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Molecular Structures of Acyclic Organophosphorus Compounds

L.S.Khaikin and L.V.Vilkov

The structural data for acyclic organophosphorus compounds published up to 1971 have been systematically reviewed.
The geometrical parameters obtained for these compounds have been classified in accordance with the concepts of the

valence states of the atoms in the molecules and the types of chemical bonds.
the geometrical structure of the molecules have been noted on the basis of this classification.

Certain general relations governing
The geometrical para-

meters for a specific phosphorus - element bond may vary within limits greatly exceeding the experimental error as a
result of the influence of the immediate environment of the bond. However, the study of the problem of the mutual
influence of atoms not linked directly is difficult owing to the lack of the necessary experimental data.

The results of the determination of the conformations of acyclic organophosphorus compounds are presented.

The bibliography includes 231 references.
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I. INTRODUCTION

Since phosphorus compounds have been recently acquir-
ing increasing practical value, it is important to investi-
gate the characteristics of their geometrical structures,
which are not only of theoretical interest but also consti-
tute the basis for the interpretation of the rapidly increas-
ing volume of experimental data in various branches of
chemistry. The geometrical structure of molecules is
characterised by certain fundamental parameters—bond
length, valence angles, and angles of internal rotation.
The most widely used method of calculation of bond lengths
is based on systems of covalent radii?, but it takes into
account only the differences in bond multiplicity. The
introduction of corrections in accordance with the
Shomaker —Stevenson equation? makes it possible to take
into account the differences between the types of atoms.
However, in this case too the calculated bond lengths
frequently differs from the experimental values by an
amount significantly exceeding the present level of accur-
acy of the experimental data (about 0.01 A).

A more logical empirical method is the phenomenologi-
cal procedure, which has been particularly widely developed
by Tatevskii®~5, The principle of the method consists in a
detailed classification of bonds in molecules based on the
classical theory of structure. This classification takes
into account, apart from the chemical individuality of
atoms and bond multiplicities, the valence state of the
linked atoms (the “type” of chemical bond) and also the
effect of the immediate environment. The actual role of
all these factors, which influence the fundamental geomet-
rical molecular parameters, can be discovered by analys-
ing the experimental data. The most complete review of
the stereochemistry of phosphorus compounds is given in a
collective volume “Topics in Phosphorus Chemistry” ¢y,

T The Tables published under the editorship of Sutton”
list the results of all the structural studies up to 1960
(including the studies on phosphorus compounds). There
are also a number of reviews in which the stereochemistry
of individual classes of organophosphorus compounds are
discussed: trihalides?, fluorides®, sulphides!®, com-
pounds with a P—P bond?!t, compounds of pentacoordinate
phosphorus 216 etc, Certain problems in the stereo-
chemistry of phosphorus compounds have been examined in
the monographs of Wells!?, Van Wazer '8, and Hudson 9,
andina collective volume “Topics in Stereochemistry’’ 2°,

Bond lengths and valence angles in phosphorus{I1l} compounds
Bond lengths and valence angles in phosphorus(V) compounds
V. lInternal rotation and conformational isomerism in acyclic organophosphorus compounds
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However, the classification of geometrical parameters in
this review is not sufficiently logical and clear~cut, In
addition, and this is most important, during the five years
which have elapsed since the publication of this volume,
new studies have expanded and deepened our knowledge
about geometrical structure.

In the present review, the geometrical parameters of
acyclic organophosphorus compounds have been classified
on the basis of the concepts of the classical structural
theoryj. Data obtained by spectroscopic (largely micro-
wave) and diffraction (electron diffraction and X-ray dif-
fraction) methods for the determination of molecular
geometry published up to 1971 (the data published towards
the end of 1970 and the beginning of 1971 are given in the
Supplement) have been compiled. More accurate results
have been obtained in re-investigations of the same sub-
stances. Complexes containing phosphorus —transition
element bonds and salts of phosphorus acids have been
excluded from consideration.

II. THE VALENCE STATES OF THE PHOSPHORUS ATOM

The phosphorus atom in various compounds coordinates
between one and six ligands, but the majority of the known
phosphorus compounds have coordination numbers of 3 and
4. Although phosphorus is frequently treated as an
analogue of nitrogen, it is characterised by higher coor-
dination numbers. In this respect phosphorus is closer to
the heavy Group V elements—arsenic and antimony.

During recent years, compounds with dicoordinate
phosphorus stable under normal conditions were obtained
and investigated for the first time. In the case of acyclic
structures, these are phosphamethinecyanine cations 21723,

A large group of the phosphorus analogues of nitrogen
compounds comprises derivatives of tricoordinate phos-
phorus. However, tervalent nitrogen can have in this
case a planar bond configuration as well as a trigonal
pyramidal configuration (with a minimum valence angle of

i The classical theory does not always give a sufficient-
ly complete description of the chemical structure of com-
pounds, but it does characterise satisfactorily the coor-
dination numbers of atoms (for example, thetetracoordinate

quinquevalent phosphorus in —Il’=0, —11’——]]3—, ete.).
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102°). On the other hand, the average valence angles of
the phosphorus atom in such compounds vary as a rule
between 90° and 100°., On passing to heavier Group V
elements, a tendency towards a further decrease of the
average valence angle is observeds$.

A tetrahedral coordination of ligands is most charac-
teristic of the phosphorus atom. Compounds with a
tetracoordinate phosphorus atom are more stable than
those with different coordination. According to the classi-
cal theory of valence, there is a double bond at the phos-
phorus atom in such compounds (for non-ionised structures).
The actual distribution of ligands can be referred to as
tetrahedral in this case only in a conventional sense, since
the valence angles of phosphorus within the limits of an
individual structure can vary within very wide limits—
from 100° to 120°. Here a double bond is involved in the
formation of the largest angles,

Table 1. The limits of variation of the length of bonds
between the phosphorus atom and the atoms of non-
transition eolements in acyclic organophosphorus com-
pounds (in A; on the basis of the data in Tables 2—4 and
in the Addendum).

Coordination number of phosphorus Sum of co-
tetracoordinate pentacoordinatet valent radii

]

= g:‘s'j' ‘S

Bond | tricoordinate . . 2% |28¢
(single bonds}| multiple single equatorial axial E’ 2 g &g

bonds bonds bonds bonds £ g, 5 H _§

g FREL

sL E8

PH 1.41—1 .44 — 1.39—1.4 — — 1.40 | 1.40
PB — 1.83—1.95 — — — 1.91 {1.90
PC 1.77—1.94 | 1.65—1.78 | 1.74—1.88 | 1.78—1.85 1.99 1.8711.83
PN 4.63—1.75 | 1.56—1.64 | 1.50—1.71 — —_ 1.83 1 1.75
PO 1.60 1.43—1.51 | 1.52—1.64 — — 1.8 1.7
PF 1.57—1.61 — 1.49—1.58 | 1.53—1.55 | 1.58-—1.64 | 1.82 | 1.65
PSi 2.25 —_ — —_ — 2.272.24
PP 2.19—2.21 — 2.16—2.24 — — 2.20 1 2.20
PS — 1.85—1.98 | 2.07—2.09 — — 2.14 | 2.10
PCl 2.04—2.08 — 1.94—-2.03 { 2.02—2.05 | 2.13—2.15 | 2.09 | 2.01
PGe 2.31 — — — — 2.32]2.29
PSe — 2.08—2.10 | 2.24—2.28 — — 2.27 | 2.2%
PBr 2.23 — 2.06—2.14 — —_ 2.24 | 2.8
PI 2.43—2.48 — — — — 2,43 2.38

*The distinction between multiple and single bonds is in
many cases purely conventional owing to the effect of the
environment (if the length of the given bond is adopted as
a criterion of its multiplicity).

The stereochemistry of pentacoordinate phosphorus
compounds has been the subject of extensive discus-
sion14,1532-39  Of the two most probable geometrical
configurations—trigonal bipyramid and tetragonal pyra-
mid—the first is regarded as energetically more favour-
able, but the energy difference is in many cases small 1%,

§ In a spectroscopic study of the compounds P(SiH,),, 24
As(SiH,),, and Sb(SiH,),, ?° it was suggested that their
molecular skeleton is planar, in contrast to the analogues
in which tin replaces silicon?® and also P(GeHy);. 27 How-
ever, this hypothesis was disproved by electron-diffrac-
tion?8,2® and a reinterpretation of the infrared and Raman
spectra 39,31,
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Studies on PX, compounds in the gas phase confirmed
that the trigonal -bipyramidal structure is energetically
more favourablef.

In the crystalline phase and in solution phosphorus
pentahalides are present as PX; anions with octahedral
symmetry (tetragonal bipyramid) and tetrahedral cations
PX].

As already stated, the length of a given chemical bond
is determined not only by the bond type (and hence the
valence state of the atoms involved in it) but also by the
effect of the atoms in the immediate environment. Table
1 gives the limits of variation of the experimental phos-
phorus —element bond lengths in acyclic compounds for
various valence states of the phosphorus atom.

III. BOND LENGTHS AND VALENCE ANGLES IN
PHOSPHORUS(III) COMPOUNDS

The P-—H bond length is relatively insensitive to the
effect of the environment (Table 2). The difference
between the values obtained by electron diffraction and
spectroscopically (the microwave method) for the same
molecules is systematic and is associated with the char-
acteristics of these methods %%,42,

On the other hand, the lengths of P—C single bondsvary
within wide limits, by up to 0.1 A, which greatly exceeds
the experimental error. The P—C bonds decrease in the
series

N N N
/P—(]:— — /P—C\—> /P—C: .

As for the other element—carbon bonds, the length of

each type of P—C bond varies with the type of immediate

environment, Thus the length of the >P—(E- bond in

P(CF,); and CF,PH, molecules is much greater (by 0.05 to
0.09 A)than in P(CH,);. A similar relation is observed
also in derivatives with nitrosyl (CF;NO %3 and CH,NO %)
and carbonyl (CF;CHO *° and CH,CHO %¢) groups. How-
ever, in the N(CF,), molecule*” the length of the N—C bond
is smaller by 0.02 A than in N(CH,), and (CH,),NH, 48
while in C,F, % the C—C bond is shorter by 0.05 A than in
ethane %°,

The attempt to correlate the change in P—C bond lengths
with a change in the € —P—C valence angle involves diffi-
culties. The increase of this angle on passing from
methyl to phenyl derivatives is replaced by a decrease in

—C= bonds.

of the P —N bond is that it is always shorter than the sum
of the covalent radii (1.83 A). In the amino-derivatives
X,PN(CH,),, the configuration of the valence angles of the
nitrogenatom is planar or nearly planar (the average valence
angle of the nitrogen atomis &N = 117.5-120°). Inthe ethyl-
eneimine derivative P[N(CH,),],, where the nitrogen atom
forms part of athree-membered ring, @ N is reducedto 101°
and at the same time the shortening of the P-Nbond is much
less. A similar behaviour wasnoted alsoin a comparison of
the structures of organic acid amides and N-acetylethylene-
imine 5,

the presence of A characteristic feature

1 It has been asserted in a spectroscopic study4° that
in the solid phase and in solution the P(C¢H,); molecule
has the configuration of a square pyramid, which was
subsequently disproved by an X-ray diffraction study of
the crystalline substance (see Section IV, § 2).
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Table 2. Geometrical parameters of acyclic organo-
phosphorus compounds with tervalent phosphorus.
Formula Bond type rex), & XPY angle, deg m}f::u;ﬂ.-zn i §
2 _
1. PH bond
PH, >P—H 1.415 (0.005) - cd/mw. | 52
PH, ditto 1.437 (0.004) - ed. 53
PH, » 1.421 (0.005) |HPH 93.5 m.w. 54
CH;PH, » 1.414 (0.003) | HPH 93.4 » 55
CH,PH, » 1.423 (0.007) — ed. 56
CF,PH, > 1.43 (0.08) HPH 96.7(1.8) mw 57
CyH,PH, » 1.413 (0.0002) » 58
(CH,), PH > 1.419 (0.005) |HPC 97.0(0.35) » 59
(CHs), PH » 1.445 (0.02) HPC 96.5 (assumed) | e.d. 56
H » 1.412 (0.006) | HPF 96.3(0.5) mw. 60
I1. PC bond
HCP P=C—  |1.5421 (0.0005) — mw. 6l
P (CHy)s >p— +— 1.841 (0.003) |CPC 99.1 (0.2) 62
P (CHy)s ditto 1.847 (0.003) {CPC 98.6 (0 3; ed. 63
(CHg), PH » 1.848 (0.003) |CPC 99.7 (0.3 mw, 59
(CH,), PH » 1.853 (0.003) | CPC 99.2 (0.6) ed. 6
CH,PH, » 1.863,(0.003) |CPH 93.4 mw. 5
HyPH, » 1.858 (0.003 CPH 96.5(assumed) | e.d. 56
P (CFy), » 1.937 (0.017) PC 99.6 » 64
CF3PH, » 1.900 (0.006) |CPH 91.9 (1.9) mw. 57
P (CeHy)s p—¥ 11.828 (0.003) | cPC 103.0 (0.8) Xeray 65
N
P (CgH;). CoH(Br ditto 1.83 CPC 103 » 66
(GH;):P— C=
=C— P (CHy), » [1 .832 (0.003) | CPC (102.8(0.2)| » 67
“P—c= ||1.765 (0.004) cpc;{uno 0.2)
P(C=C—CgHy), | ditto 1.765 (0.01) CPC=100.7 (0.5) 68
P (CN)q » 1.78 (0.03) CPC=93.5 (2.0) 69
|
P (CsHty)s >p—c<| 1.832 (0.006) |CPC 98.6 (1.3) | ed. 70
CgHyPH, ditto 1.834 (0.0002) |CPH 98.3 (0.02) mw. 58
III. PN bond
P [N (CHa)s] >P—N< 1.700 (0.005) | NPN 96.5 (1.0) ed. 7
CH,), NPCL > 1.69 (0.03) NPCI 100.0 (1.0) | ~» 72
}CHSZ NPF, » 1 .628( (0.005) | NPF 101.6 (0.2) Xeray 3
P [N (CHy)ls Sp—N(| |75 0.0  |NPN975(5) | ed 7
1V, PO bond
P(OC,Hy)s >p_o_ 1.600 (0.008) | OPO 96.5 (0.5) ed. 7
P (OCsH, ditto 1.600 (0.006) |OPO 100.0 (1.0) » "
cé,om',).’ » 163 (assumed) |OPCl 99.0 (1.0) ” 7
V.PF bond
PF, >P-—F 1.570 0.004) | FPF 97.8(0.2) ed/mw. | 6
F.PH ditto 1.582 (0.002) |FPF 99.0(0.2) mw. 60
(CHy); NPF, » 1.610 (0.004) |FPF 91.5(0.3) X-ray 7
PFCl, » 1.55 (0.05) 102 (mean) ed. ”
VL PSi bond
P (SiHs)s >P—S|i— 2.248 (0.003) |SiPSi 96.45(0.5) | ed. E
|
VIIL PP bond
X 78
Pl I Sp—p( lz.m (0.06  |PPI % ray
VIIL PCl bond
PCl, >p_.<:1 2.043 (0.003) |CIPCI 100.4(0.35) | mw. 7
PCI ditt 2.042 (0.002) |CIPCI 100.2(0.15) { ed. 8
(CH3). NPCl, y 2.083 (0.005) |CIPCI 98.0(1.0) » 72
CH,0PCl, » 2.084 (0.005) ICIPCl 99.3(1.0) B
PFCl, » 2.02 (0.03) 102 (mean)
IX. PGe bond
P (GeHy)s >P—(£e-— 2.308 (0.003) | GePGe 95.4 (0.05) » 29
|
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Table 2 continued.

Method of

Formula Bond type rPx), & XPY angle, deg inv:m;’m‘;n }

=
X. PBr bond

PBr, l >P—Br Iz.za ©0.01) BrPBr 100 (2.0) l » ' 8l
XI. PI bond

Pl DP—1 (243004  |IPI102Q) " s

Pl ditto 2.475 (0.028) IPI 102.3 X-ray 78

*Compounds with more than one type of bond at the
phosphorus atom are quoted in several places according
to the number of bond types. To avoid unnecessary
repetition, in each case only those angles are quoted in
the formation of which the given bond is involved. Here
and henceforth the following notation is employed:

e.d. = electron diffraction; m.w. = microwave spectro-
scopy; X-ray = X-ray diffraction,

It is interesting that, in contrast to the >P—N/and

N
>P —N< bonds, the >P —¢ — and >P —éﬂbonds are hardly
different in length. This is evidence of a difference in the
type of interaction of tricoordinate phosphorus with nitro-
gen and carbon,

When two amino-groups in P[N(CH,),]; are replaced by
halogen atoms (chlorine, fluorine), there is a tendency
towards a decrease of the P—N bond length, which is
particularly pronounced in the case of the fluoro-deriva-
tive.

The effect of the amino-group on the phosphorus —
halogen bond is in turn shown by a considerable increase
in the length of the latter. Thus the P—Cl bond in
(CH,),NPCl, is longer by 0.04 A compared with the value
found for PCl; and the P—F bond in (CH,),NPF, is longer
by the same amount compared with the value found in PF,.

The effect of the methoxy-group is similar. The P-Cl
bond in CH,0PCl, is also longer by 0.04 A than in PCl,.

A tendency towards a decrease of the \P- element bond

length compared with the sum of the covalent radii on
passing along a series of elements in the Periods from
left toright and in the Groups from below upwards is note-
worthy (Table 1).

IV. BOND LENGTHS AND VALENCE ANGLES IN
PHOSPHORUS(V) COMPOUNDS

1. Structures with a Tetracoordinate Phosphorus Atom
The vast majority of data presented in this section were
obtained by X-ray diffraction studies on crystals. The
structure of the molecules in crystals may be modified
under the influence of the crystal lattice forces, inter-
molecular hydrogen bonds, etc. Moreover, the accuracy
of the X-ray method for the determination of the fundamen-
tal geometrical parameters is lower than that of the elec-
tron diffraction and microwave methods. Therefore here
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a detailed determination of the geometrical structure is
even more complicated than in the case analysed above.
Quinquevalent tetracoordinate phosphorus forms, in
contrast to tervalent phosphorus, a multiplicity of stable
compounds with double bonds (as understood in the classi-
cal theory structure) (Tables 1 and 3A), The lengths of
these bonds vary within wide limits (by as much as 0.15 A)
but in general are shorter than the lengths of single bonds
formed by tetracoordinate phosphorus (Tables 1 and 3B).

Recently new more reliable X-ray diffraction data on
the P=C bond length in phosphoranylidines have been
published. The P=C bond lengths in the (CgHy);P=C=C=0,
(CgH,);P=C=C=S, and (C,H,),P=CH, molecules were found
to be appreciably shorter than in other ylidines. In the
oxygen derivative the P=C=C angle is 145.0°, which is
unusual for carbon, since theoretically the cumulene chain
should be linear, as in carbon dioxide 8, keten®, etc. In
the thio-derivative, the length of the P= C bond is greater
by 0.04 A and the P C=C angle is greater by 22.5°C than
in the oxygen derivative. In (C¢H,),P=CH, the P=C bond
length is intermediate in the above set of three compounds.
Electron diffraction data indicate a pronounced dependence
of the P=G bond length on the nature of the environment.

It increases by 0.04 A on passing from POCI, to (CH,),PO,
which is accompanied by a decrease of the O P-X angle.
A similar increase of the P=0 bond length occurs when
one of the chlorine atoms of POCl, is replaced by C;H; or
(CH,),N groups.

It is striking that complex formation involving POX,

(X = Cl, CH,;, CzH,, etc.) molecules proceeds via the
phosphoryl bond and is accompanied by an increase in its
length.

The single bonds in compounds of tetracoordinate phos-
phorus are as a rule shorter and the valence angles
between them are larger than the corresponding bonds and
angles in compounds with tricoordinate phosphorus (Tables
1, 2, and 3B). This relation holds satisfactorily for P—C
bonds with carbon atoms in various valence states and in
the majority of other cases. At the same time the P-P
bond length remains constant (albeit within the limits of a
considerable experimental error) for both valence states
of the phosphorus atoms and is equal to the sum of the
covalent radii. Some of the features of the mutual influ-
ence of atoms found in compounds of tricoordinate phos-
phorus (Section III) are characteristic also of compounds
with tetracoordinate phosphorus. In particular, this is
confirmed by the shortening of the C—N bond under the
influence of fluorine atoms in the (CH,),NPF,.B;H, mole-
cule by 0.06 A compared with the length of this bond in
(NH,),P.BH,. The P—F bond length in the first mole-
cule then proved to be significantly greater than in the
absence of the amino-group (an increase by up to 0.07 A
compared with the P—F bond length in PF,.B,F;). The
effect of the amino-group on the PCl bond length is simi-
lar.

The sensitivity of the P —Cl bond to the influence of
substituents is characterised by a marked tendency towards
an increase in its length on passing along the series
POCl, — PSCl; — C.H,POCl, — (CH,),NPOCI, [in the case
of tricoordinate phosphorus we have similarly PCl, —
(CH,),NPCl,, CH,OPCl,]. Theincrease ofthe phosphorus—
halogen bond length is accompanied as a rule by a decrease
of the halogen —phosphorus —halogen valence angles formed
by these bonds.

Complex formation via the P=0 or P=S multiple bonds
evidently has little effect on the P—C bond length, while
the P—Cl bond length becomes appreciably reduced under
these conditions.
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We also have the following interesting facts.
1. The average =1]9 —-N< bond length is greater by only

0.015 A than the —1‘-?=N-— bond length in the (C.H,), P(F)=

NCH, molecule (Table 3A). The P—F bond is unusually
short in this molecule (1.488 &),

2, In the compound PS[N(CH,),], the —%’— bond
length proved to be the same, within the limits of experi-
~N <bond.
as already mentioned, in compounds of tricoordinate

phosphorus the >P —N<Ibond length is greater by 0.05 A

mental error, as that of the = In contrast,

than that of the P —-N< bond (Table 2). The relative

magnitudes of the average valence angles at the nitrogen
atoms in —N{ |and —N/ are the same in both cases
(100—101° and 116 —120°).

(NH, )ZP(S)\
3. In the compound N-CH,, t
N}I2(NHCH3)P(S)

lengths of the bonds between the phosphorus atoms and the
central nitrogen atom (1,708 A—the maximum value known
for the P—N bond length invglving tetracoordinate phos-
phorust) is greater by 0.06 A than the lengths of the
remaining P~N bonds in this moleculef{. The central
nitrogen atom has in this case a planar bond configuration.

For comparison, we recall that the length of the Si—~N
bond alsoincreases with the number of Si atoms linked to
the N atom in the sequence CISi[N(CH,),], (L. 715 A) 85—
CH,N(SiH,), (1.726 A) 8 — N(SiH,), (1.738 A).®

2. Structures with a Pentacoordinate Phosphorus Atom

These compounds are relatively unstable. In particu-
lar, the stability of pentahalides diminishes significantly
with increasing atomic weight of the halogen. The penta-
iodide is altogether unknown and the chloride and bromide
are ionised in the crystal to [PCl,]*[PCl,]” and [PBr,J*Br".

T The P~N bond length in the Na* [PO,NH,]™ crystal
structure, which is 1,77 + 0.02 A, was determined by
Cruickshank®® as the length of a smgle P—-Nbond. It
is close to the sum of the covalent radii of the phos-
phorus and nitrogen atoms with the Shomaker —Stevenson
correction (1.75 A).

In the Ca, ,C,H;N,(PO,),.6H,0 crystal structure, where
the nitrogen atoms form part of an aromatic group, the
average length of the P—N bonds outside the ring is
1.786 + 0.006 A,# The authors of this investigation
claim that they found the length of a single P —N bond.

1 In the cations

NH, NH, q+* NHCH,
| | 7
[c,m_p__N__p_c,H5 and | (NHy)sP—N—P—NH,

ClH, C,‘H, NHCH,
the bridging P~N bonds (1.58 + 0.01 and 1.56 + 0,02 A) are
shorter than the terminal bonds (1.65 + 0.01 and 1.63

0.02 A). The P-N-P angles in these structures are
136° + 1° and 129.2°,

o
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Table 8. Geometrical parameters of acyclic organophosphorus compounds with tetracoordinate

phosphorus.
A. Multiple bonds
Formula Bond type rP=X), rx), & l YP = X angle, deg in“:::‘é:."ﬁn References
1 ] 2 | 3 T 4 T 5 ] []
1. PB bond
||
PF,-BH, —rln_.l?— 1.836 (0.012) mw. 92
HF,P-BH, ditto 1.832 (0.009) {gB 112'{) 7‘ (% .:2 ditto [
B 120.1 (0.
PFy-BFg > 1.825 (0.015) FPB 118.2 (1.0)) X-ray %
fNH,),}LBH, > 1.887 (0.015) NPB 115 (mean) ditto 9%
CHy), NPFy-BHg » 1,856 (0,008) {ggg Hgg éo.a)) » %
5 mean,
(CHy) P;-2BH, : 1.951 (0.021) {ggg ﬁg.(s It .g) » 9
mean,
It. P=C bond
|
(CaHs), P=CH, —1?=C< 1.664 (0.008) CP=C 113.5 (0.3) > P
|
(CeHg)s P=C=C=0 -—l?:C: 1.648 (0.007) CP=C 111.5 (0.4) » %
(CHs)y P=C=C=$ ditto 1.677 (0.008) CP=C 110.8 (0.4) » 100
|
(CgHs)s P=C—C=N—C,H Br -1{::(;\/\ 1.70 (0.03) N 101
CH;0,— C  CO,CH,
(CeHs)s P=CH—SO.—%—C.H.CH. ditto 1.71 (0.02) CP=C 107 » 102
(GeHy)s P=C (Cl)—C<C.HB » 1.74 (0.01) cP=C 106 > it
(CaHy)g P = R = P (CyH, )y » 1.74 (mean) approx. tetrahedral ) 104
(“blue substance’) val, angles at P
QJH&)‘ R stancs™ » 1.77 (0.02) CP=C 111 > 105
ark-green sul ce
(CsHy)s P-CS, » 1.78 (0.03) :glpmx.ltef.r:l;odm » 106
. angles a
P (GeHy)
(CeHy)sP = c< > ’> » 1.75 0.02) CP =C 114.1 (mean) » 107
C (CFy),
Iil, P=N bond
]
(CsHe), P (F) = NCH, —ll’=N~ 1.641 (0.002) {gg=§ }(1)2.; Egg N 108
GHP=NR ditto 1.630 (0.005) CP=N 110 s 19
- -green substance®”
(CeHs)s P == NR > 1.56 (0.02) CP=N 112(3) » 110
(“brown substance”)
IV, P=0 bond
(CHy),PO —l:>=0 1.479 CP=0 112.3 ed. 1
(CH,), P (0) OH ditto 1.495 (0.005) {ggig 11 112 . 3 ((% ‘59)) Xetay 12
(cHy , NPO (C,Hy)s » H; =0 mfs - ditto s
P (O)OH » R == >
Sl ( i}(.)). M 1.473 (0.008) (&9 114.0(1.0) , us
R = hydrocarbon rings OP=0 (mean)
OH
1,6, €
AEZAN
where n = 89,11 or 12)
PO (NH, » 1.510 (0.003) NP=0 112 (mean) » s
(PO(IN ('():'l-l,),),), CH, » 1.476 (0.004) EETS 2{138 > "
(HO), PO » 1.52 (0.03) OP=0 113 » ns
SS“’ P01/, H,0 » 1.490 (0.005) OP=0 111.8(0.3) s o
P (OH), O » 1,47 (0.03) OP=0 115
(CICH,0), PO (OH) » 1.497 (0.009) OP=0 112 (mean) » 121
(GH,CH,;0), PO (O » 1.47 (0.01 OP=0 113 (mean) » 122
s D] iae | geiEs | B
. s 1438 (0.006) FP=0 117.0 (0. ed, 127
HPOF, » 1.437 (0.008) {HFg=8 iiitg .g 8'0) mw. 1%
POCI » 1,449 (0.005 CIP=0 41,4'.7(0'.2§ ed. 1a7
CH,POCl > 1.448 o.oos{ gp=&1‘174k5{ob§) ditto 128
CeH,PUCl, » 1.47 (0,04) {%Pfo m}d(g ’ , 20
(CH,), NPOC, » 1,47 (0.02) CIP=0 116 » 72
POBr, » 1.442 (0.02) BrP=0 115 (2) X-ray 130
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Table 3 (continued).

Formula Bond type 7 (P=X), & l YP = X angle, deg ianl::}t‘izgt?: " References
POBr, _[L=0 1.41 (0.07) — e.d. 131
{
(CHg); PO-SbCl, ditto 1.56 (0.04) — X-ray i3
[(CGH,)§PO -5eBCl,], » 1.51 (0,01 OP=0 112 »
» 1.4 (0.0 OP=0 111.5(0.7) » 132
POCI;-NbCl, » 1.45 (0.02) - » 132
V. P=S bond
|
CHy)s PS —f=s 1.86 (0.03) CP=s 112 » 134
(CH3)e PsS, ditto 1.96 {gg,g i :g N 135
(CoHy), PSy » 1.9 (0.01) {gg g ﬁg gg 3} > 136
(CHy)a (CeHy)s PaSa » 1.98 (0.02) CP=S 115 (mean) » 1s7
{(CaH;), P(S) Sel; » 1,932 (0.01) {gfp_ss 1 11(']7,‘ 0‘((()05% ) »
[(C:Hg)2 P (S) Sel Te » 1.926 (0.01) {gepﬁ_sSi}gSO 8(100% ) » 139
(CeHg)2 P {S) OCH, » 1.936 (0.006) Cg—g }}g gfo /Q} , 140
(HLP Oy 1.958 (0.005 NP=§ 112 11
. Q. = »
NHCH; (NH,) P (3)/ * (0-005) (mean)
P (S) [N (CHy)zls » 1910 (0.015) NP=$ 118.0 (1.5) » 2
[(CH;0), PS,], Te » 1923 (0.007) {ggfg 11(1); "8 (‘833 » 143
PSF, » 1.87 (0.03) - ed/mw, | 15
PSF; » %gz 0.02 —_ mw. 144
PSF, » .85 (0. — d. 15
PSCl, » 1.885 (0.005) CIP=5 116 .6(0.2) dfm, 127
PSBr, » 1.890 (0.06) - 131
2 (CyHy)s PS 31, » 2.01 (0.03) CP=S 113 x,,y 146
VI. P=Se bond
|
[(CoHg)e PSesl; Se —-Fl’=Se 2.095 (0.006) {ggé—ssee 11133 61(20 o%) ditto 147
(CeHy)z P (S¢) OCH; ditto 2.08¢ (0.008) {81;-22 1111% % ((% g)) » 140
[(CeHg)s P (Se)-HgClal, » 2.169 (0.006) CP=Se 110.0 (0.4) » 148
B. Single bonds
Formula Bond type ey, & YPY angle, deg lﬁ:;{“z:t:fn References
1. PH bond
HPOF, =Ig—H 1.387 (0.01) HPF 101.9(1.5) m.w. 126
|
|
HF,P-BH, «~P—H 1.409 (0.004) HPF 98.6 (0.3) ditto 93
|
IL PC bond
|1
(CH3)4P0 =l(°—Cl— 1.813 CPC 106 ed. I
H ditto 1.780 (0.006) CPC 107.3(0.3) Xeray 12
(Cl.iﬁ}?;?:(o)o l l' 1.80 (é 025) CPCI 103.3(0.5) ed. 128
. —P—C— 1.827 (0.010) CPC 106.0 (0.6) Xeray a7
(CHyg)y Py~ 2BH,q 'l ,] {ch 104.4 (1.0)
=P—C— 1.74 CPC 105 ditt 135
(CHa)¢ PsS, U {ppc 105 e
=E>_c{: 1.82 0.02) . a7
(CHy), (CgH)z P2Ss Il |
=1l>-c.- 1,88 (0.02)
|
(CiHOsP-CS, ditto 1.82 (0.03) s 105
(CeHp)a PS » 1.87 (0.04) CPC 107 » 134
(CoHy)a PoSy » 1.83 (0.02) {ggg 113; 1238 8)\ » 136
[(CoHy)s P (S) Selx » 1.83 (0.04) {SePC 105 » 138
[{CsHy)2 P () Sel; Te » 1.82 (0.04) {gggggg 95%10%) » 139
{(CyHs), PSe,], Se » 1.825 (0.63) {gfp?c 11038 35 21 8())) » 147
[
R—PO (OCHy); (for R, see Table 3A) =I"_]C}i—ng 1.834 (0.009) CPO 106.0 (mean) ’ m
=7
(CoHggP=C=C=S§ N 1.795 (0.067) CPC 108.1 (0.4) 100
CaHyP=C=C=0 ditto 1.805 {0.06) CPC 107.3(0.3) » 9%
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Table 3 (continued).

. Formula Bond type r(PY), A YPY, angle, deg ix:?é;gé’:n References
1
(¢] | 4
(CiHg)s P = C(C)—CZ :T_C‘{ 1.81 (0.02) — » 103
(CoHy)yP = CH—S$0, —0" ditto 1.81 (0.02) CPC 112 (mean) » 102
HCH,

H P_.R “dark-green substance”) 1.81 (0.02) CPC 108 » 106
(g:H:))a ‘ =P (C?Hs)n - , 1.816((0‘015) approx. tetrahedral val, s 104
[ pnle-blue substance ) angles at P
(CeHg)s P.= CHy » 1.823 (0,01) CPC 105.0 > %
(CeHp)s P=C— C=N—C,HBr » 1.83 (0.025) 101

CHYO,C C05CH,
/ (ClHﬁ)S\
{CeHp)s P =C: >0 » 1.85 (0.02) CPC 104.4 (mean) » 107
N\C (CFp)s 7
(CeHy)s P =NR » 1.792 (0.007) CPC 108 > 109
(“pale-green submnce")
(CeHp);P = Ni » 1.809 (0.012) CPC 107 (3) » 110
(“brown submnce”)
F (CHy)s P = NCH » 1.806 (0.003) CPC 107.1(0-1) » 108
(CHy)y N (CoHy); PO > 1.805 CPC 105 (mean) » us
HO (CHy), PO » 1.81 (0.03) CPC 108 N 14
bt
{POIN(CH ), 1,},C4H, =1l>—c\ 1.809 (0.005) NPC 107.2 N u7
| 7 2 129
G,H,P0Cl, =p—c{_ 1.7€ (0.02) - ed.
CeHy), P (S) OCH. ditto 1.81 (0.02) CPC 105.7 (0.7 X-ray 140
e o 1.81 (0.03) {8&(:: :82%(1 'g)) dn 140

H,), P (S¢) OCH » .81 (0. A, itto
(CeHy)a P (Se) 3 i OPC 103.0(1 7%

(CHy)s PO -SbCI, =1‘> - 1.81 (0.08) CPC 109 » 132
| 7 133
[(CsHg)s PO-SeOCl,), =p—C{ 1,80 (0.01) CPC 107 »
2.(C¢H,g)s PS -3, ditto 1.82 (mean) CPC 106 ’ 146
[CHig}P (Se)-HeClyly » 1.81 (0.02) &pC 109 > 148
IIL PN bond
(NH;);P-BH, .—#—N< 1.653 (0.01) NPN 108 (mean) » %
PO (NHg), =l%'—N< 1.656 (0.01) NPN 106.5 (mean) » 16
NH,) P (S | » P 1,65 (0.02)
NHWP O\ en =P—N< [ NPN 107 (2) » 1
NH, (NHCHy) P (5 ] c 1.708 (0.015)
|
PS [N (CHy)ly =l|>—N<| 1.64 0.02) NPN 100.0 (1,5) s 3
{PO [N (CHy)ls}s CH,q =lL—N< 1.647 (0.006) {NPN 106.9 N n7
| CPN 107.2
(CHy)s NPO (CHy), » 1.67 » 13
(CHy)s NPOC), » 1.67 (0.04) CIPN 102 (1) ed. 7
(CHy): NPF; -BH, -;lL—N< 1.593 (0.006) FPN 105 (2) Xeray 9%
IV. PO Bond
(HO), PO —P—O— 1.57 (0.03) OPO 106 ditto ns
(HO)3 PO-1/, H,0 ditto 1.552 (0.006) OPO 107 (3) » 119
(GHOLPO » 1.567 <0 023 OPO 100 » 124
(CH,NO,), PO » 1,572 (0,005) OPO 103.1 » 123
(C:H,cH:0), P{0) OH » 1.555 (0.01) OPO 105 » 122
(P—OR)
1.545 (0.01)
(P—OH)
(CIC,H‘O),P (0)oH » 1.497(0. 009)(mean) OPO 108 , 121
OH > 1.5% (0.0 OPO 102 > 120
(CH,),p(é) OH » 1.559 (0.005) OPC 107 (2) » 12
(CeHy)a P (S) OCH » 1.60 (0-02) OPC 103.2(1.0) » 1o
(CsHa)s P (Se) OCH, » 1.61 (o.os) OPC 103.0(1.0) » 1o
(’, HiO)e PSy) Te > 1.58 (0.02) . 143
Hy0)s P (O)R (For R see Table 3A) , e (o 010) OPO 102.7 (0.4) , 18
V. PF bond
|
PF,-BH, «P—F 1,538 (0.008) FPF 99.8(1.0) mw. 92
|
PF,-B,F, ditto 1.510 (0.015) FPF 101.7(1.0) Xeray o
POE, | 1.524 (0,003) FPF 101.3(0.2) ed. 127
PSF, —P—F 1.53 (0.02 FPF 100.3(2.0) edm.w, 128
HF,P-BH, ) 1.552 (0.006) FPF 100,0(0.5) o, ]
a ditto 1.539 (0.003) FPF 99.8(0.f ditto 126
» 1583 (0.005) FPF 96.4(0.3) Xeray %
» 1,488 (0.002) FPC 140.7 (0.1) ditto 108
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Table 3 (continued).

Method of
Formula Bond type reY), & YPY angle, deg investigation | References
VI. PP bond
(CH,)( Py 2BH, ._1L_L 2.205 (0.005) PPC 104.4(1.0) X-1ay o7
Pl .
(CHy)y P;S, | | 2.18 PPC 105 ditto 135
=P—P=
(CHy)y PeSe [ 2,22 (0.01) PPC 102.2 » 136
ditto
(CHy)z (CoHy)2 PsSy > 2,21 (0.02) PPC 103.5 » 137
VII. PS bond
[(CH{0), PS,}; Te =+~s— 2.09 (0.01) » 143
:
VIiI. PCl bond
POCly =||>-cn 1.993 (0.003) CIPCI 103.3(0.2) e.d. 127
| -
ditto 2.014 (0.003) CIPCI 101.8(0.2) » 17
gi{fkoch » 2,032 (0.009) CIPCI 101 .8 (0.5) » 198
N D iEee | sgme L |7
2.033 (0.
g%ia),ggcolc\! , 1.96 (0.01) CIPCI 106.5{0.4) Xay 152
POCl;-NbCL, » 1.94 (0.01) ditto
IX. PSe bond
|
[(C:Hy), P (S)Ses =l':'—Se— 2.275 (0.011) SePC 107 » 138
ditt 2.258 (0.01) SePC 108.5 (1.5) » 189
H(c::gi)):gg]fesléu N 27239 (0.007) SePC 108.5 (1.0) , 1
X. PBt bond
POBr, =ll-’——Br 2.14 (0.04) BrPBr 107 (mean) » 130
|
ditt 2.06 (0.03 BrPBr 108 (3) ed 131
ponn: N 2.43 {0.03} BrPBr 106.3 ditto 11
3

According to Raman spectra 1%, in the gas phase the
pentachloride also dissociates PCl; — PcLg + Cl,, to an
extent which is determined by the temperature and pres-
sure.

Table 4. Bond lengths in acyclic compounds of penta-
coordinate phosphorus.

r(Pe), X r (P — Hal), A
Method of Refs,
Formula axial equatorial axial equatorial | investigation g
P (C,H, 1.987 (0.006)[1 .850 (0.02) — — X-ray 169
e, 0000 T8 000k 17843 12553 od | 12
(0.003) (0.0086)
CHgPF, — 1.780 (0.005)  1.612 1.54 ditto 162
(0.0%62 (0.004)
HPF, - — 1.5 1.55 mw. 158
(0.005) gOAOI‘I
PF, — — 1.577 .53 ed. 170
0.005) (0.004) )
PFCl, —_— —_— 2.05% (1.59+ ditto 17
+0.03) +0.03)
PCly —_ - 2124 2.020 » 1
(0.009) 0.007)

In the gas phase the molecules of PF;, PCl;, and their
derivatives have the configuration of a regular (Dg,, sym-
metry) or nearly regular trigonal bipyramid. An
empirical rule, according to which the more electronega-
tive or a large series of substituents occupy axial posi-
tions in this configuration, was established on the basis of
NMR, infrared, and Raman spectroscopic data!?:13,

There are no exceptions to this rule for acyclic structures,
at least in the gas phase§.

§ Analysis of the vibrational spectra %151 measure-
ments of the dipole moments 15,152 and also NQR and
NMR data !5® show that the molecules of all the members
of the PC1,F, _j series exist in the trigonal-bipyramidal
configuration with the F atoms in the axial positions.
The vibrational spectra of CF;PCl, % and (CF,),PCl,. 155
and the F NMR spectra of CF,PCI;F 1% ghow that the
more electronegative —CF;~ groups (compared with
chlorine) are also in the axial positions. The trigonal-~
bipyramidal structure of the HPF, molecule with an
equatorial H atom has been established from infrared 57
and microwave spectrals®, Finally, the validity of the
above rule is confirmed by the vibrational spectra of
compounds in the series CH,PF,, 15 CCI,PF,, 16 and
CF,PF,, 81 according to which the CX; groups are
localised in the equatorial positions (C,y symmetry).
For the methyl derivatives CH,PF, and (CH,),PF,, this
was also found by electron diffraction 182,

However, there is a divergence in views concerning
CF;PF,. Thus in a microwave study %3 it was asserted
that the CF, group occupies an axial position (Cyy sym-
metry), However, no details of the structure are quoted
and the authors do not exclude the possibility of the pres-
ence of conformations other than Cgy. Earlier an axially
substituted model of the CF,PF, molecule was preferred
on the basis of NMR spectra 12,

Some evidence for the possibility of the existence of
conformational isomers in the case of the CF,PF, mole-
cule (together with the basic structure having the Cov
symmetry) was noted in the interpretation of the vibra-
tional spectra 161,
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According to electron-diffraction data (Table 4), the
non-equivalence of the axial and equatorial bonds increases
fr0m004310008AmPF t00104i001A1nPC1 1t
has also been established that with increase of the number
of CH, substituents, there is an increase in the length of
both axial and equatorial P—F bonds, the length of the
axial bond increasing faster, Therefore, on the basis of
a calculation of the ratio of the lengths of the P—F axial
bonds in PFy (adopted as unity by convention) and in sub-
stituted fluorophosphoranes, the ionic structure [R,PJ*'F~
was proposed !¢ for (CH;),PF. However, there is so far
no evidence for the existence of ionic structures of penta-
coordinate phosphorus fluorides comparable to those found
in the chlorides %7168,  The mixed halide PF;Cl, was
investigated by electron diffraction as early as the end of
the 1930's. It was established that the F atoms are
equlvalent and are therefore in the equatorial positions,
but the lengths of the P—F (1.59 A) and P—Cl (2.05 A).
bonds found throw doubt on the correctness of this conclu-
sion. The vibrational spectra indicate that both axial
positions in PF,Cl, are occupied by F atoms %150, The
general tendency is probably as follows: the lengths of
the axial bonds in the trigonal-bipyramidal structures vary
approximately between the same limits as the lengths of
the corresponding bonds of tricoordinate phosphorus; the
lengths of the equatorial bonds are closer to those of
single tetracoordinate phosphorus bonds (Table 1).

V. INTERNAL ROTATION AND CONFORMATIONAL
ISOMERISM IN ACYCLIC ORGANOPHOSPHORUS COM-
POUNDS

The study of intramolecular rotation and conformational
isomerism has recently become a central problem in the
theory of chemical structure. However, the only possible
realistic approach to this problem still consists in the
accumulation and analysis of experimental data. There
are no general approximate hypotheses which would account
for the characteristics of intramolecular rotation. The
applicability of each of the numerous empirical methods of
calculation of potential barriers is limited to special cases,
since these methods do not have a rigorous physical basis.
In many cases the geometry of stable conformations of
organophosphorus compounds can be satisfactorily accoun-
ted for by the mutual repulsion of the non-bonded atoms in
the molecule. Owing to the considerable differences
between the types of intermolecular interactions, the ratio
of the rotational isomers in the mixture may be various
depending on the state of aggregation of the substance.

1. Compounds with a P—B bond

An ethane-like staggered conformation, corresponding
to minimum steric interactions, is characteristic of com-
pounds of the type X,P.BY, [X = H, F, N(CH,),; Y = H]
in the vapour (according to microwave data ®,9%) and in the
crystalline phase (according to vibrational spectra ™ and
X-ray diffraction®). The barrier to internal rotation (V)
is 3.24 + 0.15 kcal mole™ in the F;P.BH; molecule ® and
about 3.6 —4.5 kcal mole™ in the HF.‘,P.BH3 molecule 3,

i.e. is close to the value in ethane.

2. Compounds with a P—-C bond

In the molecules of methylphosphines P(CH,), and
PH(CH,), in the vapour phase, the mutual orientation of
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the methyl groups is also staggered and V < 1 kcal mole™
according to electron diffraction data %% and 2.6 + 0.5
kcal mole~! according to microwave data®»%, Microwave
data show that the barriers to rotation in CH,PH, (about

2 kcal mole~?) %% and CF,PH, (2.36 + 0.08 kcal mole~?) 57
are approximately the same.

An electron diffraction study of P(CgH,), vapour
showed that the deviation of each of the three cyclopropyl
groups from its position in the staggered configuration with
C,y symmetry is different (9.5°, —13°, —15°) and “the
attempt to interpret the data using the hypothesis that a
mixture of molecules with different conformations is
present proved fruitless”,

Crystalline triphenylphosphine P(C.H,); was shown by
X-ray diffraction® to have the C, propeller-like confor~
mation with angles between normals to the plane of the
base of the phosphorus pyramid and to the plane of the
phenyl rings of the order of 60°. In the vapour phase the
(CH,), PO molecule !!! has the Cgy Ssymmetry with the
trans -disposition of H atoms relative to the oxygen atom.

Vibration spectra!” showed that in the liquid phase the
more complex structures CH,YP(=0)X, (X = F or Cl;

Y = Cl, CH,, or CH,Cl) exist as mixtures of {vans - and
gauche-conformers with Cg and C, symmetry.

In the solid phase of the fluorides, conformers with the
C, symmetry remain, while in the solid phase of the chlo-
rides the remaining conformers have the higher Cg sym-
metry.

An electron diffraction study of the vapour of
CH;P(=0)Cl, showed '?° that the most probable conforma-
tion of this compound involves a coplanar disposition of the
phenyl ring and the P=0O bond. This conformation corres~
ponds to minimum steric interaction. Here the barrier to
rotation about the P—C bond is approximately 1 kcal mole !,

The internal rotation of CH; groups in the molecules of
the pentacoordinate phosphorus compounds CH,PF, and
(CH,),PF, could not be characterised by electron dlffrac—
t1on1°2. The barrier to rotation in CHyPF, is very low
(about 10 cal mole~!), which leads to the hypothesis of free
rotation. At the same time the barrier to internal rota-
tion in the CF,PF, molecule is 5.0 + 1.5 kcal mole™
according to microwave data %,

3. Compounds with a P—N bond

According to low-temperature NMR spectra 17-178 the
usual barrier to rotation relative to the P—N bond in the
series of aminophosphines R,R,NPR;R, (R, = CH;; R, = H,
CH;, or CiH,CH,; R; = Cl, CiH;, or CF; R, =Cl, CH,,
or CF,) varies in the range from about 9 to 14 kcal mole™§.
This value is higher than for P—B and P—C bonds (see
above). It has also been shown!? that, particularly in
aminophosphines with geminal substitution at the phos-
phorus atom (R; = R, = Cl or C.H,), the barrier depends
on the dimensions of the R, and R, substituents linked to
the nitrogen atom. When one of the substituents has a
branched chain (for example, R, = C;H;CH, and R, = CHy),
the barrier is higher by 2 -3 kcal mole~! (up to about 14
kcal mole=?) than for R, = R, = CH, (about 11 kcal mole™?).

Recent studies indicate the possibility of rotational
isomerism relative to the P—N bond in compounds with

1 According to an estimate based on infrared
spectral”, in the compound CH,NH—P(CF;), the barrier
to internal rotation is about 20 kcal mole~!, However,
this value is disputed in another study!?.
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tricoordinate phosphorus?;18, This possibility follows
in particular from the NMR spectra !% of the compound
C:H,,NPF,. The existence of two gauche -isomers has
been postulated on the basis of infrared spectrai™ for the
compound CH,NH —P(CF,), in the gas phase, in the liquid,
and in benzene solution: the first with a hydrogen atom
and the second (in a smaller amount) with a methyl group
between CF, groups; in this case free rotation obtains at
temperatures above 88°C. However, the authors of the
investigation!”™ believe that in the latter case the charac-
teristics of the infrared spectra cannot be interpreted
similarly, i.e. in the sense of the existence of a mixture
of isomers. They found that N -deuterated specimens
CH,ND —-P(CF,), contains two isomers in proportions of
4:1 only below —120°C and on the basis of steric consider-
ations it was postulated that the isomer with the deuterium
atom between the CF,; groups should predominate.

The problem of the energy favouring a particular con-
former is controversial. As in the examples examined
above, on the basis of NMR spectra 1%° preference is given
to the gauche -conformation of CBHS(CH“,)NPF2 as the more
favourable. The same conformation was found by X-ray
diffraction for the (CH,),NPF, molecule ™.

At the same time the authors of one of the NMR investi-
gations 17 assert that at least symmetrically substituted
aminophosphines (CHy),NP(CgH,), and (CH,),NPCl, exist
in the sterically less favourable anti-conformation. This
conclusion was disproved by another NMR study '™ in which
preference was given to the gauche -conformation of the
(CH,),NPCl, molecule.

On the other hand, electron diffraction showed that in
the vapour phase (CH,),NPCl, has the anti-conformation.
Moreover, the anti-conformation is the most stable in the
case of diphosphines (see below) and hydrazine derivatives.

The rotational forms of the P[N(CH,),]; and P[N(CH,),],
molecules in the vapour phase found by electron diffrac-

tion ™,
C
N N N N
[
n (¢ )

aw)

are also not the most favourable from the standpoint of
steric interactions (models I and II).

There are comparatively few experimental data for
compounds of tetracoordinate phosphorus. Electron
diffraction showed ™ that in the vapour phase the
(CH,),NP(=0)Cl, molecules has an asymmetric conforma-
tion (model III), the existence of which are confirmed by
NQR spectra®®, On the other hand, X-ray diffraction
showed 142 that the P(=S)[N(CH,),], molecule has a conforma-
tion close to Cgy (model IV).

Vibrational spectra demonstrated®-13 that the mono-
substituted amides RNHP(=S)C1, exist as mixtures of two
rotational isomers in the liquid phase and in solutions.
Under these conditions, the disubstituted amides R,NP(=S).
.Cl, exist in a single conformation!®, It has been noted
that the presence of only oneisomeric form of R,NP(=S)Cl,
cannot be explained by steric hindrance to the rotation of
the R,N group about the P—N bond. The geometrical
parameters of the fragments about the nitrogen atom in di-
and mono-substituted amides are close in magnitude and
therefore the steric hindrance should be approximately the
same,
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The barriers to the rotation of NHCH, groups in com-
pounds of pentacoordinate phosphorus of the type

Fa

x—bR
{,a NH(CH,)

(X=H, CH,—, F)

were determined from NMR spectra 18518,  They vary

from 5.0 £ 1.5 kcal mole~! in

F,
_f cu
i \NHCH,

a

to 12 + 1.0 kcal mole~! in

Fy

o l|> CeHs
F' \NHCHj.

These high values are attributed to the existence of intra-
molecular hydrogen bonds between the NHCH,; groups and
one of the axial F, atoms, as shown by the observed non-
equivalence of Fy atoms.

4. Compounds with a P~O bond

Only one conformer of the CH;OPCl, molecule in the
vapour and liquid phases with the Cg symmetry was found
from vibrational spectra®’, The barrier to rotation is
1.0 keal mole~! (1.6 kcal mole~? for the deuterated deriva-
tive). It proved impossible to make a choice between the
two possible orientations of the methoxy-group. Accord-
ing to electron diffraction data ™, the statistical mean
conformation of this molecule in the vapour phase is some-
what distorted relative to Cg:

L (@=17%6"
RO .
Cl Cl

and is close to the form more favourable from the stand-
point of steric interactions.

It follows from the vibrational spectra 88 of (CH;0);P=S
that at least two conformers exist in the liquid phase and
only one in the crystalline phase. The structure of this
molecule in the crystalline phase has not been investigated
but X-ray diffraction showed?** that (C,H,),P=S has a
conformation with C, symmetry and the angle ¢ < 90° (see
above), The vibrational spectra obtained for the com-
pounds ROP(=Y)X,(R=CHjorC,Hy; X =ForCl; Y=0
or S) in the vapour, liquid, and solid phases and in solu-
tions 189-19 jndicate the presence of at least two con-
formers in all cases. The specific conformations were
not established on the basis of the spectra but it is sug-
gested that one of them has the Cg symmetry.

It has been shown ' that, on the assumption of the
occurrence of attraction (but not repulsion) between the
CH,; group and the Cl and S atoms, it is possible to select
two models (¢ = 0° and ¢ = 120°) for the CH,0P(S)Cl,
molecule, whereupon the calculated frequencies agree
with the experimental values for solutions of this sub-
stance.
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5.. Compounds with the P—P bond

From the standpoint of steric interactions, the anti-
conformation (C,; symmetry) and the gauche -conformation
(C, symmetry) are the most probable for molecules of the
type P,X,.'* The halogeno-derivatives probably have the
anti-conformation, which is the less favourable of the two.
This has been demonstrated spectroscopically for P,Cl, in
all three phases!®, Preference is also given to the
anti-conformation of the P,F, molecule!®, The problem
of the possible change in the conformation of the P,I, mole-
cule on passing from one phase to another was discussed
for some time. C, symmetry was found for crystalline
P,I, from Raman spectra 97 and by X-ray diffraction 7,

At the same time measurements of the dipole moments 98
and interpretation of the infrared spectra 47,19 led to the
assertion that, in contrast to the crystalline phase, in CS,
solution this molecule has the C, symmetry. However, a
subsequent repetition of the spectroscopic study?® showed
that P,I, retains the C,; symmetry also in CS, solution and
an anomaly in the infrared spectra of the solutions was
explained® by the equilibrium 3P,I, = 4PL, + ;P,.

The vibrational spectra of P,H, in the vapour, liquid,
and solid phases 2% 2% have nevertheless been interpreted
on the basis of the gauche -conformation. The spectrum
of the liquid phase?® was complicated by the presence of
the decomposition products of the compound. At the same
time the NMR spectrum 2% demonstrated the equivalence
of the hydrogen atoms in P,H,. Although the author of the
investigation interprets this phenomenen as evidence for
rapid interconversion of different conformers, it is also
consistent with the possible existence of fixed anti- or
eclipsed (cis-) conformations.

Interpretation of the infrared spectra of P,(CH,),
showed 2% that only the anii-conformation exists in the
crystalline phase, while in the liquid phase both anti-
and gauche -conformers are present. It proved impos-
sible to arrive at any conclusion concerning the conforma-
tion of this molecule in the gas phase. The '*H NMR
spectra 297 of the liquid phase of P,(CH,), are inconsistent

“with the existence of the anti-conformer.

The trans -conformation with C,;, symmetry has been

found for a number of structures of the type R ,P,(=S),

(R = CH,, C,H,, or CiH,) in both the crystalline phase

(by X-ray diffraction!35-137 and from infrared spectra 208-212)
and in the liquid phase and in dilute solution (from infrared
spectra?!?), Certain differences between the spectra of
diphosphine disulphides in the crystalline and liquid phases
are attributed!? to the possibility of hindered rotation about
the P—C bonds. However, three conformations of
(CH,),P,.2BH, were found in the most stable of the crystal-
line modifications of this substance??,

6. “Pseudorotation” in Compounds of Pentacoordinate
Phosphorus

The NMR spectra of phosphorus pentafluoride (PFy)
and a number of its derivatives PX; _Fy, are evidence of
the equivalence of the F nuclei in these compounds 12-16,218,
In particular, the equivalence in the compounds PXF,
might correspond to an actual equilibrium configuration of
the type of a tetragonal pyramid with C,y symmetry.
However, as already mentioned above, only the trigonal-
bipyramidal configuration is characteristic of compounds
of pentacoordinate phosphorus.

To account for the effect observed in the NMR spectra,
the concept of “pseudorotation” —anintramolecular process
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as a result of which two equatorial atoms are transferred
to axial positions and conversely—has been resorted
to18,16,214,  The process is accompanied by a deformation
of the valence angles:

&~ %=X

As a result, the initial trigonal bipyramid is rotated by
90° relative to the equatorial bond distinguished in the
diagram. Such inversion is analogous in a certain sense
to the inversion in the ammonia molecule 2!5 and may be
caused by intramolecular vibrations2:¢, Calculations
yield the following values for the energy barrier to
“pseudorotation” (kcal mole-): 7.6 for PF,, 10.9 for
PCl1F,, 15.0 for CH;PF,, and 13.5 for PCl,. A systema-
tic analysis of the possible isomeric forms caused by
“pseudorotation” in trigonal-bipyramidal molecules has
been carried out?!7,

At the same time it should be noted that the available
data do not as yet allow an unambiguous determination of
the true mechanism of the above intramolecular inversion.
The Raman spectra obtained?!® for gaseous and liquid PF;
do not prove the mechanism of this process as described
above but they are not inconsistent with it either. In
certain specific cases other possible mechanisms of such
rearrangements have been postulated 9,219,

---000-~-

The molecular structures of organophosphorus com-
pounds have been examined in this review on the basis of
the classical theory of structure. The aim was not to
investigate the agreement between approximate electronic
concepts, in particular the concept of py—dy interactions,
and the characteristics of geometrical structure. This
problem is complex and controversial 22° and requires
special analysis.

The characteristics of the geometrical structure of
molecules revealed by the analysis of experimental data
permit the prediction of the structural parameters for
compounds which have not yet been investigated and also
make it possible to study the dependence of various pro-
perties of materials on their molecular structure.

Structural information is now available for organo-
phosphorus compounds in which the phosphorus atom has
different coordination numbers. The length of the phos-
phorus —element bond depends both on the valence state of
the atoms involved in the bond and on the atoms in its
immediate environment. The valence angles at the phos-
phorus atom are fairly characteristic of the given coor-
dination number of phosphorus.

The characteristics of the molecular conformations
determined by the rotation about the phosphorus —element
bond are less well defined. Steric interactions play a
considerable role but do not determine the conformation of
the molecules in all cases.

ADDENDUM

After the review had been sent to the printers, a
number of new studies on the structure of acyclic organo-
phosphorus compounds were published. In many cases
(concerning the reinvestigation of certain structures or
more detailed reports with revision of earlier data) the
appropriate corrections were introduced into the main
text. In addition the following data merit consideration.
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The electron diffraction study of the
structure of tetramethyldiphosphine?2
P,(CH,), evidently terminates the controversy concerning
the most favourable conformation of this molecule (see
above). In the gas phase P,(CH,), was found to have a
conformation close to the anti-form. The angle of devia-
tion from the anti-form (16°) is less than the error in the
determination of the angle in the above study (23°).
Among other.parameters found for the tetramethyldiphos-
phine molecule, we have the following:

r( P-—P/) =2.192 (0.009) A, ~ CPC=99.6 (1.0)°,
N

r (>p—‘<|:—) =1.853(0.003) A, £ PPC=101.1 (0.7)°.
The authors of the investigation note that the geometrical
parameters of diphosphine are close to those found for
their analogues —monophosphines (see, in particular,
Table 2).

The vibrational spectra of N[P(CF,),]; are
inconsistent with the planar configuration of the NP, frag-
ment and have been interpreted on the basis of its pyra-
midal structure??2, The infrared spectrum of the com-
pound in the vapour phase obtained somewhat earlier 223
apparently did not contradict the hypothesis that the NP,
fragment is planar, However, it has been noted??? that
certain important frequencies were too weak, as a result
of which many ambiguities remained. Since, as stated
by Hendra et al. 2?2, conformational analysis did not con-
firm the planarity of the NP, fragment, additional infrared
spectra and laser Raman spectra in the liquid phase were
measured. The study of all the available spectra 222,228
showed that the nitrogen atom in the compound can indeed
be regarded as located outside the P, plane. As the same
time one cannot exclude the possibility of an equilibrium
between the planar and pyramidal structures.

The authors believe that in the pyramidal configuration
of the N[P(CFy),], molecule the role of the F atoms, despite
their electron-accepting properties, is more likely to
involve a weakening of the P—N bonds than their streng-

thening. In this connection it is interesting to recall that
in the compound
(NH)P(S)
N—CHj, ,

NH,(NHCH,) P(S)”

investigated by X-ray diffraction in the crystalline
phase!!, the length of the bonds between the P atoms and
the central N atom is greater by 0.06 A than that of the

/
remaining =P -N_ bonds. However, the central N atom

has a planar bond configuration.

An X-ray diffraction study of the struc-
ture of triethynyl phosphine®* P(C=CH); showed
that in the crystalline phase this molecule has the C,y
symmetry. The mean values of the principal geometrical

parameters are as follows: v(>P—CE) =1.754; <CPC=

101°, A characteristic feature is the non-linearity of the
P —-C=C fragment (the angle of deviation from linearity
reaches up to 11°). A similar effect was noted also in the
structures P(C=C —CgzH;); ® and P(C=N),, ® investigated
previously by X-ray diffraction.

Analysis of the infrared spectra obtained
in all three phases is evidence of the presence of two
rotational isomers with Cg symmetry in compounds of the
series (CF,),PXY (where X = O or Sand Y = H or D). 25

An X-ray diffraction study of the struc-
ture of triphenylphosphine oxide?® (CiH,),P=0
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furnished a criterion allowing a quantitative estimation of
the effect of the environment on the length of the bond of
the type
=b—c?
) A .
The length of this bond in the (C,Hy),P=0 molecule is 1.76
(0.01) A, i.e. the same as the value found by electron dif-
fraction for the C;H,P(=0)Cl, molecule (see Table 3B). It
|

is striking that the =P-C~ bond also remains unchanged,

|
within the limits of experimental error, on passing from
the (CH;),P=0 molecule to CH;P(O)Cl, (Table 3B). How-
ever, in the series

(CoHg)gP=0 — (CsHy)aP=NR — (CyHy)yP=C=C=X — (CyHy)sP=CH,

| < o
the length of the =?—C< bond increases to 1.82 A (Table

3B). The remaining parameters of the (C,Hg);P=0 mole-
cule have the following values:

r(—l}’=0) =1.46(0.01)4, £ CPC=107.1(0.7)°, gcp(=0)=iu 7(0.6)°.

The length of the single P—S bond was determined for
only the second time inan X-ray diffraction study
of the structure of the [(iso-C4H,0),PS,], molecule???, In

this molecule ¥(—P=S) = 1.908 (0.003) A is shorter than
7(=P—8) = 2.072 (0.002) A by about 0.16 A, i.e. by the

same amount as in the [(CH,0),PS,],Te molecule (Table 3).
The remaining parameters found in this investigation 224
are as follows:

r (:1%_0) =1.561 (0.005) A,

/. OPO = 96.6(0.2)°,
£ SPO == 108.2 (0.2)°,

/OP=5=119.3(0.2)°,
£ SP=5=104.8(0.1)°.

| |
The shortening of r(—ll) = 0) compared with»(= F—O—)

found by an X-ray diffraction study of the struc-
ture of (CH;0),P(=O)R (where R = 3-hydroxy-2,2,5,5-
tetramethyltetrahydrofuryl), 22 is only about 0.11 A.
parameters of this structure are as follows:

The

\ .
r (4:0) = 1.471 (0.007) A, £ OPO = 102.3 (0.4)°,
|

r (:1:>~0_) =1.581 (0.009) A, £ OPC = 106.5(0.4)°,

, (=;'>_ — ) —1812(0009A,  /OP=0=1144(04°,
11 ring
£ CP=0 =112.0 (0.4)°.

According to vibrational spectra??® the C;HS—
PF, molecule has an equatorially substituted trigonal-
bipyramidal structure.

An X-ray diffraction reinvestigation of the
structure of (CH,),P,S, (see the data!® in Table 3)
showed 23° that the crystal unit cell of the substance con-
tains two types of molecules with the following parameters:

Molecule (I) Molecule (II),
|
r (:T— l = ) 2.245(0.006) A 2.161 (0.004) A
r (—-IIL =S) 1.951 (0.003) A 1.970 (0.004) A
&
r —:,If— 1 1.800(0.008) A 1.820(0.008) A
. / CP=S 115.0 (0.3)° 115.0 (0.3)°
£ PP=S§ 111.0(0.2)° 112.0 (0.2)°
£ CPC 103.5 (0.4)° 105.3 (0.4)°.
Z PPC 105.6 (0.3)° 104.3 (0.4)°.
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The authors failed to find any cause of the observed differ-
ences between the bond lengths in molecules (I) and (II)
other than the effect of steric factors.

An electron diffraction study showed? that
in the gas phase the (CH,y),NPF, and H,NPF, molecules
have the gauche -conformation [the (CH,),NPF, molecule
has the gauche-conformation also in the crystalline

phase™]. The following fundamental geometrical param-
eters of these molecules have been quoted:
(CH;);NPF, H.NPF,
r (>p—F) 1,589 (0.003) A 1.581(0.003) A
r (>p—N<) 1.684(0.008) A 1.661 (0.007) A
~ FPN 97 (4)° 101.0 (1.1)°
/ FPF % (3)° 95.3 (1.1)°

It was found that the configuration of the valence angles
at the nitrogen atom in the above compound is non-planar
in the gas phase (the sum of the valence angles is equal to
348.4° and 346° respectively), while in the crystalline
phase the PNC, fragment in the (CH,),NPF, molecule is
planar. It was noted that in (CH,),NPF, the P—N bond
length found in the gas phase is higher by 0.056 A than the
value found in the crystalline phase, while the P—F bond
length is smaller by 0.021 A (Table 2).
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