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The perturbation extension of the Pople-Santry theory developed earlier for treating the Fermi contact terms in reduced 
spin-coupling constants ‘K(E-L) in substituted compounds EL,,_,L’k has been applied to main group “quasi lone pair” 
molecules, particularly to trigonal-pyramidal P111L3-kL’k ones. The three most important cases have been considered in 
detail, namely, for L = H, and F. The results obtained agree with experiment and explain the puzzling peculiarities 
of the observable ‘K(P”’-L) trends. The developed model permits both similarities and differences in the ‘K(A-L) regularities 
for the A(H0S) vs. A(NH0S) compounds (highest vs. not highest oxidation states, respectively) to be explained and predicted. 

Introduction 
we have developed the perturbation extension 

of the Pople-Santry (P-S) theory3 for treating the Fermi 
contact (FC) terms in reduced nuclear spin coupling constants 
‘K(E-L) in substituted compounds ELm-kL’k where E is a 
transition-metal M or main-group element A. We have found 
that for “one-pronged” ligands L with valence ns orbitals2 such 
as H or CR3 changes in ‘K(E-L) under substitution should 
typically follow changes in the s contribution to the E-L bond 
overlap populations1 On the other hand, for “two-pronged’’ 
ligands L, such as F, with a low lying lone ns2 pair,2 changes 
in ‘K(E-F) in EF,,L’k are of rather complicated character 
depending on E, L’, and even k S 2  

The P-S theory for the FC term in ‘K(E-L) was originally 
developed in explicit form for the AL4 Td case.3 One can show2 
that the simple and elegant P-S expression for the FC term 
holds for any compound EL, where, first, all ligands L are 
geometrically equivalent and, second, only one central atom 
orbital, sE, belongs to the totally symmetric irreducible rep- 
resentation A,. The linear AL2,1 planar-trigonal AL3,1s2 
tetrahedral AL4,’s2 square EL4,1 and octahedral EL61,2 
compounds are just such cases. It  is another story, however, 
for octet angular AL2 and trigonal-pyramidal AL, compounds 
where only the first condition is valid but not the second as 
two central atom orbitals, sA and pz, belong to the Al rep- 
resentation (see Table I). We can anticipate some peculiarities 
in the FC mechanism and therefore in trends of ‘K(A-L) as 
compared, for instance, with those in linear AL2 and trigo- 
nal-planar AL3 compounds where A is of the highest oxidation 
state, A(H0S). We have recently developed a perturbation 

*Address all correspondence to the author at: Chemistry Division, Research 
Laboratories, Eastman Kodak Co., Rochester, N.Y. 14650. 

approach for treating the electronic structures and the sub- 
stituent effects on the A-L bond lengths (strengths) in octet 
AL2 and AL3 molecules where A is not of the highest oxidation 
state, A(NHOS), and has quasi lone pairs (QLP).4 In the 
present paper we will apply our perturbation approach to the 
substituent effects on spin-coupling constants ‘K(A-L) in the 
mentioned QLP compounds. 
Results and Discussion 

The general LCAO MO form of the FC term is3 

where C is some positive constant and the LCAO MO 
coefficients cIA, cJL, etc. correspond to the s parts of the oc- 
cupied $l and unoccupied MO’s with the energy gaps E,, 
= tJ - t, > 0. The valence Al MO’s contributing to ‘K(A-L) 
in octet AL2 and AL3 molecules (see Table I) have the fol- 
lowing nodal structures4 

4b3(3aJ = s + pz - d+) 
$2(2al) = -s + pz + d+) 
$l(la,)  = s + pz + d+) 

(2) 

(3) 

(4) 

where the nodeless q1 and one-node $2 are occupied but the 
two-node q3 is vacant. It is of great importance that in all 
octet AL2 and AL3 molecules the q2(2al) has the same nodal 
structure (3) corresponding to the p bonding but s anti- 
bondinge4 The immediate consequence from eq 3 and 4 is a 
well-known fact that the A(NH0S)-L bonds are usually of 
less s character than the A(H0S)-L bonds4 (cf. eq 10 and 11). 
The same nodal structures (2)-(4) remain in our approximate 
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Table I. Assignment of Orbitals in Octet AL, and AL, Compounds 
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irredu- 
cible 

represen- 
orbitalsu# 

compd symmetry tation A L 

AL, c, LJ AI S u(+) = (1/2i/Z)(Ul + uz) [SFIA1 = (1/21/2)(s1 + sz) 

Pz 
Bl Px 
B, PY u(-) = (1/2I/Z)(Ul - uz) [sFIB = (1/2”’)(s1 - sz )  

AL, c3 ” A1 S u(+)= (1/31’2)(u1 + uz + u3) [SF]*: = (1/3”’)(S1 f s, + s3) 

PZ 
EC PY &) = (1/61/2)(2~1 - U, - u,) [SF]E = (1/6’”)(2~~ - S, - s,) 

Enumeration of ligands and directions of the coordinate axes are obvious (for clarity see, for instance, Figure 1 in ref 4). One-pronged 
ligands (H, CR,, etc.) have only the u(*) group orbitals; two-pronged ligands F have also the [SF] ones (see the text). 
component, px and (1/21/2)(u, - u3), (1/21/9(s2 - s,), is not needed for the ensuing consideration. 

The second E 

Table 11. Typical Values of ‘J(PII1-H), Hzu 

L‘ H CH, CF, CSH, F 
PH,L‘ 182-189 186.4 180-181 195-201 
PHL,’ 182-189 191.6 217-218 214-218 (239) 182 

All data were taken from ref 5a. 

diagonalization scheme for octet AL, where (2)-(4) are 
replaced by (5)-(7), +1( l a l )  being bonding, +i(2a,) non- 
bonding, +3(3al) antibonding, namely 

( 5 )  

( 6 )  

(7) 

where 1.1, v, a, and b are some variable coefficients.“ Remember 
that the form (5)-(7) is the closest analogue of the Al MO’s 
of the A(HOS)L, compounds where only sA belongs to the 
Al  representation, so that there are only two Al MOs, oc- 
cupied bonding +,(lal)  (eq 9) and unoccupied antibonding 
$9(2al) (eq 8) with the nodal structures (11) and (IO), re- 
spectively. 

IL3(3al) = b(ps + vpz) - a d + )  

+i(2ai) = v~ - PPI 

+l ( la l )  = a(hs + vp,) + b d + )  

1L2(2al) = b’s - a’u(+) 

+l(lal)  = a’s + b’u(+) 

$9(2a1) = s - u(+) 

+l(lal)  = s + u(+) 

(8) 

(9) 

(10) 

(11) 

Because absolute values of the LCAO MO coefficients in 
(2)-(4) or (5)-(7) as well as the substituent effects strongly 
depend on the relative electronegativities of A and L: it makes 
sense to consider some typical cases rather than to look for 
some universal solution. As 31P is the most intensively studied5 
of the central atoms A in question, we will consider the 

Table 111. Assignment of Orbitals in Some 14e A,LZm Compounds 

regularities of ‘K(A-L) in ALm-kL’k for A = PII1, m = 3, for 
three most important cases, namely, L = H, PIII, and F. 

The PH3-kL’k Case. Let us begin with PH3 where L = H 
has a pure s valence orbital. From (1) and (5)-(7) we have 

which is always positive and smaller than ‘K(P-H) for any 
P(HOS)H, compound where from (1) and (8) and (9) 

Indeed, ab < a’b’, E’13 E13,6 and p < 1 and m > 3. The 
same conclusion can also be easily obtained from eq 1 and 2-4 
because the contributions from +1 (eq 4) and $2 (eq 3) will 
be of opposite sign, the former being positive and bigger in 
absolute value as in PH3 ql( la,) is mainly of the s character.” 

From our previous analysis’ we know that a better acceptor 
L’ can only increase the values of ‘K(P-H) (eq 13) because 
such L’ will increase the s character of the A-L bonds in 
A(HOS)L,-kL’k corn pound^.^^^ In fact, the magnitude of 
‘J(P-H) in PH3, ca. 185 Hz, is smaller than any ‘J(P-H) in 
all the known compounds of PIv, Pv, and Pvl, ca. 450-1075 
H z , ~ ~ * ~  where the s character of the P-H bonds is obviously 
larger .5a,4*7,8 

As far as ‘K(P-H) in PH3-kL’k are concerned, the sub- 
stituent effects on the s character of the A-L bonds in A- 
(NHOS)L,kL’k4 should be, as a rule, rather similar to those 
in A(HOS)L,kL’k.1,7,8 Thus, for better acceptors L’ the values 
of ‘J(P“’-H) should be larger or, at least, not smaller than 
that in PH3 and increase monotonically as k increases. Again, 
the known experimental data5a agree with this conclusion. 
Some examples are given in Table 11. Not surprisingly, the 
lack of a strictly defined relationship between the s character 
of the A-L bonds and the values of 1K(A-L)197,8 produces an 

orbitals sym- irreducible 
compd metry representation A 

CZ ” 

D3h 

A1 

A2 
Bl 

B? 
A ,  
AI‘, 
E’ 

E“ 

- Pz,) 

- Pz,) 
+ Pz,) 

The z axis is two fold; the x axis coincides with the Pc1 )-P(,J line. 
Enumeration of ligands begins with those bonded to the A(, atom. See also footnotes a and b. 

The z axis is threefold and coincides with the C(l $(, ) line 
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unusual series of donor abilities of L'; for instance, F has 
weaker influence than CF3 or C6H5 (see Table 11). Similar 
things, however, also take place for the A(HOS)H,-kL'k 
compounds. 

The 'K(P"'-P"') Case. One of the most intriguing problems 
of NMR theory is the negative values of 1K(P"'-P"')5a as well 
as of some 1K(P11'-C'V)5a~11 and lK(Sell-C'V),ll though all 
lK(A-A') where A and A' do not have QLP's (are of the 
highest oxidation states) are p o s i t i ~ e . ~ , ' ~ ' ~  This reversal of 
the sign of 'K(A-A') has been explained" by the contribution 
of "the indirect FC term". We will show that in our model 
this reversal can be naturally explained by the different FC 
mechanism for IK(A-A') depending on the presence, or lack, 
of lone or quasi lone pairs on atoms A and A'. 

Let us compare 'K(A-A) for two isoelectronic 14e mole- 
cules, P2L4 and C2L6, the former A being PI1' (NHOS) and 
the latter Crv (HOS). It is easy to showI3 that in the 
framework of our orthogonalization procedure for producing 
QLP's (see the relationships 17'-19' in ref 4) the results for 
1K(A(l)-A(2)) do not depend on the conformation of A2L2, so 
that we arbitrarily choose C,  for P2L4 and D3* for c2L6 (their 
eclipsed forms). The combinations sI + s2 and s1 - s2, the only 
ones contributing to 1K(A(l)-A(2)), enter the Al and B1 
representations in P2L4 C2, and AtI and A''2 in c2L6 D3h as 
seen from Table 111. For A'l and A"2 in c2L6 we have 
three-orbital bondings (the 3 X 3 determinants) among the 
relevant s, pz, and uL orbitals which are quite similar to those 
in the octet AL2 and AL3 molecules considered el~ewhere.~ 
Though for Al and B1 in PzL4 there are some extra px and p,, 
orbitals (see Table 111), they are orthogonal to the s, pz, and 
uL combinations. Thus, in both C2L6 and PzL4 we have the 
relevant 3 X 3 determinants which can be reduced to the 2 
X 2 + 1 X 1 forms by our orthogonalization schemee4 For 
example, for the Al representation of P2L4 we have 

(14) 

(15) 

(91b(+)) = (411(1/2>(a1 + 6 2  + u3 + 04) )  = 0 (16) 

91 = P(2-1/2)(sl + s2) + v(2-1/2)(Pz,+ PzJ 

42 = v(2-1'2)(sl + s2) - Pu(2-1/2)(Pz,+ Pz,> 

Preserving only the s parts of the MO's contributing to 'K- 
(P(l)-P(2)), we obtain 

$3 = b& - ad+) b~(2 - ' ' ~ ) (~1  + ~ 2 )  + ... (17) 

(18) $2 = 41 = p(2-1/2)(s1 + s2) + ... 
= + bd+)  = a ~ ( 2 - ' / ~ ) ( s ~  + s2) ... (19) 

where #l (eq 19) and g2 (eq 18) are occupied but $3 (eq 17) 

will be strongly negative. Similarly, for the B1 representation, 
is vacant, so that the Al contribution (eq 20) to 'K(P"'-P"' ) 
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to the 30-4e bonding. As seen from Table 111, the electronic 
configuration of czL6 will be (lal')*~la/)2(le')4(le'')4- 
(2a1')21(2a2/1)o ... so that the biggest contribution to lK- 
(Crv-C1v) is obtained from the 2al' - 2a/ (sl + s2 - s1 - 
s2) transition which, according to eq 1, will be positive. Thus, 
the values of 'K(C'v-C'v) should be positive practically for 
all the CIV compounds, and only in some exceptionally strained 
molecules with very small s character in the C-C bond (these 
bonds should be very long) can one anticipate finding 'K(C-C) 
< 0, as indeed occurs.10,12 

Clearly, the values of lK(P1ll-C'v) should be intermediate 
and therefore may be of any sign, in agreement with exper- 
iment.5aJ1 The behavior of Se" is obviously similar to that 
of P1ll.ll Finally, PIv, Pv, and Pvl should behave similarly to 
CIV and other A(H0S)  atoms rather than PI1', which also 
agrees with e ~ p e r i m e n t . ~ ~ ? ' ~  

The PF3-kL'k Case. Let us begin with PF,. Remember that 
the general P-S expression (eq 1) can be reduced to an elegant 
expression (eq 21) where K13 > 0, K23 < 0, lKl31 C lK2,12,3 only 

replacing s1 + s2 and pzI + pzz in eq 14-19 with s1 - s2 and 
pz, - pz,, we have practically the same negative contribution 
of the eq 20 form. Though the cross terms of the Al and B1 
MO's will give positive contributions to 'K(P-P), one can 
show13 that their absolute value will be smaller so that 'K- 
(Prn-Prrr) in PzL4 will be always negative regardless of the 
nature of L and conformation of PzL4, in complete agreement 
with e ~ p e r i m e n t . ~ , ' ~  

It is another story for c&6. Here we again have the 
contributing MO's of the eq 17-19 type within the A'1 and 
A''* representations including sI + s2 and s1 - s2, respectively. 
As C2L6 has the doubly degenerate E' and E" representations 
(see Table 111), the contributing A'1 and A''2 MO's have 
different occupations unlike P2L4 where the contributing Al 
and B1 MO's are occupied in the same manner corresponding 

b2x,Z a2b2x,2 
'K(A-F) = K13 + K23 = - - - < 0 (21) 

E 1 3  E23 

for unsubstituted AF, where, first, all fluorines are geome- 
trically equivalent and, second, there is only one central orbital, 
sA, within the AI  representation. For PF3 the first condition 
is fulfilled but not the second as the A, representation includes 
also the pz orbital (see Table I). In the framework of the P-S 
the0ry~3~ the s parts of the MO's contributing to 'K(A-F) in 
AF,, angular AF2, and trigonal-pyramidal AF3, will be (see 
Table I and eq 5-7) 

$3' = bk[SAl - m1/2b(Fxs + VXp)[SFIAl (22) 

${ = v[sAI  - m1/2(vx, - hxp) [SFIAl 

$1' = [SFIAI + m'/2(Xs + xp)[sAI 

(23) 

$21 = ap[sAl - m1/2a(/& + VXp)[SFIA1 (24) 

(25) 

where the parameter xp > O2 is similar to the P-S parameter 
x, > 0,3 xp << xSe2 It is obvious that the usual P-S MO's for 
AF,,2S are obtained from eq 22-25 under condition 26 leading 

x p = o ,  p = 1 ,  v = o  (26) 

to eq 21. Besides a new parameter xp, the presence of the pz 
orbital results in another important modification of eq 21; 
namely, we have two negative terms of the K23 type corre- 
sponding to two contributing MO's, $i (eq 23) and $; (eq 
24). It should be stressed that this result is quite general and 
does not depend on our orthogonalization scheme (eq 5-7) 
because it is determined by the universal nodal structures (eq 
2-4).15 All the necessary details for constructing the MO's 
of the eq 22-25 type can be found in ref 2. 

Thus, neglecting xp << x?J3 we obtain from eq 1 and 22-25 

b2x,Zp a2b2x,Zp2 b2x,Zpv 
'K(P-F)pF, = - - - - - (27) 

E23 Ea3 
where because of 

Ez3 < E,,, a2 < 1, v < p < l 4  (28) 
we decrease both K13 and Kz3 (increase the absolute value of 
K23) in eq 21 so that 

lK(P-F)pF, << lK(P-F)pF,, m > 3 (29)  

In other words, 'K(P-F) in PF3 should be more negative, Le., 
bigger in absolute value, than that in any compounds of PIv, 
Pv, or Pvl, in complete agreement with experiment (the value 
of 'J(P-F) in PF3 is -1420 Hz compared to a range from 
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- - ’ PF3 PFzL‘ P F L i  XPFJ XPFzL’ XPFLi 

Figure 1. Experimental values of ‘J(P-F) in some PF3-kL‘k and 
XPF3+Llk compounds.s Straight lines were drawn through the 
PF3(XPF3) and PF2L’(XPF2L’) points to show the positive deviation 
from linearity. 

-1200 up to -700 Hz for PIv, Pv, and Pv* 5 ) .  It should be 
stressed that this trend of J’K(P-F)J is just opposite to that 
of IIK(P-H)( as we have seen above. 

Substitution effects on lK(P-F) in the PF3+L’k series have 
been treated along the same lines as earlier2 for the A(H0S) 
compounds. One can show13 that for PF2L’ the dominant 
corrections are the linear ones to K23 in eq 21 which are of 
the general form (30) where the expression in brackets is some 

(30) 

(31) 

’ 

AK23 = [a2 - b2, E23, Ei3]6(~; > 0 

8apl = ( ~ L ~ I H J ~ L O  - ( .LIHI~L) 
function of the parameters shown and 6ad (eq 31) is the usual 

perturbation parameter.’,* The big positive value of A K 2 3  (eq 
30) is determined by two factors: (i) u2 - b2 > 0 and (ii) E23 
< E23. The positive difference u2 - b2 > 0 is similar to that 
for some A(H0S) compounds, namely, CFCkL’k, XPF3-kL’k, . 
and SeF5L’ considered earlier.2 The second factor is specific 
to the A(NH0S)  compounds where sA contributes to two 
occupied valence orbitals (cf. eq 2-4 and 5-7 with eq 8-1 1). 
Furthermore, one can show13 that the overwhelming positive 
corrections to K23 level the difference between one- and 
two-pronged substituents L’ (remember that one-pronged L’, 
to first-order perturbation theory, influence mainly K13 making 
AKl3 positive2). As AK23 (eq 30) is proportional to 6a ’ (eq 
31), we can predict that in PF2L’, changes in ‘K(P-F) siould 
be positiue and bigger in absolute value the better donor is 
L’. Finally, we can anticipate for PF3-kL’k, similar to the 
A(HOS)F,-kL’k cases,2 positive deviations of changes in 
*K(P-F) from additivity (linearity) as k increases. Indeed, 
all these model conclusions agree with experiment5 (Figure 
1). 

Let us summarize some principal differences in the ‘K(P-F) 
trends for PII1F3-kL’k vs. XPVF3.+Vk (X = 0, S), which follow 
from our model: (1) the magnitude of IIK(P-F)I must be 
bigger for PF3; (2) in the PF3-kL’k series all the corrections 

should be positive unlike the case of the XPF3-kL’k series where 
the corrections may be of both signs depending on L’;2 (3) the 
one-pronged substituents L’ such as H or CH, should have 
influence in the PF3+Llk series similar to that of the two- 
pronged ones such as C1, Br, OR, etc., Le., in accordance with 
their usual donor abilities; in the XPF3+Llk series the in- 
fluences of the one- and two-pronged L”S are rather differente2 
All the above is clearly seen in Figure 1. 
Conclusion 

The previous4 and present works represent, to our knowl- 
edge, the first attempt to develop an analytical perturbation 
LCAO MO approach for treating various properties of main 
group angular and trigonal-pyramidal compounds. This 
approach proved to be rather effective for consideration of 
many peculiarities of these QLP compounds. I t  is a 
straightforward matter to extend our analysis to other QLP 
polyhedra such as ClF3 C,, SF4 C,, IF5 C,, etc.16 In general, 
the developed perturbation mode11~2~4~7~8 permits both simi- 
larities and differences between the A(H0S) and A(NH0S)  
compounds to be explained and predicted on a general ana- 
lytical basis so that this model can stimulate new research. 
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