the>P—P<bond is angle of 84° with equatorial orientation of the exocyclic
. phenyl groups.
apparently somewhat greater, although the range of its AP R . .
e ation remains fairly narrow (2.21-2.24 A)f, Within The p“i”’mty that the cyclicpolyphosphine ring systems
s s . y n = i i
the limits of each structure the PP bonds are almost equal. (PR)nt( 7,29,%445’ orhtz) are arom‘ahc was 'dlscussed. .
The valence angles of the phosphorus atoms vary with the recen ly . .T 1S hypothesis arose n connection with
complexity of the ring certain characteristics of the ultraviolet spectra of these
pLExIty y compounds **"**,  One must emphasise that there are no

The conformation of the cyclic polyphosphines investiga-
ted in the crystal phase is as a rule non-planar. The only
exception is compound (CII), where the average torsion
angle is only 5° within the limits of the bicyclic ring sys-
tem. The tetramers (XCVII) —(XCIX) have the molecular
symmetry ~D»d with equatorial orientation of the exocyclic
substituents. Their PPPP torsion angles are respectively
34°, 31.4°, and 32.2°. The Raman spectra of liquid cyclic
polyphosphines (PR). have also been interpreted in terms
of D»d symmetry **°, In the pentamers (C) and (CI), the
PPPP torsion angles vary in the ranges 18—58° and 2—-61°
(the envelope conformation), the average in both structures
being 38°. In these molecules, the exocyclic substituents
at the two adjacent phosphorus atoms lie on one side of the
ring, since, in contrast to the tetramers, a regular alter-
nation of the directions in which the substituents are
oriented relative to the average plane is in this case
impossible. The ring system of the hexamer (CIII) has a
chair conformation characterised by an average torsion

/

1 Anomalous>P—P (2.26~2.33 A) bond lengths

were found in the crystal structures of phosphorus
sulphides and selenides (see below).

grounds for such a conclusion from the standpointof the
structure of cyclic polyphosphines. In particular the
absence of electron delocalisation is indicated by the
invariance of the PP bond lengths. .

The tetrahedral molecules of elemental phosphorus
(CIV) in the vapour phase may be regarded as a tricyclic
phosphine. The valence angles of the phosphorus atoms
are in this case only 60°. It has been suggested that
white (crystalline) phosphorus has a similar structure *724%,
Red phosphorus is formed from white phosphorus when one
of the bonds in the tetrahedra is cleaved and the tetrahedra
are joined together to form chains or rings**®. This
hypothesis is consistent with the variation spectra of
amorphous red phosphorus **°, which agrees best with a
polymeric structure consisting of puckered four-membered
rings with the D:d (or C.v) symmetry which is the same as
(or similar to) the symmetry of the molecules of tetrameric
cyclicpolyphosphines (XCVII) —(XCIX). None of the crys-
talline modifications of red phosphorus, the existence of
which has been demonstrated by X-ray diffraction®®, has
been subjected to a detailed structural analysis. The
different modifications of black phosphorus (CV) and (CVI)
contain more complex rings as repeating structural units.
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Table 15. Cyclic phosphonothioates, phosphorohalidothioates, polyphosphonothioates, and
polyphosphorohalidothioates.
Endocyclic bonds Exocyclic bonds Endocyclic valence Exocyclic valence
Compound Ring angles angles
conformation bond; bond L stud Method Refs.
magnitude,
bond type lex‘xfth, bond type le:;fth, angle deg angle deg
envelope» | \P —c:{}
=P,—S— | 2.087 [/ ¢\ | 1.80 SPs 98.5 S P=S 145,14 | Xray 252
HE—S_  op ] (0.002) (0.006) ©.1) |°© 0.9
T‘ el (cvn |
w17 P =§ 1,936 PSC 99,4 |[CP=$S 113.9
,C—S | 0.2)
(0.002) | ©.5 |spc 106.4
0.2
half<hair ditto | ditto ' 253
2,05 |=P —C 2,059 SPS | 100.5 S P=S 117,3
HC—S ) (0.005) | | (0.004) 0.2 |°© 0.2)
i e <C (v i
R S —P =S 1,90 | PSC | 9.4 (CIP=S 141.4
ic (0.005) (0,5) 0.2)
S PCl 104.5
Planar » [
2,441 |=P —C— | 1,830 Sps 94,54 S P=S 146,56 » 254, 255
5\, :/§\‘P/M¢ o (0'.006) ; | (0.015) (0.22) (0.18)
e NN —P_ =S 1.945 PSP | 85.46 [CP=S 113,54 -
| (0.005) (0,23) 0.51)
8 PC 106,84
(0.18)
N post 240 |=b—Br | 207 | sps | 1o
/% 6\ » . =P —Br . P 6 > 256
D& ‘S/:p\s ) .09 | |° (0.02)
]
—P =S 1,98 psSs | 100
{ (0.02)

XIII, CYCLIC PHOSPHONOTHIOATES (CVII),
PHOSPHOROHALIDOTHIOATES (CVII), POLYPHOSPHO-
NOTHIOATES (CIX), AND POLYPHOSPHOROHALIDO-
THIOATES (CX)

|
The length of the =1I3-S— endocyclic bonds in five-

membered phosphonothioates and phosphorohalidothioates
(Table 15) has been shown by the first studies of these
structures in the crystalline phase not to differ from that
in the acychc structures (2.07—2.09 A) within the limits of
error’ The SPS endocyclic angles are similar to the
OoPO angles in five-membered cyclic phosphates (98—99°)
(see above), but the PSC angles are significantly smaller
than the POC angles. The conformations of five-mem-
bered rings in phosphonothioates and phosphorohalido-
thioates are non-planar, as for cyclic phosphates. In
structure (CVII), the phosphorus and sulphur atoms
deviate from the mean-square plane by 0.15 A in the
opposite directions (the envelope conformation); in struc-
ture (CVII) the devmtlons of the rmg atoms from the best
plane are —0,194 A for P, 0.299 A for Sz, —0.336 A for
C(a, 0.161 A for C(s), and 0.071 A for S(s) (the conforma-
tion is close to that of the half-chair form). The confor-
mation of the four-membered ring of the polyphosphono-
thioate (CIX) is planar (C:h symmetry), like that found for
the diphosphazane molecule with tetracoordinate phos-
phorus [compound (LXI)]. The six-membered ring in

compound (CX) has a boat conformation with a PSSP tor-
sion angle of 86°.

XIV. PHOSPHORUS SULPHIDES [(CXI) —(CXVID)] AND
SELENIDES [(CXVII —(CXX)]

Phosphorus sulphides and selenides (Table 16) consist
of large polycyclic molecules PsSn or PsSen (n = 3, 5, 7,

9, or 10):
~ (\P/'\P/D &
SN o, ;
P
<~ N | WPy © \,P\,/ o
{CXLCXVID  (CXIV,CXX)  (CXV aandb) ©xvy. (cxvu)
(C3q) (€ (Cs) (Cs) (Cyq)

In contrast to phosphorus oxides, among phosphorus sul-
phides and selenides there are structures without sym-
metry elements, The isomeric di-iodo-derivatives
resemble closely this series of compounds:

P
P—1

The polycyclic systems contain three-, four-, five-,
and six-membered rings. The conformation of the four-
membered rings in (CXIV) and (CXX) is close to that of the
rings of tetrameric cyclic polyphosphines (see above).
The five-membered rings in each of the sulphides [except
(CXVI) and (CXVI)] and selenides show a considerable
geometrical similarity to the rings of the five-membered
polyphosphines (C) and (CI) (the envelope conformation).

{«

al
(¢
b:

si
el

mt
ph
su
ca
bo:
the
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Table 16. Phosphorus sulphides and selenides.

Endocyclic PE bonds (E =S, Se)
=) > - E i Endocyclic valence angles (E = S, Se, or P) Exocyclic bonds
= = > = xocyclic o
Compound 34: fn: ﬁ_,l" &"‘ "5‘. bonds, A - v Menlll MoV | VooV {magnitude 'g &
% g = | = E EpIME EPYE | PUEP PUERY IPVEPY angle [MOETMCH) 21§
P.Ss (CXIa) | 2.090 | — — | — ] 223 | — { o | - 103,0 | — — — | xaay] e
(0.005) (0.005) 1094
PS; (CXIb) | 247 | — — | — |22 — — — 105(3) — — el dif.| 28
(0,02) 0.02)
@-P;S5l, 2.10 — — — 2.20 2,48(0.03) |102—105 — 104 — PPI 98 Xray | 259
(CX1I) (0.0%) ©0.04 | (>P, 1) SPI 104
6Pt (26%3% — — | = (2)%11 ) 2.4’;31(0,008) 101,6 — 99.6(0.3) — gpx 94502
- y . S 0.3 106(0.3] Pl 103.0(0.4)| ditto
(CX‘H"’I)Z S5 ) ( >P—1) | 0.3 (0.3) (0.4) 260
(0.01)
P,Ss (CXIV) 2,41 2.44 12.085] — 2.26 | 1.94(0.01) |(85** 103.8 {88.7*“ — PP=S | 125,5
Lt (mean) | (mean) |(0.01) (0.01) | 102.5 89, fr** (mean)' [1103.4 SP=S 112 * g1, 262
2.24 — P, =S || (mean) {108,4 (mean)
(pV—pIlI) |
1.918(0.007)
a-P,S; — 2.108 12,079 2.114 | 2,326 | 103.5 107 — 102.4 1104 | SP=S 112 » 262, 263
(CXVa) (0.007) {(0.007)/(0.007)| (0.007) |{ — ,Pc = (mean), (mean) (mean)
1.89(0.045)
B-PaS7 — 2.141 2,07 ] 2.12 226 |/ | 103 107 — 102.5 |10 SP=S 112 > 264
(CXVb)- (0.045) | (0,04)] (0.04)] (0.02) (— I'DC = (mean) (mean)
re 000 108.4 109.6 140.8 |108.7 | SP=S | 109.3
— 241 | 242242 — | . 09. - - . = . » 265
PySs (CXVI) (0.01) | (0-01){ (0.01) (— f“ =3
1,908(0.015)
PeSto — — — 12,007 | — 1 109.3 — — 109.8 | SP=S {109.6(0.7)| » |62, 263
(CXVIID) (0.015) (— f“ = S) — 0.7) 0.7
PSes 22 | | | _ |22 | — o - 100 - — ] = - > | s
(CXVIII) (0.03 (0.03) Y
-P,Sesl. 2.25 — — — 2,22 2,47 (0,02) 102.7 — 97.4(1.5)] — — PPI 94,6(1,0)] » 267
?cx‘l)a ® (0.0%) 0.03) | GP,—1 | (1.2) {103.6(1‘1) SePI  [101.4(0.8)
2.294 | 2.123(0,013)[(86.5(0.5)* {89.6(0‘6 e 102 85.4(0.4)" — | PP=Se [121.9(0.6)] » | 28
295 | 2.285 |2.245 (0.019) | s {103,2 109.3 (mean) 99.7(0.4) SeP=Se ; 112)
’ : 3 — K2.237 —P =
PiSeq (CXX) | (rmean) | (mean) |(0.015) (©.016) ( 1 e |\ (mean) (mean) | {mean
(PV_PIH)

*The symbols PII and PV denote tervalent
*xTn a tervalent (three-membered ?) ring.
***In a quadrivalent (four-membered ?) ring.

The six-membered rings in compounds (CXVI) and
(CXVI), which include tri- and tetra-coordinate phos-
phorus, have a chair conformation—the same as in (CIII)
and (CV). Inthe molecules of the di-iodides (CXII),
(CX11I), and (CXIX), two five-membered rings are joined
by a common PXP fragment.

In turn, the remaining endocyclic bonds form a common
six-membered ring in the boat form with the following
endocyclic angles:

(cxin (cxIm l (CXIX)
PPS 91° PPP 96.5+0,5° PPP 97,8+1,5°
(mean) SPS 103.2+0.5° | SePSe 103.6:+1.3°

It is interesting that the PPP bonds considered are
much smaller than in the six-membered rings of black
phosphorus (102°). As already noted, the PP bonds in the
sulphides and selenides are significantly longer in many
cases than the usual bond. The lengths of the PS(PSe)

bonds are on average little different from those found in
the acyclic compounds ',

The difference between the

and quinquevalent phosphorus respectively.

bonds of tervalent and quinquevalent phosphorus are not as
pronounced as in the oxides. On the other hand, in cer-
tain structures [for example, in (CXIV) and (CXX)] the
lengths of the single PS and PSe bonds are different, the
differences reaching about 0.1 A.

---000---

The above discussion of the molecular structures of
cyclic organophosphorus compounds shows that their
geometrical structures have certain definitely unusual
features.

In small rings with z = 3—5 atoms, the valence angles
involving the phosphorus atom are apparently largely
determined by the dimensions. of the ring system. The
smallest of the known valence angles of the phosphorus

CH:

molecule—is only
H:

47.4°. In four- and five-membered rings, the valence
angles of the phosphorus atoms are still significantly

atom~~the CPC angle in the HP
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smaller than the analogous angles in the acyclic struc-
tures. In small rings, the single phosphorus—element
bonds are as a rule longer than the bonds in the acyclic
structures,

In the case of six-membered rings (excluding, of course,
phosphonitriles and similar formally unsaturated struc-
tures), there is usually considerable similarity with
acyclic structures as regards the above parameters. The
main reason for such differences is frequently believed to
be the existence of ring strain in small ring systems.
However, an appreciable increase in the length of PO
bridge bonds occurs also in six-membered rings in the
structure of phosphorus oxides.

The effect of exocyclic substituents on the geometrical
parameters of the ring system is shown, in particular, in
phosphonitriles, where the inhomogeneity of these substi-
tuents leads to different lengths of endocyclic bonds and a
decrease of the symmetry of the ring system.

It is as a rule impossible to establish significant differ-
ences between the parameters of endocyclic bonds and
those of acyclic compounds. However, the length of the
PCl bonds in phosphadiazoles (2.17—2.19 A for tricoordi-
nate phosphorus and 2.07 A for tetracoordinate phosphorus)
is much greater (by up to 0.20 A) than in other phosphorus
compounds. In most of the structures investigated, the
PC1 bonds are shorter than the sum of the covalent radii
(2.09A). This factor was interpreted as an increase in
the multiplicity of the PC1 bonds. The greater length of
the PCl bond found in phosphadiazoles compared with the
sum of the covalent radii gives rise to new theoretical
problems.

Ring structures with pentacoordinate phosphorus (cyclo-
phosphazanes) constitute the first case to which the
empirical rule of the preferential axial location of fluorine
atoms in the trigonal-bipyramidal environment of the
phosphorus atom is inapplicable.

The simplest cyclic systems (three-membered sys-
tems) do not present any conformational problems, since
in such cases only planar structures are possible.
Examination of the complete set of the available data shows
that in more complex rings the conformation is non-planar
when tricoordinate phosphorus is present. The only
exception is the five-membered ring in compound (CII),
where the average torsion angle is only 5°. Planar
conformations are apparently characteristic of ring sys- -
tems containing di- and penta-coordinate phosphorus.
Structures containing tetracoordinate phosphorus can have
both planar and non-planar conformations. The non-
planarity of the phosphole ring merits particular attention.
It implies the non-planarity of ethylene systems, which is
difficult to expect in view of the high barrier to rotation
about .the C=C bond.

It is believed that the ring conformations are due to the
operation of forces associated with angular deformations
and torsional interactions in relation to bonds. Thus the
replacement of hydrogen atoms linked to terminal carbon
atoms in five-membered cyclic phosphites and phosphates
by methyl groups leads to an increase of torsional inter~
actions and a change in conformation from envelope to
half-chair. On the other hand, the envelope conformation
is difficult to expect for a ring of this type on the basis of
the hypothesis concerning the twisting moments about
different bonds, since in this case there is an eclipsed
configuration relative to the C—C bond, although it is
known that the barrier to rotation relative to this bond is
greater than that relative to the C—-0O and P—-O bonds.

The axial disposition of the P~Cl bonds in the mole-
cules of five- and six-membered ring phosphites and
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phosphates may be regarded as analogous to the gouche -
conformation of such bonds about the P—0 bonds in the
acyclic derivatives.

The valence angles involving the exocyclic N and O
atoms are appreciably greater, as in the acyclic com-
pounds, than the values found in trimethylamine and in
methyl ether: the nitrogen atom has a planar bond con-
figuration and the POC valence angles are about 120°,
exceeding the COC valence angle by 10°,

On the whole, analysis of the structures investigated
makes it possible so far to elucidate only the general
trends, which require further confirmation and refinement.
The inadequacy of the available data is caused not only by
the small number of studies but to a greater extent by the
insufficient accuracy of their results,

ADDENDUM

The structure of the dimeric molecule of
a cyclophosphazane (CXXI) with tricoordinate
phosphorus was investigated for the first time by
Muir and Nixon**°, It was shown by X-ray diffraction
that the four-membered ring of this molecule is slightly
non-planar: the P and N atoms are alternately 0,045 A
above and below the average plane (a dihedral angle of 6°).

" Both Cl atoms linked to the P atoms occupy equatorial

positions, i.e, they are located on the same side of the
ring as the N atoms. However, the substituents at the N
atoms are not equivalent in this respect: one of them is
in the cis -position relative to the Cl atoms and the other
in the frans -position:
Ct t-Bu
Ny
P foxxD
N—>p

o Na

The molecule of compound (CXXI) has the following
geometrical parameters: r(CPe~Cl) = 2.105(0.009) A;
r(>Pc-Nc<) ~1.689(0.005) A; / NPN = 82.5(0.3)°;

/PNP = 97.3(0.4)°; 4NPCIl = 103.3(0.4)°; ZPNC =
129.5° (on average). Evidently the bond lengths and
valence angles in the ring are very close to the values of
the corresponding parameters for the dimeric molecule of
a cyclophosphazane with tetracoordinate phosphorus
(LXII). However, the PCI bond length in (CXXI) is much
greater. A correction for thermal motion increases the
length of this bond to 2.149(0.009)A .

According to an X-ray diffraction study *’°, the funda-
mental geometrical parameters of the bicyclic molecule

of (CXXII) have the following values: 7(>Pc—Nc/) =

1.68(0.03) A; /NPN = 100(3)°; ZPNN = 117(4)°; the
sum of the valence angles of the nitrogen atom aN =
345(2)°. The PNNP chain in (CXXII) was found to be
planar to within 0.06(0.02) A.

5

P{&e
N

/T

P—N N—P (CXX11)

\ Me/ /
N

Z—

\
)
Me Me

Two X-ray diffraction studies of cyclic struc-
tures with tetracoordinate phosphorus,
carried out at the beginning of the 1960's but not men-
tioned in earlier reviews, are of interest. In one of



—~———

?
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these investigations *”*, it was found that in the molecule
of compound (CXXIII) the P atom and the C atom of the
methylene group are located in the planes of the closest
benzene rings, the angle between these planes being 22°.

i/ S

!\/ ;/O

>
/\(C'
K/ {CXXIL)

The geometrical parameters of the phosphorus fragment

|
in (CXXIII) are are follows: 7(=P¢
|

I |
r(=1|7¢—-?c—) = 1.79A; r(—]|?c=0)1= 1.47A;
] .
7(—Pe=0)> = 1.5TA; ZOP=0 = 115°;
|

—Ce \/) =1.80A;

LCPO = 107°;

LCP=0 = 114°; /(CPC)¢ = 101°,
In the second of the above two investigations *%, the
following parameters were found for the (CXXIV) mole-
| |
cule: 7(—Il’c=S) = 1.90(0.01) A; r(=]‘?c—0c—) =

1.58(0.002) A; ZOP=S = 113.7(0.9)°; ZOPO = 104.7(1.1)°;

POC = 113.3(1.7)°. All three oxygen atoms in the
(CXXIV) molecule occupy axial pos1t10ns in relation to the
cyclohexane ring,

(CXx1v)

A further two X-ray diffraction studies have been made
onthe structure of the cyclicoxyphosphor-
anes (CXXV) and (CXXVI):

(CF‘,)QCH—O i
pn— —Me and ™

o—c—cx:,
{(CXXV)

CetleB,
(Cxxvny

In both molecules the oxygen atoms occupy axial positions.
In (CXXV), **" the P atom is in the centre of a distorted
trigonal bipyramid with a four-membered ring in the
axial-equatorial plane. The ring is non-planar but has a
relatively small C(21POca)/C(2C(3)O4, = 11° dihedral
angle, which corresponds to a displacement of the atoms
from the average ring plane by not more than 0.06 A. The
(CXXV) molecule has the following fundamental geomet~
rical parameters: 7(PcOc)a = 1. 79(0 01) A; #(PcO)a =
1.71(0.01) A; #(PcCele=1.83(0.02) A; r(Pcc)e =1.79 A
(mean); C(2POcqy = 75.5(0.6)°; ZPO4C(s = 94.8(1.0)°;
ZPC(z)C(sy = 94.8(1.0) °.

In the (CXXVI) molecule ™, the P atom is in the centre
of an almost regular trigonal bipyramid. Both rings
occupy axial-equatorial positions. The five-membered

ring is planar, with the parameters 7(PcOc)a =
1.786(0.006) A
87.3(0.2) °%;

7(PeCe)e = 1.815(0.006) A; LOPC =
£POC = 113.8(0.2)°.
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The non-planar six-membered ring has the following
parameters:
92.7(0.2) °;

7(PcOc)a = 1.737(0.006) A; ZOPC =
£ZPOC = 113.3(0.2)°.
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