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490. The Xtructure of the Phosphonitrilic Halides. 
By M. J. S. DEWAR, E. A. C. LUCKEN, and M. A. WHITEHEAD. 

The electronic structures proposed by Craig for the cyclic polymers (L4B),t, 
of which the phosphonitrilic chlorides are typical examples, have been 
reconsidered. It is concluded that each phosphorus atom makes use of two 
&-orbitals in forming x-bonds and that these interact with the nitrogen pT- 
orbital to give a system of weakly interacting tlirce-centred x-bonds, embmc- 
iiig two phosphorus atoms and a central nitrogen atom, 

The structure and properties of the phosphonitrilic halides are then 
briefly discussed in the light of this conclusion. 

1 Craig and Paddock, Nature, 1958, 181, 1052. 
2 Craig, Chem. SOC. Special Pttbl., 1958, No. 12, 343. 

Craig in “ Theoretical Organic Chemistry (Kekul6 Symposium) ,” Butterworths, London, 1959, p. 20. 
Craig, J., 1959, 997. 
Craig, Chenz. and Ind., 1958, 3. 

Liquori, Pompa, and Ripanionti XVITth Internat. (’ongr. Piire and L\ppl. Chem., Munich, 1959, 
ti Wilson and Carrol, Cheni. and I n d . ,  1958, 158. 
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t = 3/2, 5 /2 ,  . . .  (2n + 1)/2; then the proper combinations of the atomic orbitals giving 
rise to molecular orbitals may be shown to be: 

where $, and a,,+,)/, are the atomic orbitals a t  the atom t ,  and l is the molecular 
quantum number with the allowed values 0, 5 1, & 2, . . . . .  & (n - 1)/2 (rz odd) and 
0, & 1, . . . .  n/2 (n even). 

The symmetries of the combinations of fi2, dsz, and d,, for the ring systems (PNCI,),,, 
where n = 3 to $2 == 6, are shown in Table 1. The symmetry requirements thus favour the 

Orbital 
d,, ........................ 

TABLE 1. 
n - 3  n = 4  n = 5  n = 6  

D3 D* D fi D, 

........................... 1 1  2 p ,  0 A 3 A ,  A2 
f l  13 I? El El 
3 9  B2 h-2 E, 
f 3  B2 

A = Symmetrical representation ; B = antisymmetrical representation ; E = doubly degenerate 
representation. 

d,,-orbital for interaction with the $,-orbital since the d,,-orbital cannot interact with 
the p,-orbital in the totally symmetrical state. 

Craig pointed out that the dimensions and energies of the phosphorus &orbitals will 
be affected by the adjacent ligands; since these are not all the same, the sizes and energies 
of the dxz- and a,,-orbitals may differ. Craig believed that the resulting changes in 
Coulomb and resonance integrals are such as to make interactions between the d,,-orbital 
and the &orbitals of the adjacent nitrogen atoms much more important than the corre- 
sponding interactions of the d,,-orbital; he therefore neglected the latter interactions in 
his treatment. 

Since we also felt that the experimental 
evidence did not support the idea of aromatic resonance in the phosphonitrilic chlorides, 
we suspected that the prediction of such resonance by Craig’s treatment was an artefact, 
due to neglect of the d,,-interactions; and that when these were included the x-electron 
system would be seen not to be continuous around the ring. 

The conventional L.C.A.0.-M.O. treatment, 
based on the carbon 2s- and 2p-orbnafs and four hydrogen ls-orbitals, leads to a chemically 
unrealistic representation in which all the valency electrons are delocalised over all five 
atoms. This can, however, be transformed * into an entirely equivalent representation in 
which the electrons are essentially localised in two-centre o-bonds. We suspected that the 
set of x-orbitals for the phosphonitrilic chlorides could likewise be transformed into a set of 
weakly interacting fragments, provided that all the relevant orbitals (dyz as well as dxz) 
were included in the calculation. 

In  any 
L.C.A.0.-M.O. treatment, it is legitimate first to combine any of the atomic orbitals into an 

This assumption seemed to us unjustified. 

Methane provides a simple analogy. 

The equivalent orbital picture of methane can be reached in a simpler manner. 

8 Hall and Lennard- Jones, Proc. Roy. Soc., 1950, A ,  205, 357. 
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orthogoiial set of linear combinations, and then to use these in place of the original atomic 
orbitals in the L.C.A.0.-M.O. treatment; a particular case of this is one where the'atomic 
orbitals of different atoms are first combined into molecular orbitals (the L.C.M.O. treat- 
ment ">,  as when the x-molecular orbitals of benzene are constructed from three pairs of 
ethylenic molecular orbitals instead of from six atomic orbitals. The results of this 
procedure cannot differ from those given by the conventional L.C.A.0.-M.O. treatment. 
In  the case of methane, the carbon orbitals can first be combined into a set of four sp3- 
hybrids. Each of these overlaps efficiently with just one of the hydrogen 1s-atomic 
orbitals ; combination of the hybrid carbon orbitals with the appropriate hydrogen 
orbitals gives a set of four pairs of two-centre o-bond molecular orbitals (one bonding, one 
antibonding in each case). These could be used as a basis for the final variation (L.C.M.O.) 
treatment; but since they overlap very inefficiently, it is evident that the set of four 

FIG. 2b. 

FIG. 2a. Oucrlap of ana- and drn-orbilals with nitrogrll 1)-orbitals. 
FIG. 20. Relation of the ovthogonal dra- and dnh- to thc origiital phosphorus dX2- a ~ ~ d  duz- and thc 

nitrogen p,-orbitals in which the lifaes denote orbital axes. 
Relation between the resonance integrals j3 and y in the case of (PNCI,),. FIG. 3c. 

y = Interaction pZaadrb. j3 = Interaction drnpZa. 
Therefore, y = /3 cos 75"lcos 1 5 O .  

FIG. 3. Breakdown of PhosOhonitrilic r-orbitals 
into three-centre 72-bonds. N' 

localised CH bond orbitals is already a good approximation to tlie structure of methane. 
It is evidently very similar to the equivalent orbital representation. 

A similar procedure is possible for the phosphonitrilic chlorides. We can first replace 
each pair of phosphorus d-orbitals by a pair of linear combinations dnn, drb, given by: 

1 1 

Fig. 2 indicates that each of these orbitals will overlap efficiently with the 29-orbitals of 
just one of the two adjacent nitrogen atoms. We now combine the d- and $-orbitals into 
sets of three-centre x-molecular orbitals, as indicated by the heavy lines in Fig. 3. These 
three-centre orbitals overlap only weakly with one another ; consequently we already 
have a good representation of the x-orbitals of the parent phosphonitrilic chloride in terms 
of them. I n  other words, the x-electrons of the phosphonitrilic chlorides are effectively 
localised in definite three-centre x-bonds, in the saiiie sense that tlie valcncy clectroiis in 

d7r" = __ ( 4 2  + dyz); = ~ (&2 - dyz) d2 d2 

9 Dewar, Proc. Cavibridgc Phil. Soc., 1949, 45, 631). 
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inethane are localised in two-centre a-bonds. This is an entirely different situation from 
that liolding in aromatic systems where no transformation into localised equivalent orbitals 
is possible.s This argument confirms our suspicion that Craig was led to an erroneous 
conclusion by his neglect of the phosphorus d,,-orbitals. 

Each three-centre x-bond is formally analogous to the n-bond in the allyl cation; iu 
both cases there are just two electrons to be accommodated. The total energy from these 
is less than that of the electron pair occupying an analogous two-centre x-bond; in this 
sense the phosphonitrilic chlorides should be strongly resonance-stabilised even though 
they are not aromatic, just as the allyl cation is strongly resonance-stabilised. The 
resonance stabilisation should be directly proportional to the number of three-centre 
x-bonds, i.e., to the degree of polymerisation; the heats of formation per PNCl, unit should 
therefore be independent of ring size. Even the linear polymers should show the same 
stabilisation, apart from end-group effects. 

The break in conjugation at each phosphorus atom iinplies that adjacent three-centrt 
x-bonds need not be coplanar; puckering of the molecule should have little effect on the 
resonance energy. The actual puckered configurations should be largely determined by 
the same conformational o-bond interactions that operate in cycloparaffins. 

The validity of this representation will now be confirmed by a calculation of the inter- 
actions between the component three-centre x-bonds; this will be found to be small, 
confirming the correctness of the localised x-bond approximation. 

The molecular orbitals of the two allylic systems are given by: 

$i 1 + a2i42 + a3i+3; Energy = Ei 
xj = bdj+d + bSj+5 + b , j + g ;  Energy = Fi 

\vlicrc tlic orbitals arc iiumbcred as in Fig. 4. 

P - N - P  P- N- P 

If the Couloml) integral of tlic phosphorus atom bc M ~ ,  and that of tlic nitrogcii atom 
bc Rn, thcn: 

X E  = UA + PP 

\vlicrc P is tlic resoiiancc integral between tlic pliospliorus &-orbital a i d  tlic nitrogen 
b,-orbital within a given allylic system : 

J 

and p is a parameter measuring the electronegativity difference between the phosphorus 
and the nitrogen orbitals. The energy levels and the coefficients of the unperturbed 
allylic system may then be calculated by using the secular determinant : 

P 0 

P ELL - E 
aB - E P /-0 
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whence 

'lhc coI-re 
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F3 = E3 = antibonding = 
F2 = E, = non-bonding = ciA4 
I;, = E, = bonding = +(2aik + pp -1- v'p2p2 + 8p2) 

+ pp - z/~~2-+-8p2) 

,onding coefficients are shown in Table 2, in which (ctA - I<i)/p 2 Wi. \ W l e  
TABLE 2. 

-_ ~ 

"11 = b14 = - ~ / v ' w ~ z  + 2 a12 = b15 = Wl/2/W12 + 2 a13 -1 /dIViz  + s 
a21 = b,, = 1 / 4 2  az2 = bZ5 = 0 a2, = b,, = - l / d 2  

= b,, = -1/1/WQ2 + 2 = b,, = JV3/1/IVz3 + 2 a3, = b,, = -1/1/WJ2 -f- 2 
the bonding and antibonding coefficients are symmetric the non-bonding are anti- 
symmetric. 

Perlzrrbatioiz Treatment.-The formation of a polymer from the independent allylic 
systems is shown in Fig. 4 and the orbital interactions are indicated. 

The interactions between the allylic systems can be calculated by using perturbation 
theory. Although the unperturbed system is degenerate, there is no need to use first- 
order perturbation theory. We need only the total perturbation for the whole system. 
Since the component parts have closed-shell configurations the total first-order perturb- 
ation vanishes.1° I t  can be shown1° that the total second-order perturbation can be 
calculated by using the unperturbed orbitals as a basis and simply neglecting terms with 
vanishing denominators. 

FIG. 5 .  Pertzwbadioit at the phospliovus atom 
brftveei t  thc fmo allylic sysfems jorined by 
dnc- and dnb-orbifals (cf. Fig. 2.). 

'.Hie perturbation (Fig. 5) is of the foriii 

p - 2 2 (al,Erb)L,\.YrS)2 

7 s E*n - Fn 2 -  

where yrs is the resonaim integral between atoms 1' and s. In  tlie above allylic systeiiis 
two such interactions occur, and since only two orbitals are involved, the preceding 
expression becomes 

where y is the resonance integral between the dra- and theP,"-orbitals (Fig. %). 
1)etn.een tlie integrals y and p is illustrated in Fig. 2c; thus for the trimcr we have: 

'l'he relatioil 

y = p COS 75"/coS 15" = h p  

Hence 

giving for P, with various values of p : 

p = o  1 2 
P, = 0.0013,5 0*0013,5 0-0016,5 

lo Dewar, J .  Amer. Chcm. SOL, 1952, 3341. 
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It will be seen that I), is indeed small, confirming the view that the molecule can 
be represented to a good approximation in terms of localised three-centre bonds. 

Resonance Energy and Structzcre of tJ$e Phosphonitrilic Chlorides.-In a " classical " 
structure for a phosphonitrilic chloride, each nitrogen atom is attached to one adjacent 
phosphorus atom by a single bond, and to the other by a double bond. In the picture we 
have reached, each nitrogen is attached by equally strong x-bonds to both phosphorus 
atoms, since the three atoms are all linked by a three-centre x-bond. All phosphorus- 
nitrogen bonds in all phosphonitrilic chlorides should therefore have the same length, 
intermediate between the lengths of pure single and pure double P-N bonds. At the same 
time the molecules are not aromatic, there being no unbroken path of conjugation round 
the ring. The conjugation is broken a t  each phosphorus atom; there is therefore no need 
for coplanarity-the phosphorus atoms can act as hinges, permitting buckling of the 
molecule with little loss of resonance energy. It is always possible to select two hybrid 
orbitals d,a, dmb, whose orientation matches that of the adjacent nitrogen $-orbitals, for 
puckering of the ring permits mixing the a,,-orbital with the dx2- and d,,-orbitals. 

Each set of three-centre x-orbitals must 
accommodate two electrons; these can occupy the low-energy bonding orbital of thc set. 
The total Tc-energy E, for the n-mer (PNCl,), is then given (cf. above) by: 

The calculated resonance energy is large. 

In the classical structure, each pair of x-electrons occupies a bonding phosphorus-nitrogen 
n-molecular orbital; the energy (e) of this can be shown to be: 

The total classical x-energy for the n-mer is given by 2ne. 
negligible compared with unity) , the computed resonance energy (RE) is then given by : 

If p is small (so that 0.1~2 is 

RE = E, - 2ne = +z[dp2p2 + Sp2 - 2/p2p2 + 4p2] Z 0.83np 

This is a large quantity. For the trimer the calculated resonance energy is 2*5p, compared 
with 2.Op for a benzenoid six-ring. The predicted stabilisation of the phosphonitrile 
chlorides is therefore of aromatic proportions. 

It is also noteworthy that the second-order perturbation per PNCl, unit is only about a 
five-hundredth of the allylic resonance energy; this again indicates that the polyallylic 
representation is close to the truth. 

The ultraviolet spectra of the cyclic polymers l13l2 show little resemblance to those of 
organic aromatic systems which have considerable absorption in the near-ultraviolet 
region. Moreover, the spectra of all the cyclic polymers are almost the same, consisting 
of a broad-based peak with a maximum of 200 mp [(PNCl,), = 199 mp; (PNCl,), = 
203 mp in cyclohexane] and an extinction coefficient increasing with increasing molecular 
weight. This would be expected if the size of the basic conjugated unit remained 
unchanged throughout the series, but not if its size increased by conjugation through the 
phosphorus atom. Likewise, the linear polymers should show absorption due to the same 
basic conjugated unit, whereas if conjugation occurred across the phosphorus atom, they 
would resemble the carotenes and show absorption in the visible region. 

The present evidence from infrared spectra is not fully elucidated. It does show that 
all the P-N bonds are of equal length, in agreement with the X-ray results. The chemical 
properties of the polymers are compatible with both aromatic and allylic systems. 

Recent nuclear quadrupole resonance measurements on the (PNCl,),, compounds, 
substituted polymers, and other phosphorus compounds have led to a surprising similarity 
in frequency between the individual polymers and phosphorus oxychloride and compounds 

Sliaw, C l i m z .  L C U ~  l i d . ,  1959, 5 2 ,  53, 2, 413, and rcfereiices tlierein. 
l2 Paddock aiid Searle, Aclv. I i~ovguisil~ W L ~  Iiadio CIicm., 19.5'3, 1, 347, and referelice therein. 



R*€’OCI, and K,POCl, which suggests that there is no fundamental difference between the 
various types of compounds. 

In conclusion it is emphasised that the arguments developed in this paper could equally 
be applied to other examples of d,-p, x-bonding; they suggest that no significant through- 
conjugation should be observcd in such cases between groups attached to the central atom 
with d-orbitals, a view which seems to be supported by the chemistry of both phosphorus 
and sulphur. 

One of us (M. A. W.) 
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Further results are being collected to fill in the picture. 
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