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2 J.G. VERKADE 

A. INTRODUCTION 

Much controversy has surrounded the degree of pi back-bonding which may accompany 

sigma donation in the link connecting a phosphorus Iigand to the acceptor species, Experi- 

mental evidence from a variety of sources has been interpreted either to support or to deny 
a substantial pi effect. A detailed analysis of all of these arguments is not within the purview 
of this article and it will appear elsewhere 1 . The aspects of the controversy treated herein 
will be restricted to evidence bearing directly on the results of our studies. 

Phosphorus-acceptor bonds occur very extensively and most of the metals as well as 
several non-metals can be ligated with trivalent phosphorus compounds. Although zero- 
valent or divalent metals are generally involved, formal metallic oxidation states from -1 
to +4 can be stabilized and a wide variety of coordination numbers and geometries can be 
found among them, Many function as hydrogenation, polymerization or 0x0 catalysts; 
lubricant additives; pesticides; fuel additives; bactericides; antioxidants and blowing agents 
and several contain molecular nitrogen. A forthcoming review of the coordination compounds 

of trivalent organophosphines’ and organophosphites, phosphonites, phosphinites and 

aminophosphines3 contains their syntheses and provides a compilation of the complexes 
along with their properties and uses. 

The primary objective in our investigations in this area over the past ten years has been 

the gathering of spectroscopic information which would permit some deftite conclusions 
to be made regarding the nature of the phosphorus-acceptor link. Spectroscopic quantities 

which to varying degrees of cetiainty are indicative of the bonding in a phosphorus-accep- 
tor (PA) link are the figand field parameter lo&, the stretching frequency v(l?A), the spin- 

spin coupling constant I$&31 R-(where A is an NMR active nucleus) and J3 ’ PA3’ P, the 3 ’ P 
and ‘H NMR chemical shifts, and the PA internuclear distance. The trends in these param- 
eters wiil be interpreted after commenting on certain important aspects of the bonding and 
structure in the ligand systems. 

The trivalent phosphorus ligands we chose to study varied in electronegativity in order 
for us to explore possible correlations of this parameter with trends in the spectroscopic 
quantities obtained from the complexes. The organophosphorus ligands also fell into two 
structural classes, namely polycyclic and acyclic. The bonding in these two types of iigands 
and their complexes is not identical and as will be developed later, this difference is rr~t 

primarily the result of the reduced steric requirements of the polycyclics. 

B. LIGANDS 

(I) Syntheses 

Of particular importance in our investigations has been the use of polycyclic phosphites 
such as la, first reported by us4ys, and II, synthesized by Stetter and Steinacker? Although 
open-chain organophosphorus Iigands are either commercially available or can be synthesized 
by standard techniques found in the literature, the syntheses mainly developed in our iabo- 
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ratories for those of the bicydo 12.2.21 octane ’ variety are now summarized and those re- 
ported by others will be cited for completeness. 

As shown iu eqns, (l)-(S), transesterification of the appropriate triakohol with P(OR), , 

or HCl elimination in the presence of PCI 3, leads to phosphites la--II, in and Ii. 

PCI3 + triakohol 
3 C5H5N 

THF + 

LL 

Ia4, If’ ‘, Ig16, II6 + 3 C5 Hs NmHCI 

Ia13, Ibr4, Ih” + 3 HCI 
(1) 

D 
P(OMe), + trialcohol- Ia’ ? Ib’, Icl’, Id”, Ie12, ifr5, 11’ + 3 MeOH (2) 

P(OEt)3 + (HOCH2 )&cHz OH e Ii9 + 3 EtOH (3) 

P(OPII)~ + (HOCH, I3 CR s Ii-Im’ ’ (9 

Yields are generally in excess of 50% and Ib is commercially available (Aldrich Chemical 
Company and Frinton Laboratories). Reaction of Ti with methacryl chloride forms In’. 

Reaction of P(OPh) J or P(OBu), with the proper polyalcoELo1 affords PIOCHp C(CH2 0)3P] 3, 

0 [CHz C&H2 0)3P] 2 and Pa [(OCHz )3 CCH2 OCH2 C(CH2 0)~ -Hp 0CH2 C(CH2 0)3] 3 

(ref. 18), all of which presumably contain bicyclic phosphite moieties. Bicyclic phosphite 
compounds of this type and of type I function as flame retardants’8*‘g, vinyl resin stabi- 

lizers ’ 7g r8 and antioxidants I’. 

An interesting reaction resulting in a 52% yield of Iaz0 is analogous to an elimination 
reaction &covered earlier in which II is formed (vide infra). In the decomposition (be10w)~, 
R can be PhC& o; H, the latter compound probably having been formed by the hydrolysis 
of Ia although no details were given. The hydrolysis of Ia gives two isomers of the starting 

material in reaction (S), both of which quantitatively dehydrate2’ in vacuum to Ia. 



4 J-c;, VERKADE 

P(O1l-l 
A 

vacuum ROH + Ia c3 

A bicyck phosphite formukted as P(OCH, C& )3 CH has been ckimed in a patent 22 
but no details were given. 

The arsenic ligands 111’ and IV23 have been made in 38% and 59% yield respectively, 
using AsC& in a reaction similar to (I). Reaction of Sbz O3 or Si, OS with (ERICH2 I3 CR 
ti the Presence of phenol gives compounds of the type M(OCH2 )a CR, where M = SE, or Bi 
and R = HOCH2, Me or Et (ref. 24). 

o”H2\ 
As~OCH+Me 

‘OCt-82 

III 

Tr~seste~~ca~on reactions (6) have been shown to give Vaz5, Vb2!j, Vc12, Vdz6 and 
Vex7 in good yields. 

2 in P(CH;!O)3Z 

Va As 

VII SiMt: 

VC CH 
Vd. CMe 

Ve C-n-Bu 

Vf P 

1 RC(C3Me)3 

Vc-e 

Special care must be exercised in the ~repa~~on of the ~~~~ho~ used in the synthesis of 
Vf if the chances of a violent side reaction are to be minimized25. Cumpounds formulated 
as X(OCHR)~Y where X = CR, Y = P; X = Y = P and X = I?, Y = CR were mentioned in a 
patentz8 but nu method of preparation or proof of structure was given, 

It is quite remarkable that in most cases syntheses of po~y~c~c compounds invoh@ng 
triakohols are not highly susceptible to polymer formation, and high yieids are often ob- 
tained even in the absence of solvents. We have noticed, however, that crystalline samples 
of kt and lb on standing under vacuum in sealed tubes become sticky over a petiod of rn~x&s 
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and the oily substance formed is insoluble in ether and hydrocarbons, in which the caged 
phosphites are quite soluble. This suggests that cage formation is kineticahy controlled - 

whereas thermodynamically these polycyclic phosphites are unstable with respect to inter- 

molecuiar transesterification in the sohd state yieldin 
27 

polymers involving monocyclic and/or 

acyclic species. The highly strained phosphate P(UC& h CR reported to form from p(Oke)a 

and glycerol 2g decomposes rather easily even in vacuum unless it is stored at low tempera- 
ture, _ 

Phosphites of types I and V are easily converted to phosphate, thiophosphate or seleno- 
phosphate analogs 5,11-13,15,17,2S,26,30,3~ 

while efforts to prepare the arsenate or thio- 
arsenate derivatives of III and IV have thus far failed. The variety of oxidation products31 
achieved from Vf is summarized in reaction scheme (7) 

OPtCHa 0), PO OP(CH2 0)3 PS SP(CH2 03)P0 

H202 H2 02 Hz02 

SP(CH2 O)3PS 
cu2+, H2S t t t 

t------- SS Vf - 
l/2 B2H6 

J\ 

l?(CH2 0)3 PS f SP(CH2 0)3 P 

al”+ (PhCO2 11 

P(CH2 0)s PO OP(CH2 0)3 P 

Assignment of the location of the chalcogen(s) in these systems was accomplished by com- 
paring their P-H coupling constants and 31 P and 1 H chemical shifts with those of Ia, Vd 

and their chakonide derivatives?“-33 which mimic quite closely the appropriate phosphorus 
moieties in the diphosphorus systems- 

The synthesis of analogs of I and III in which the oxygens are substituted by sulfur or 

NMe groups (VI-IX) has been effected in high yields by converting the appropriate tri- 

alcohol to the corresponding trimercaptan27y34 or tris-methylamine27~35 followed by 

treatment with E(NMe2)3, where E = P or As. 

P(SCH2)a CR PNMe)CH21 &R 
VIa,R=Me VIIa, R = Me 
VII,, R = n-Pentyl VIIb, R = n-Pentyl 

As(SCH2)3 CMe As(NMeCH2)J CMe 

Ix 

We2 I3 * WSCH2 l&R * y VIa34, VIb2’, VIII34 + 3 Me2NH (8) 

We213 + @feHNC& 13 CR ---+ * VIIa34 ,VI~II"~,IX~~ t 3 Me2NH 

Compound Via was oxidized34 to OP(SCH2)sCR using SO2 Cl2 and 0P(NMeCH2)3CMe 
was synthesized 35 by reacting (MeNHCH2)3 CMe with OpCl~, Reaction of VIa34 and VIIa35 

with sulfur gave the expected t.hio derivatives. 
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Because one of the isomers (Xa) formed in the acidcatalyzed hydrolysis of II functions 
as a ratier unusual trivalent phosphorus i&and for several metal ions (see later), evidence 

for its structure will be briefly presented_ 

Xa Xb 

Although the reaction is quantitative, separation and purification procedures reduce the 

individual yieIds 36 to about 3O%_ Both Xa and Xb dehydrate to II on heating in vacuum. 
Althou& the structures of these isomers were predicted from conclusions based on NMR 
and IR studies36, the configuration of Xa was confirmed by a single-crystal X-ray investi- 
gation3’ discussed in a later section. The stereochemical implications of the hydrolysis of 
Ia and II to give six-membered ring phosphorus esters will not be treated here*r p 38 _ 

(ii) Dipole moments 

The remarkably high dipole moments recorded in Table 1 for the bicyclic phosphites 
and thiophosphites compared with their open-chain analogs are most reasonably rationalized 

on the basis of the rigid orientation of chalcogen lone-pair density in the former struc- 
tures34s 3g * Evidence for this hypothesis is that VIIa and P(NMe2)3 have very comparable 
moments owing to the nearIy sp* planarity of the nitrogens in these systems (see later). The 

*single p lone pair on each nitrogen in these compounds would contribute to the overall 
moment only if it were to pi bond with the phosphorus, in which case the slightly larger 

moment for VIIa may or may not be indicative of a greater tendency in this direction. Fur- 

ther evidence for the lone-pair orientation effect on the overall moment comes from the 

comparison of MeC(OMe)a, 1.90 D (ref. 40) and MeC(OCH2)s CMe, 2.71 D (ref. 23) in 

benzsne. T$e effect of mis-aligning the lone-pair moment of the unique bridging oxygen in 

P(OCH2)z CH is seen in the substantial decrease in dipole moment compared with Ia- 

The high polarity undoubtedly also contributes?0 the relatively large lattice energy of 
these systems as reflected in “their great tendency to be crystalline solids at room temperature 
in contrast to their liquid open-chain analogs 41*42 Convincing evidence that the molecular . 

dipole in all of these polycyclic systems is as shown by the arrow in Table 1, comes from (a) 

comparison of their dipole moments with oxidized derivatives, @) the additivity of group 
moments, and (c) aromatic solvent chemical shift effects (see next section). The bond mo- 

ment in an O=P<, S=Pc 0; I&B - Pz group is certainly in the c$.rection of the chalcogen 
in the first two cases and toward the borane in the last. Thus larger dipole moments com- 

pared with the trivalent phosphorus analog Ia, 4.13 D, are observed in OP(OCH&CMe, 
7.10 D (ref. 4O), SP(OCH&CMe, 4.77 D (ref. 40), H3BP(OCHz)3 CMe, 8.60 D (ref. 41) 
and H313P(OCH)3(CH2)3, 8.82 D (ref. 42). Dipole moments of this size would indeed be 

- surprising if those of the trivalent analogs had been directed toward the hydrocarbon moiety. 
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TABLE 1 

Dipole moments at 2S” of poIycyclic phosphorus compounds and open-chain analogs 

Compound’l 
+ - 

A- 
W-32 )2CH 

f(~HzhfCHd3 

M~HMC&)3 
P(OC&)$Me 

P(0CH2 )sCPh 

P(SCH2 )&Me 

As(!?tCH2 )3CMe 

As(OCH2 )&Me 

P(NMeCH2) 3CMe 

WOCH2hP 

AsWCHzM’ 

MeCK=WG’ 
1 

MeOPOCN2CH20 
, 1 

MeOPOCH2CH2CH20 

P(SMeh 
fCNMe213 

PMe3 

Dipole moment6 
Web ye) 

Solvent Ref. 

3.28 C6H6 

4.42 C6H6 

4.51 OU-bCHa 120 

2.89 C6H6 

4.13 C6H6 

4-08 cc4 
3-86 cc4 
3.13 cc4 
2.68 C6H6 

1.62 cc14 

3.10 C6H6 

1.58 C6H6 

1.54 C6H6 

2.51 C6H6 

2.82 C6H6 

3.6 C6H6 

3.04 C6J56 

1.83 cc14 

1.90 C6H6 

1.36 C6H6 

1.21 C6H12 

1.192 Gas 

c 

23,39 
d 

23 
23 

16 
34 

34 

23e 
23 
f 

25 
23 
c 
c 

c 
C 

40 
c 

34 
g 

40 

The arrow indicates the direction of the molecular dipole in aligf the compounds as written. 
Precision of the measurements is at Ieast 0.05 D (cf. A.C. Vandenbroucke, R-W. King and 3-G. Verkade, 
Rev. Sci Insfru~, 4 (1968) 558). 
J.G. Verkade and D-W. White, unpublished observation. 
See ref. 127. 
Reference 40 contains an erroneous reference to a group of French workers as having measured this 
moment. 
F.B. Ogitvie and J.G. Verkade, unpublished observation. 
B.L. Laube and J.G. Verkade, unpublished rest& 

Owing to the rigidity and symmetry of these polycyclic systems, the group dipole mo- 
ments are additive. It becomes possible, therefore, to compare the experimental moments 
of Va and Vf with those obtained by subtracting the contribution of a P&H& moiety, 
1.19 D (ref. 25) from the moments of III and Ia, respectively. Despite the approximations 
inherent in this procedure2 5 p34, the results (1.49 D for Va and 2.94 for Vf) are quite 
reasonable. 
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An interesting aspect of the bonding in bicyclic phosphorus esters becomes apparent 
on examining the magnitude and direction of the MY3 moment in molecules M(YCI-& I3 C& 

(ref. 34). When the H-C bond moments and the carbon-chalogen bond moments (which 
include half the lone-pair density on the rhalcogen atoms) are subtracted from the experi- 
mental moments, group moments for the MY3 moiety remain which include contributions 
from the MY bond polarity, the pnictogen lone pair and half the lone-pair density on the 
chalcogens. Surprisingly these group moments are directed toward the phosphorus in 1a 
(0.8 D) arrd Via (0.5 D) w h ereas they point toward the chalcogens in the arsenic analogs 

III (0.65 D) and WIH CO.2 D) as would be expected on electronegativity grounds. The same 
is true for the MY3 portion of the pairs II, Vb-Vf and their arsenic analogs IV, Va respec- 
tively. If the anomalous PO3 and I?& moments in Ia and Via were due primarily to the 

directionality of the chalcogen lone pairs, their magnitudes would be reversed on electro- 
negativity grounds assuming that the moment of a second quantum level sp3 lone-pair or- 
bital on oxygen is smaller than that of a similar orbital on sulfur in the third quantum level, 
It would appear then that appreciable sp2 character resides in the oxygen of bicyclic phos- 
phiter which favors drift of electron density from the unhybridized filled p orbital on each 
oxygen into available d orbitals on phosphorus and a consequent elevation of the PO3 mo- 
ment in the direction of phosphorus. This effect would appear to be substantially less in 
Via. It should be noted that the remaining lone pair on each oxygen under these conditions 

is of the sp2 type and its contribution is 25% less (from geometrical considerations) than 
that of two sp3 oxygens, assuming similar density distributions_ Thus the PO3 moment in the 
direction of the oxygens should be increused instead of decreased in progressing from an sp3 

to an sp2 oxygen unless electron drift to phosphorus takes place via the unhybridized p 
orbital, Moreover, without such pi bonding, the chalcogen lone pair in the unhybridized p 

orbital would not contribute to the moment in either direction because of the geometry 
of its charge distribution relative to the molecular axis. It should not be inferred from this 
discussion that PO pi bonding in polycyclic phosphites exceeds that in open-chain phosphites 
because evidence to be presented later leads to the conclusion that it is probably nearly the 

same. Because of non-rigidity in &he open-chain systems, the reasoning given above is not 
applicable to their measured moments. 

Selected NMR parameters 129 ra,25-27,29-35,43*44 of a tide variety ofpoIycy&c tfi_ 

valent phosphorus systems and their open-chain analogs are presented in Table 2. Except 
for the ass@ment of a bonding environment (e.g. PCs, PO3, OPOs , etc.), it is presently 
not feasible to interpret the S3 r P shift values in terms of bonding parameters_ From a 
quantum me&an@ viewpoint, changes in 31 P chemical shifts appear to be a function of 
three para.meters45 . For a series of trialkyl phosphites46a, these are the change in electro- 
negativity of the alkoxy group(s) (AaRj the change in d-orbital occupation number 

(An,) and the change in the angle between the P-O bond and the phosphorus lone pair 
(Aaj_ The equation is of the form46a Ad = -ZSAXOR-382An, f 21 Am Changes in xOR 
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TABLE 2 

NMR parameters of polycycIic systems a 

Compound S3’P Ref, &‘Hb JC Ref. 

-105 
P(OCH)3CCHz 13 -137-7 

MOCHl3KH2 13 

PCOCHa 13CR -92 
P(OCH2 )xCPh 
P(OCH2)3CCH2Br 
As(OCH2 )&Me 
P(~H2)3PO 

P(OCH2)3PS 
P(SCH2 )3CR -33 
As(SCH2 )&Me 
P(NMeCH&CR -87 

As(NMeCH2)&Me 

P(wH2 )3p 

h(mH2)3P 
RC(OCHdd’ 
MeSi(OCH2 )3P 
WOCH2 )3P 

PCOCHz 13PO 

P(wH2 )3Ps 

op(mH2 )3p 

f(OMe) 3 
P(CH20H) 
P(SMe)s 

PINhiW3 

+67p(cH2 )d 
-90@03) 

+81 

+7 1 (PCH2 13 1 

-5a-m) 

-7.45(P(CHz 13) 
-85.53(PO3) 

-6.30(I’(CH2 13) 
-90.49(PO3) 

+69.98(P(CH2)3) 
+14.25(PO3) 

-140 

-124.1 to 
-125.6 
-121.5 to 
-123 

44 3.59 
33 4.3(OCH) 

3.O(OCH, ) 
I .9(OCHJ 
4.2(oix) 
3.O(WHe ) 
l.I(ocH~ 

27, 32, 33 4.0 
4.4 
4.08 
4.0 

27 

27 

30,32 

27,32 

32 

31 

‘31 

31 

43 

45 

45 

2.9 
2.94 
2.XNCH3) 
2.6(NCH2) 
2.53(NCi&) 
2.61 (NCH2 
4.5 

+2 12,23,26,33 
2.0 d 
3.0 e 

23,43 
31 
31 

2.1 27,34 
34 

16j33PNCH3) 23,27,35 
3(%‘NCH2) 

35 

25,30,32 

4.61 
4.3 
4.66 
5.11 

4.60 

25 
12,23,26,27 
25 
32 

31 

4.60 

+8.9(2JPCH) 
-37.2t3JPP) 
+2.5 (3JPoCH) 
+9_4(*JPCH) 
+8(2JPCH) 
+8-912JPCHl 
+7_6(2JPCH) 
+7 .S (3JPOCH) 
-S.l(2JPCH) 
+3.2(3JPOCH) 
+14O(JPP) 
-5.8&-PCH) 
+3.0(3JPOCH~ 
+1 18(3JPP) 
+7.5(2JPCH) 
+7.5 3JPiXH, 

$ +65( JPP) 
11.35 
3_O(2JPCHf) 
10.0 

31 

5.15 31 

3.69 
4.07 
2.2 

72= 
25 
72e 

2.49 8.82 f 

0.29, 3.83 29,44 
+6.3 23,33,43 

23 

The footnotes to this Table appear at the bottom of p. 10. 
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brought about by stepwlse substitution of two OEt groups in P(OEt)s by various OR groups 
lead to linear positive or negative changes in A& which range from < 1 to 6 p-pm. Extend- 

ing the above arguments, an upfield shift with respect to P(OEt)&l37 p.p.m.)Ma is ex- 
pected in ~a (-91.5 p-p-m_) since CY should be greater26 than in P(OEt)3. Although the ob- 
servesvalue w&d appear to confirm this hypothesis, the value of -105 p-pm_ for 
P~H~)zH is not consomnt with the trend inasmuch as o is expected to be greater in 

this compound than in Ia. 

The decrease in n, reinforces the eff:ct of$he Foncomitant increase in c1! in the above 
equation and the 3x P chemical shift of P(OCIi2 )2 CH should be more shielded than that of 

Ia. Al 
Pm 

ough the decrease in the number of carbons from P(OEt), (six) to Ia (five) to 
8- z)zCH (th.ree$-@ht b,e expected to increase the xOR term and thus tend to deshield 

the phosphorus in F(OCk& )2 CH sufficiently to dominate the nt, and ac terms, P(OMe)a with 
only three carbons has a chemical shift only 3 p-p-m. to lower field than P(OEt),. Thus the 

reason for the apparently anomalous trend in 3 ’ P chemical shift values is not clear and may 
be controlled by more subtle factors. The correlation of a3 i P with dHNP values (see later) 
for several series of phosphines reported recently 46b does not extend to the phosphites 

discussed here. 
The proton chemical shift asGgnments are all straightforward except for the axial and 

equatorial protons on the C& groups in II and IV. In the latter molecules greater coupling 
of the OCH protons to the low-field rather than the hi&-field CII, absorption was observed 
in decoupling experirnents43. In an unconstrained cyclohexane ring an equatorial hydrogen 

should be ,oauche with respect to the hydrogens of the adjacent methylene group and equally 
coupled to each. Because the POC and OPO angles in Ia and II are larger and smaller, re- 
spectively, than the tetrahedral angle (see later) the cyciohexane ring will be strained such 

as to decrease the dihedral angle formed by tie methine and equatorial mefhylene protons, 
thereby increasing their predicted coupling_ Thus the low-field Cl& absorption was assigned 

to the equatorial methylene hydrogeri43 _ This assignment is substantiated by the downfield 

and upfield movement of the axial and equatorial CH2 protons, respectively, when the di- 
electric constant of the solvent is increased43. This phenomenon stems from the reaction 

field at the bipolar solute produced by the solvent dipole while the opposite progression of 
the shifts arises from the different angles between the solvent electric field and the C-H 

Footnotes to Table 2: 
a 31P chemical shifts are given with respect to external 85% H3PO4 while the ‘l-l values have internal 
TMS as reference. Because the solvent dependence of the shifts is not significant28 except for protons 
when aromatic solvents are used13 (see text), the solvents zre not specified here. Values obtained in 
various sokents were therefore rounded off, In most instances where more than one compound is re- 

g 
resented, tie 31 f &ifts refer to the species where R is a methyl group. 
Only values for the CN;! ring protons are given uniess otherwise specified. R group absorptions are 

typical and show no coupling to the phosphorus or ring protons. 
’ Unless otherwise specified, J refers to 3A?YCH couplings. 
d R. Swain, J- Mosbo and J.G. Verkade, to be published- 
’ S.C. Goodman and LG. Verkade, unpublished results. 
f G. Martin and G. Mavel, CR. Acad. Sci, <1962) 2095. 
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bond directions involved4’, 

Compelling evidence for the assignment of the equatorial and axial protons in II as well 
as for the direction of the dipole moments in all the poIycyclic systems in Table 1 came 
from a systematic investigation of aromatic solvent induced shifts (ASIS) displayed by poly- 
cyclic compounds 23. The generally accep ted model of the ASIS effect is one in which the 

aromatic solvent is preferentially oriented with its TT electron cloud toward an electron- 

deficient center on a solute molecule in a time-averagr2d collision complex which involves 
one or more solvent moiecules48. Protons in the solute which are close to the center of the 
ring of the aromatic solvent molecule are shielded while protons near the periphe’j of the 
aromatic ring are deshielded. The orientation effect produced by the attraction of aromatic 

IT clouds and positive ends of solute dipoles is enhanced by mutual repulsion of the n cloud 
and the negative end of the solute dipole. 

In addition to the strong upfield shift in benzene of the methylene protons (ca. 0.3 p.p-m_) 

of the bicyclic orthoformate HC(OCH&CMe and the even stronger upfield shift (ca. 0.8 
p.p_m.) of the methyl protons, a strong downfield shift (ca. 0.4 p.p.m_) was observed for 
the orthoformyl proton. Geometry and steric factors require that separate benzene molecules 
are involved at the two ends of the molecule and the downfield shift is in accord with the 
proposed model in which the benzene molecules are oriented with their relatively positive 
peripheries toward the negative end of a dipoIe in a time-averaged collision complex result- 
ing in deshielding of the orthoformyl proton (Fig. 1). In hexafluorobenzene exactly oppo- 
site effects are observed which are interpreted in terms of a similar solvent cluster complex 

except that the orientations are all reversed because of the electronegativity of the fluorines 

(see Fig. 2). 

Fig_ 1. Schematic representation of the interactions of the shielding and deshielding regions of benzene 
mofecuies wi+& protons at the charged ends of dipoiar bicyclic solutes. 
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Fig. 2. Schematic representation of the interactions of the shielding and deshielding regions of hexa- 
fluorobenzene moIecuies with protons at the charged ends of dipolar bicyclic solutes. 

These results along with similar observations on the bicyclic compounds in Table 1 
strongly suggested that the direction of the dipole is on the three-fold ax,& of the caged 
moIecules in Table 1 and in the direction of the pnictogen. Because the axial protons in II 
are more affected in aromatic solvents than the equatorial and OCH protons (which being 
in similar environments at the ‘G&t” of the dipole are nearly equally shifted) the assign- 
ment of the axial and equatorial protons becomes unambiguousz3. 

The 3JPOCH coupling constants listed in Table 2 are rather small in bicychc phosphites 
I but are three times as large in II. This is attributable to the POCH dihedral angle in II (180”) 

being larger 33 &an in I (60”). It should be stressed, however, that the correlation between 
this coupling and the dihedral angle is quite crude owing to hybridization changes among 
the compounds presently available for study49 _ 

There is a remarkably large difference in 3JI?NCH3( 16 Hz) and ‘JPNCH2 (3 Hz) in VIIa, b. 
Constancy of the pair of doublets observed for these protons in a low temperature study35 
failed to distinguish between rapidly inverting tetrahedral nitrogens or static trigonal ones. 
The configuration around nitrogen in these bicyclic aminophosphines is nearly planar (see 
next section) and low-temperature NMR studies of the P-N rotational barrier in methyl- 
amino phosphines5” have led to the conclusion that 3JPNCH3 is larger when the methyl 
group is cis to the phosphorus lone pair than when it is ~~tzs. This accords with our ob- 
servation on VIIa, b in which the relationships of the NCH3 and NC& groups to the phos- 
phorus lone pair are fixed cis and tram to one another, respectively, as a result of molecular 
constraint. It should be noted, however, that no C-N rotation is permitted in VIIa, b which 
probably reduces the 3JPNCH coupling compared wit31 the open-chain analogs studiedSo 
wherein this restriction is lifted. The increased magnitude of 3JPNCH compared with “JPCH 
in analogous systems has been noted and the difference accounted for in terms of enhance- 
ment of 3JPNCH by P-N pi bonding or alternately by the increase in s character in the CH 
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bond owing to the higher electronegativity of nitrogen compared with phosphorus s l. Cau- 
tion should be used with this type of reasoning, however, since 3JPNCHai.n VIIa, b is about 
three times smaller than ‘JPC& in cages of type Vs2. 

Whereas 3JPOCII 3, 3Jl?SCHZ and “JPNCH, are seen to decrease significantly from open- 
chain to caged systems, *Jl?CH2 rises drastically. It has already been pointed out that the 
former group of coupling constants appear to be strongly influenced by hybridization changes 
among several constrained molecules4’ . As will be seen later there is good reason to 

believe that hybridization changes upon polycyclization occur in phosphates and to a lesser 
extent in phosphites. Thus a narrowing of the YW angles upon constraint would decrease 

the s character in the PY link an& account for the decrease in 3JPYCH. Although 2JPCH 
would be predicted to behave similarly upon decrease of the CPC angle, Manatt et al. s3 
have presented evidence which indicates that decreasing s character in P-C bonds results in 

a more positive 2JPClI value, 

The l&and properties of Xa in eqn. (10) and the lack of such characteristics in Xb is close- 

ly linked to their respective structures (see later). At this time the structure of Xb rests on the 
comparison of its NMR spectrum with that of Xa (whose configuration has been confirmed 
by diffraction studie?‘) and a comparison of their IR spectra in the E0 and P-E? stretch- 

36 ing regions _ All the data are consistent with isomerism only at phosphorus. The proton 
NMR spectra of Xa and Xb are very similar except for a feature unique to the PH proton 
absorption of Xb. Here decoupling experiments showed that coupling (1 Hz) of the PH 
proton occurs to one of the protons in the methylene proton region. TLe only methylene 
carbon possessing such single protons is the carbon below the PH bond, From our previous 
work on long range coupling constants ’ 2 it was found that a favorabIe condition for cou- 
pling (1-2 Hz) over a distance of five bonds is opposing collinear C-H links. Because the 
P-H bond in Xb is co&near with the CH bond of the axial proton on the methylene carbon 

below, the configuration shown was postulated. Flipping the phosphorus portion of the 
boat ring to a chair form in order to obtain an equatorially disposed phosphoryl oxygen 
can not be ruled out, however_ The resulting non-collinear HP-CH configuration could also 

produce an observable five-bond * HPOCC* H coupling, althougfi such interactions have not 
yet been reported. 

(iv) smcmre 

Bond angle changes induced by polycyclization of organophosphorus compounds are 
revealed by solid-state X-ray diffraction studies carried out in our laboratories. Because the 
polycyclic phosphites have not afforded crystals suitable for X-ray analysis, it has been 
necessary to extrapolate structural data obtained on phosphite derivatives to phosphites. 
The structure of the polycyclic phosphate 0P(OCH2)3CMe derived from Ia is shown in 
Fig. 3. If the OPO and POC bond angles in 0P(OCH2Ph)z(Oli) (ca. 1O4O and 120”, respec- 
tivelys4)can be assumed to be representative of strainless angles of this type, some evidence 
of strain is present in 0P(OCH2 )3 CMe in the 115” POC angles. Strain probably present 
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Fig. 3. The molecular conflation of OP(OCH2_&Me. 

in the hydrocarbon portion of the molecule since even adamantane possessess5 a strain 

energy of 648 callmole. The decrease in POC angle from 0P(OCH2 PI& (OH) to 

OP(OCH2)3CMe strongly suggests that the maximal pi bonding permitted by the sp2 my- 

gem in the open-chain system is reduced in the bicyclic phosphate. That pi bonding remains 

in these links in the constrained phosphate, however, is indicated by the 1.57 a P-O bond 

* length which in the revised Cruickshank bond order scale s6 wouId have a bond order of 

about 1.4. The bonding picture and strain considerations would similarly apply to 

SP(OCH)3(CH2)3 (Fig. 4) wherein the pertinent bond parameters” very closely resemble 

those in OP(OCH& CMe. 

A comparison ‘a of the bond angles in the structure of OP(OCH&CMe with those of 

SP(OCH2)aP (Fig. 5) indicates that the principal effect of changing the CCC and CC0 

angles in the cage of the former to those represented by the CPC and PC0 angles of the 

Fig. 4- The molecular canfiguration of SP(OCH)&X&. 



FiQ 5. The mohxular confwration of SP(OCH2)3P. 
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latter is a widening of the POC angle. Lengthening the C-C bond in the former to a C-P 
bond in the latter would sirnihzly affect the POC angle. The same observation can be made 

on the ligated form of Vf in the structun? of tmms-P(OCH, +J3 PFe(CO), P(OCHa I3 P shown 

in Fig_ 6 wherein the POC angles are nearly 12 1’. One of the ligands in Fig. 6 is a polycycfic 
phosphite (i.e. P(OCHz)3Z, where Z = Fe(CO)~P(OCH&P) wherein the OPO angle is 101”. 
The fact that this angle is 99” in the Ag[P(OC&)3CMe] 4” ior? implies that the QPO 
angle in the uncoordinated Ia molecule is very likely no larger than t&s value, Moreover the 

POC angles in the [Ag(Ia)& cation are 122”, making it reasonable to suppose &at it will 
be similar in uncoordinated Ia. Thus the OP0 and POC angles in Ia may resemble the OPO 
and POP angles in P406 (99.8* and 127.5°)61 although the change in the 0P0 a.rrgle of b 
on otidation to ~P~~~H~~~C~e would then be ~~~~~y larger than that which occurs 
from P40s to P40re (OPO = IOf. _6”, POP = 123.5O (ref. 56)). Structural data have been 

reported for two open-chain phosphites in an electron diffraction study62a. The data ob- 
tained for P(OCH=CH2)3 produce error limits in the relevant parameters (3-4”) which are 
about twice as large as those in the other work cited. Thus it is somewhat dubious to con- 

dude hm the Of0 angle (10424”) anid the PQC angle (118+3”) ~~~~~e~ or not a caged 
phosphite such as Ia is strained or not. The other compound studied62a was P(OEt)3 for 
which the electron diffraction data yielded UP0 and POC bond angles which are inconclusive 
for our purpose because they couid vary (95--108” and 110-I LB”, respectively)even when 

a skeletal model of “the basic rota~o~a~ isomer” was assumed62a_ More accurate structural 
t 1 

data OR the pans-methyl mesohydrobenzuin phosphite MeOI?OCHPhCHPhO obtained by 
X-ray diffraction 62b shows that the exocy&c POC angle is 117.5” with an average O,,- 

p”endo angle of 101”. i?Lssurning tetrahedral CCC angles, 120° POC angles and CC3 and OP 
I I 

bond distances which are the same as in ~e~~C~h~~~ (1.5 Is, and 1.63 a, respective- 
l~~*~), models predict a rather strainless structure for Ia with OPO bond angles between 95 
and 100°. Based on the structural data at hand it seems justifmble to conclude for la, then, 

that its geometrical reorganization on coordination results in an increase in the sp3 charac- 
ter of both the phosphor and the oxygen atoms as m~ifest~d by the increase in OPO an- 
gle and a decrease in the POC angle. While the former change is a consequence of polariza- 
tion of the phosphors lone pair, the latter comes about as a “‘hi.uge”’ effect because of the 
E;;onstraints in the molecule, This concept will-be of considerable importance in the discus- 
sion of metal phosphors bon~g. 

Considering the molecules represented in Fig. 5 and 6 as polycychc phosphine derivatives 
of the @pe P(C& O&Z, it is noteworthy that the average of the CPC angles in both mole- 
cules (97”) is not significantly different from those found in MejP (98.6”, 99.1°)63 - This 

gives support to the idea that polycyclic phosp~t~s of the bicyclo~2.2.2] octane type are 
essentially strainless. 

Stntctures of amino ph~sp~es have proven w~~wh~~ to determine because of the 
po&ibi.bty that nitrogen or phosphorus can faction as the donor site in adducts and corn- 
plexes. An ad~~o~~ concern in our work has been the effect of constr~t on the ligating 
properties and structure of VlIa, Because VIIa is a liquid, an X-ray &fraction study” was 
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carried out on its oxide OP(NMeCH&CMe and the structure is depicted in Fig. 7. At first 
glance it wauld appear that P-N pi bonding is chiefly responsible for the nearly complete 
planarity of the nitrogens (the sum of the approp~ate angles being357”). Alffr 
bones is undou~~~~y a factor, steric interactions of the nitrogen methyl groups with the 
rnethylene ~ydr~gens are also operative, viz. 

Eclipsing the methyl carbons with the Cl& protons would allow Ihe protons to come within 
van der Waals radii of one another. aloud the 116” PNC(I&) angles mi&t be taken as an 
indication that P-N pi bonding is not maximal, the P-N distances (1.588 A) are the shortest 
observed so far with the possible exceptioa of that found6’ for the exacyclic P-N bond h 

P3 N3(NCS)6 (I.58 A). Interestingly, in Fz PNMe2 the solid-state structure66 indicates 

planarity about nitrogen and a rather short P--N bond distance (1.628 A) whereas the gas- 
phase electron diffraction data67 are consistent with distortion from planarity (the sum of 
the CNC and PNC angles being BWO) and a sigkficantly longer P-N bond (I.684 BL), It 

would seem that molecular motions permitted in the gas phase diminish the effectiveness 
of P-N pi bonding and/or perhaps crystal packing forces may induce pfantity in the solid 

St&!. 

The ~~s~~n of strain in VIIa is not as easily answered as in the case of Ia. An indication 
of strain stems from the 116” PNCfHz) average mgle but the NPN average angle of 103O is 
rather close to the two NPN angles (100.6° and 1 02.8°) found68 in W@JH&. The third 
angle in OP(NI&)~ appears to be distorted by the extensive intermolecular hydrogen bond- 



18 J.G. VERKADE 

Fig. 8. The molecular configuration of isomer Xa obtained from the hydroIysis of P(OCH)3(CH;!)3. 

ing present68. Unfortunately it is not possible to estimate the role of these hydrogen bond- 
ing interactions in establishing the PNH angles (117”) and so comparison with the PNC 
angle in 0P(NMeCH2)3CMe is rendered fruitless- Similarly the less-than-tetrahedral angles 
in the aziridine rings of SP(NCH2CH2)3 undoubtedly influence the va.lue6’ of the PNC 

angle (119”) and so it too must lx disregarded as being representative of a typical value for 

this angle. The average NPN angle of 100” in SP(NCHzCH& is not sufficiently smaller 
than that in 0P(NMeCH2)3CMe (within experimental error) to conclude that constraint is 
responsible for the difference. 

The last ligand structure to be discussed is that of Xa3’ which is represented in Fig. 8, 

An unusual structural feature of this ligand is the boat form of the phosphorus-containing 

ring. Earlier 37 it was reasoned that steric interactions inhibited flipping of the ring to the 
more favorable chair form. More recently, however, it has been shown that the phosphor-y1 
oxygen in six-membered ring phosphates and phosphonates resides in the equatorial position 

in six compounds for which structures have been determined in the solid state ‘O. The POC 
(122”) and OPO ( lOSo) as well as the P-O (1.56 A) and P=O (1.43 A) bond lengths found 

for Xa compare well with those in similar systems ‘* . On the basis of dipole moment and 
NMR studies, an analogous configuration was postulated for the bicyclic phosphonate shown 
below ‘lhb . In spite of the presence of l-3 interactions involving the bulky triphenylmethyl 

group and the axial CH protons, the phosphoryl oxygen does not adopt an axial 
tion in the monocyclic phosphonate below, although the phosphorus end of the 

% 

configura- 
lillgisal- 
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most completely flattened to distort the ring from a chair to a ‘<chaise longue” conforma- 

tion 71cI Though the reason for the strong equatorial preference of the phosphoryl oxygen 
is not obvious, its consistent observation in the solid state thus far and its probable domi- 
nance in solution 38Y71d raises the question of whether or not the structure shown for Xb 
in eqn. (10) is correct since the disposition of the P=O group was postulated to be axial. 
Until a molecular structure determination is carried out, the configuration shown is tenta- 
tively retained on the basis of the long range NMR coupling discussed earlier. 

Despite the constancy of the phosphoryl oxygen bond lengths (ca. 1.45 A) in the trialkyl 

phosphates 0P(OCH2)3 CMe (ref. 37), OP(OCH,)Z(OMe) (ref_ 371, OP(OCMe& (OMe) 
(ref. 37) and (O)(PhO)P(OCH, )* CH, (ref. 7Oa) whose structures are known, there does 
seem to be a wide variation in P=O stretching frequencies 11~2g*38* 72. From Table 3 it is 

seen that open-chain phosphates generally absorb in the 1260-1275 cm-r region except 
for OP(OMe)3, in which presumably a second conformer 72b* 73 9 74 contributes another 
band at 1290 cm-‘. The six- and five-membered ring phosphates absorb f-om 1270-1310 

crri’ while the bicyclic phosphates exhibit very high frequencies betweer l-3 10 and 1340 

cni’ . Although there seems to be no correlation of z@=O) with ring size in the monocyclic 
compounds72 a , it is tempting to regard the rather sharp increase from openchain phosphates 
to the polycyclic derivatives as reflecting to some degree a change in the bonding in the 
P=O link Utilizing the conclusions drawn in the previous section concerning structural and 

hybridization changes upon polycyclizing an open-chain phosphate, it could be concluded 
that most of the increase in 4P=O) is the result of the smaller POC angle in 

0P(OCH2 )a CM e, since the OPO angle is not changed significantly. Thus the reduction in 
P-O pi bonding due to the decrease in POC angle requires the exocyclic P=O bond to in- 
crease its pi bonding to compensate_ This effect would be even stronger & OP-H 
because of the greater constraint, and the value of @=O) is indeed observed to rise notice- 
ably. 

A less conspicuous increase in v(P=O) is observed in polycyclizing OP(CH2 OH)3 (1190, 
1130cm~‘)75toOP(CH20)SCH (1200 or 1210 cm-‘, CHCls) 76 which would accord with 
the incapability of the carbon substituents on phosphorus to pi bond to phosphorus. Con- 
sequently hybridization changes on the carbon upon constraint are far less than in the case 

of oxygen. Substitution of a PO or PS group for the CH moiety in OP(CHZO)&H as ex- 
pected does not greatly alter the phosphine P=O frequency (OP(CH* O)sPO, 1220 cm”, 
KBr; OP(CE& O)sPS, 1215 cni’ , KBr)31 since the bridgehead angles are not changed by 
more than a few degrees. It is also rather interesting in this respect that the P=O frequency 
of the phosphate phosphorus in OP(OCH&P (1300 cm’, KJ3r)31 is not the same as that 
in OP(OCH2)3PO (1325 cm”‘, KBr)31. I t is reasonable that the latter frequency is the same 
as that observed for OP(OCR2)3CMe (Nujolj4 because the CPC angles (106” in MesP0)63 
are not expected to be far from the virtually tetrahedral CCC angles observed37 in 
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TABLE 3 

Phosphoryl oxygen stretching frequencies for trkdkyl phosphates in solution 

J.G. VERKABE 

Compound 2@=0) 
+xn? ) 

Ref. 

OPCOMel3 

bEt 

1260 11 

X261 72a 

1270,126O 72b 

1290,1275 72b 
X290,1274 38 

1312,1279 38 

1290 72a 

1308 72f 

LSIQ, 1270 38 

1290 72e 

1302 72d 

1302 72e 

1287 72a 

1301 72f 

1325 a 72e 
1336 DT 1320 72e 

1340 & 29 

1355 or 1346 72~ 

In contrast, the l?=O stretching frequency of OP(;IiCH~)~CMe 11202 or 1214 cm?, KBr)34 
COrnpareS reasonably we!u with that found for t%!‘@%), (1200 cm+, SOhtiQR) “1 %‘hiS re- 

stit is consonant WW the co~~~siou based on &pole moment colr&derations34 {tide supra] 
&at littie chsrrtge occws on p~lyqdizhg UP{SR)+ The fact that the IR spectra were mea- 
sured in different media because of solubility problems makes this conclusion somewhat 
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tenuous, however. 
The I30 stretching frequency of 0P(NMeCH2 )3 CMe (1280 cm?, C&) ” is s&S- 

cantly high&r than that reported” for OP(NMe& (1208 cm”, smear). It is attractive to 

ascribe the higher frequency in the caged aminophosphine to the greater P=O pi bonding 
necessary to compensate for the loss incurred in the P-N links upon reducing the PNC 
angle from 120 (ref. 80) to 116”. 

This section will be restricted to comparisons of the affinities of open-chain and poIy- 
cyclic phosphites and phosphates for protons and for lanthanide ions in the case of phos- 

phates. Phosphorus-metal and phosphorus-boron interactions will be discussed in Sect. C. 
A measure of the proton affmity of water-insoluble bases can be obtained in water- 

*nethan mixtures by a potentiometric titration technique *’ in which the half-wave neu- 
tralization potential (AHNP) is measured. The higher the AHNP value, the weaker the base. 
Though the method was originally developed to measure relative basicities of phosphines, 
which are comparatively basic, it has been extended to include a series of phosphites in- 
cluding Ia82a. The order of decreasing b&city (AHNP) is: P(OR)s (520) Z Ia (665) > 

P(OPh), C875). Thi s order is in agreement with the idea put forth earlier that the lone pair 
on phosphorus in caged phosphites is more difficult to polarize because the OPO bond 

angles are difficult to open toward tetrahedrality. Any widening of this angle which does 
occur will close the POC angles from 120” by the “hinge” effect and thus reduce pi delocali- 
zation to phosphorus, resulting in a higher positive charge on phosphorus and decreased 
basicity compared with open-chain analogs. Because the OH stretching frequency of phenol 

decreases upon hydrogen bonding with lone pair electrons, it is possible to order basicitks 

in a series of compounds of a similar nature. The basic@ order of four phosphites represen- 
tative of various degrees of constraint is82b MeOP(0CH,)aCH2 GZ P(OMe), g MeOP(OCH2X 
> P(OCH2)3 CEt (Table 4). While an inductive effect may be competitive among the first 

three compounds, increasing constraint appears to win out in the last. It should be realized, 

however, that both the oxygens and the phosphorus atoms are potential protonation or hy- 
drogen bonding sites in phospbites. Thus it is not unambiguously clear that phosphorus 

TABLE 4 

Phenol shifts of phosphorus compounds a 

Compound A&OH) Compound 
Cm-‘) 

A&OH) 
(cm-‘) 

P(OMe)3 
MeOP(OCH2)2CH2 
MeOP(OiX2~ 
P(OCH2 )&Et 

216 OP(OMe)3 263 
225 OP(OCH2 )2CH2 (OMe) 244 
212 OP(OCH2 )2 (OMe) 243 
136 OP(OCH2)$Z+Pent 232 

4 The concentrations of phosphorus compound and PZlOH are 0.01 M and O.lSOg respectively. 
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basicities are being measured in either the half-wave neutralization or the phenol shift ex- 

periments. Phosphorus involvement is reasonable if the “hinge” effect actually results in an 

increase in basicity of oxygen because of the progression from an sp” toward a more basic 
sp3 oxygen, provided the oxygen basicities are always less than that of phosphorus, for if 

the reverse were true, opposite orders would have resulted from both experiments. On the 
other hand, a reduction of oxygen basicity could be envisioned on constraint (despite an in- 

crease in sp3 character) if the increase in positive charge on phosphorus due to loss in P-U 

pi bonding were to polarize the P-O sigma bond. Thus the results of these experiments, 
while consistent with the quoted basicity orders, are not definitive regarding the basic site in- 
volved In excess acid, acyclic phosphites have been shown to protonate the phosphorus 

atomszGd by the observation of the characteristically strong P-H coupling (-800 Hz). 
The highest P-H coupling to date for a protonated phosphite was recently observed for 

P(OCH2)3CMe (899 Hz)~‘~ . This result not only attests to the possibility of protonation 
of phosphorus in the phenol shift studies but also to the lowering of phosphite basic@ on 

constraint (increased lone-pair s character and phosphorus positive charge). A monotonic 

change of A63r P (the change in 3i P shift on protonation) with ‘JEW was postr.ifated82C to 
arise from inductive effects, since coupling increased in the order P(O-i-Pr)3 < P(OEt), < 

PhOP(OCH2 h < P(OMe), < P(OPh)3 _ The phosphorus atom in five-membered ring phos- 
phites is apparently less nucleophilic than in open-chain systems as determined from several 

organic reacfions83a-c. 
It has been shown experimentally that the lone-pair availability on the phosphoryl oxy- 

gen in caged phosphates is drastically reduced. By reversed phase chromatography tech- 
niques 83d it was demonstrated l1 that OP(OCH2)sGn-Pent does not function as an ex- 

tractant for trivalent lanthanum, neodymium, samarium, gadohnium and ytterbium ions 
under a variety of conditions, in striking contrast to the well known extractant OWOBU)~ _ 

Thus in spite of the reduced steric requirements of the caged phosphite and its much higher 
dipole moment (tide supra), its extraction properties are too weak to be observed. Although 
it was recognized that the rare earth extraction ability of organic phosphates decreased 

with increasing Y(P-0) valuess4a , the origin of the effect in the caged phosphate has been 
obscure until now. Piperidinium phosphate ester association constants84c calculated from 
conductivity measurements were also found to be consistent with a decrease in phosphoryl 

oxygen b&city for phosphates in the order O=P (O-A~U)~ > (n-&to) (Ck)P(OCH2 h CH2 
> O=P(OCH2 )a CEt al+Aough no rationalization was given for the trend. 

Phenol shift experiments in our laboratories have shownme that basicity decreases 

from an open-chain to six and five-membered rings to a polycyclic Phosphate 
(Table 4)* These results can now be rather firmly rationalized on the basis of increased 
phosphoryl oxygen pi bonding via constraint. Although a decrease ia sigma baskity toward 
the phosphoryl oxygen from the phosphorus would also explain the trend, the similarity 
of OPO angles among the series does not support this contention The question of P=O or 
POC oxygen protonation again arises, however. Favoring phosphoryl oxygen involvement 
are the substantially higher phenol shifts encountered for phosphates than phosphates wh.kh 



would not be expected on inductive grounds SPOC oxygens were invoked in both cases. 
It is interesting in this respect that phosphoryl oxygens are generally more basic than the 
ester oxygen~, which may educate that stronger sigma pol~a~o~ o~~hospho~s by the 
former type resuhs in a higher negative charge on the phosphoryl oxygen, as has been cal- 
ctiated84b L 

Pi bonding in amino phosphines and ammo phosphine oxides has frequently been cited 
as the probable cause of the refativeIy low basic@ of the ~trogen in these ~ompo~~‘6 
and it has also been invoked to rationalize the Wzreased basicity of Phosphorus in amino 
phosphines87a. Even in competition reactions it i&s been found that phosphines form more 
stable “‘onium” salts than arnines87b , which would appear to reinforce the expectation that 
phosphors a generahy be expected to f~c~~n as the donor site. There does appear to 
be an efectronegatitity effect in P(NR& compounds, however, since I&C: phosphorus in 
aminophosphines is less nucleophihc than in phosphines87b, despite the common notion 
that the electron inductive effect of the MeaN group surpasses methyl” . Althou& phos- 
phorus ~~or~a~~n is ~bs~~~d in the ~j~~~ of cases, an add~ti~~a~ Lewis add can sm-~- 
times be coordinated to one of the nitrogens (see Sect. C). 

Photo+ctron spectroscopy has proven very valuable for obtaining information on the 
nature of through-bond and through-space orbital interactions in bicycIo[2.2.2] -octane 
hydrocarbons “, N(C& CH&N (ref. 90) and atso ” P4. A review has appeared recently 
in which the natures of these ~terac~ons are anafyzedq2. 

Preliminary investigations on polycyciic phosphorus compoundsg3 indicate that usefuI 
structural as well as electronic information can be extracted from their photoelectron 
spectra The pi bonding and antibonding MO ionization potentisils in P(NMeNMe)3P, for 
ixxctance, fkll in a rather small range 3 ev), su~~s~g that the pi-type ~te~a~~ons are not 
very strong. This may mean that the molecule does not have CsV symmetry with planar 
nitrogens, FoIlowing this discovery it was learned that an X-ray diffraction study had been 
carried out m which it was shown that indeed the Me groups on adjacent nitrogens are 
staggered @be sum of the angles around the nitrogens being ca, 345*>s4 and this conf@ra- 
tion is even preserved in SP@‘MeNMe),PS (ref. 952) and in OP(Il!&kNMe)spO (ref. 9%). 
In all cases the PN bond lengths appear to be indicative of some pi bonding. The reason 
for the staggering of Me groups appears to be the presence of sterk repukions between 
vicinal methyl groups, since they would come well within each other’s van der Wash radius 
in an eclipsed configuration. In contrast, P(CCFs CCF3j3 P exhibits a photoelectron spec- 
trumg3 which is similar to thatq6 of HC(CH=CH)3CH except that the pi ionization poten- 
tiak are somewhat higher, The splitttig in the low ionization potential region of the PE 
spectra of P(OCHa I3 CMe, P&H2 cf)a CMe and Me~~~~~~~~ CMe is consistent with through- 
space interactions among the oxygens as shown schematically in a view down the C’s ,a& 
(see over). 
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(viii) Condusiuns 

It is quite probabie that constrained phosphites of types I, II and Vf are very much like 
an acyclic analog in terms of bond angles and lengths. Because of oxygen lone-pair orienta- 
tions, however, they are much more polar. Moreover the large PO moments in the direction 

of phosphorus are consistent with significant P-O pi bonding. Caged phosphines (va-f), 
thiophosphites (VI) and aminophosphines (VII) probably resemble their open-chain analogs 
as well, although lack of data at present makes this less certain. 

The contrasts in ligating character between open-chain and caged phosphorus systems 
(to be elaborated upon in Sect. C) become evident to some extent from comparisons of 
their proton affinities but chiefly from structural, infrared and basicity differences in their 
oxides. The main conclusion to be drawn is that polarization of the phosphorus lone pair 
in both caged and open-chain compounds by an acceptor results in an increase in the OPO 
angle but a definite decrease of the PYC angle (Y = 0 or N) from 120” occurs in the caged 
molecule because of constraints. The consequent decrease in P-O pi bonding manifests 
itself in three effects. (I) An increase in the =O stretctig frequences of oxide derivatives 

of caged phosphites and aminophosphines is observed because of the necessity for the P-0 

bond to make up the P-O pi bonding loss. (2) The decrease in the basicity of the phos- 
phoryl oxygen in caged phosphates occurs for the same reason. (3) A decrease in proton 
affinity of the phosphoes is found in caged phosphites because the reduced P-O pi bond- 
ing leaves a higher positive charge on phosphorus. 

There are two intriguing aspects of pi bonding which can arise in many systems but which 

will be illustrated here with PZ3 systems where Z = OR or NMe2. The first deals with the 

efficiency of PO or PN pi bonding as a function of the orientations of the oxygen or nitrogen 
lone-p&p orbit& with respect to one another. Thus if the POC angles were 120° in 

OF(OCH& CMe, for instance, the oxygen p orbitals would all lie in the same plane whereas 
in OP(OCH* Ph)* (OH) this is not the case in the solid state54 at least. A self-consistent 
molecular orbital calculation showed differencesg7a in the P-O pi energies in OP(OCHz Phh - 
(OH) and MeO(O)P(OCH& and EHMO calculations revealed a smaller negative phosphoryl 
oxygen negative charge for cyclic phosphates compared with an acyclic one Mb. A recent in- 
dependent EHMO calculational comparison of P=O oxygen charges shows that they are 
roughly equal in OP(OMe)3 and OP(OCHz )2 CH2 (OPh) while they are also about the same 
but smaller in magnitudeg7b in OP(OCI&),(OMe) and 0P(OCH2)3CMe. Because of their 
similarity in these compounds, comparison of the P-O distances does not reveal any 

discernible trend. The record shortness of the P-N bond in OP(NMeCH&CMe, how- 
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ever, makes it clear that coplanarity of the nitrogen p orbitals does not hinder P-N pi 
bonding and perhaps even augments it. 

The other curious facet of PZ3 pi bonding is the possibility that an sp3 orbital on nitro- 

gen could pi bond with phosphorus in an aminophosphine. It has recently” been shown 
theoretically that pyramidal nitrogen can conjugate with an adjacent unsaturated system 
and the associated resonance interactions are about four-fifths as effective as plan 
gen. Although it is not necessary to invoke this possibility to explain our results, it may 

apply to the structure g4 of P(NMeNMe)3P in which the P-N distances are comparable with 

those in OP(NHz)a (ref_ 68), F2 PNMez (refs. 66,67) and {Cu [(Me2 N)3 (O)POP(O)- 

(NMe& ] 3) (Ci04)2 (ref. 80) in spite of the non-planarity of the nitrogens. 

C. COORDXNATION COMPOUNDS 

(i) Phosphogd compounds 

A substantial portion of Sect. B has already been devoted to this class of compounds 

and it may seem strange to dwell any longer on them or even to consider them as coordina- 
tion compounds. In Sect. B phosphoryl systems were treated as derivatives from which 
essential information could be obtained concerning their trivalent parents_ Throughout 

this section it was tacitly assumed that relatively strong pi bonding was a characteristic of 
the phosphoryl link. Although multiple bond character in phosphoryl compounds seems 
indicated by their short P=O distances and high I+0 stretching frequencies, it is appro- 

priate to justify this assumption more thoroughly at this point because in addition to the 

fact that the oxygen atom can be considered as an atom ligated by a trivalent phosphorus 

compound, the P=O bond exemplifies a system in which the coordinated species is capable 
of both extremely strong phosphorus lone-pair polarization as well as pi back-donation. 

Thus in further discussions, phosphoryl systems will frequently serve as models with which 

to compare coordination compounds suspected of engaging in some degree of phosphorus- 
acceptor pi bonding. 

A detailed review” of the evidence for d,-p, bonding in the P==O bond appeared some 

years ago in which thermodynamic, structural*nd spectral parameters were analyzed for 
their importance in multiple bonding, Only the more pertinent arguments will be summa- 
rized here and greater emphasis will be placed on more recent experiments and calculations 

which reflect the pros and cons of P=O pi bonding. 
Contrasts of the properties of the pnictide-oxygen groups in amine and phosphine oxides 

have commonly been used to support the presence of d,--p, bonding in the latter”’ ‘**_ 

Thus the dissociation energies for P=O bonds lie in the 120450 kcal/mole range, whereas 
they occur from 50-70 k&/mole for N-+0 bonds. Weakening of the dissociation energies 
for N+-O systems, because of the greater ionization potential of amines or interelectronic 
repulsions between first row eiements, are considered to be of secondary importance. The 

P=O bond length tends to be about 0.2 A shorter than the sum of the covalent rati where- 
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as the N+O bond generally approximates that of the calculated single bond length. Short- 

ening of the N+O length due to the greater electronegativity of N compared with P and 

hence a lowering of the N+O bond moment is discounted by the larger moments of N+O 

links. The surprisingly short NO bond length”” in FSNO of 1 -15 a, however (which is 
about 0.2 A shorter than an NO single bond), is strongly indicative of the presence of ap- 
preciable pn-psr bonding lo’. Dipole moment increments due to the oxidation of a phos- 

phine to a phosphine oxide (& N 2-7 (ref. 103) to 2.9 D (ref- 104)) are generally much 
smaller than those expected (4.25 D) from the proportionality presumably involving simple 
coordinate N-Q N+B and P+B bonds: Ap(Me3PO)/A&Me3NO) = 

A&Me3 PBCLs)/Ap(Me3 NBC13 ) 9’s lo3. The rationalization of this result on the basis of 
d,-pll back-donation to phosphorus has been criticized, however, on the ground that even 
such large differences could be due to polar&ability differences of the P and N atoms lo’. 
Furthermore, the incremental value for Me3P0 calculated from the proportionality (4.25 D), 
though 30% larger than the increments involved in oxidizing PPhs (ref. 103) or PR, (ref. 
104) (R = Et, n-Pr, n-Bu or n-Pent), is indeed equal to the 4.2 D increment recently deter- 
mined for the PMes-OPMeS pairro6 _ 

Optical and magnetic resonance spectral studies of phosphorus compounds by and large 

point toward possible P--O double-bonding. The increase in v(p=O) with increasing electro- 
negativity of Z in OPZs systems r”, with decreasing bond length lo8 or with increasing 

force constants calculated from spectral analyses log is consistent with increasing bond 
order due to dT-pfl involvement but measured P=O bond refractions are not 1 lo- Although 
the P=O bond is transparent in the far ultraviolet, aryl group absorptions in phosphoryl 
derivatives have been examined for evidence of conjugation with the P=O group. LJnf$u- 

nately, conflicting interpretations of the importance of this interaction were put forth”. 
Strongly donating aromatic systems, however, greatly displace the p bands of aromatic 
phospbine oxidesgg and this effect seems to be asssociated with d,-p, delocalization in- 
volving only the phosphorus in the P=O group 99S ’ ’ 1 since the orbitals on the phosphorus 
used by the conjugating substituents are not the same as those employed by the oxygen ’ 12. 
A plot of the nuclear quadrupole resonance frequencies of the 3s Cl nucleus in a series of 

0PC12 R compounds versus the effective electronegativity of R as calculated from rr(P=O) 
values ’ ’ 3 yields separate lines for conjugating and non-conjugating R groups ’ ’ 2. Thus the 
conclusion drawn is that if substituents on phosphorus can conjugate with phosphorus d 

orbitals, so can a phosphoryl oxygen. Further indirect evidence of phosphorus d orbital 
participation in bonding stems from the weak interaction of the unpaired electron in anionic 

radicals such as [O&h3 ] - with the 31 P nucleus as indicated by their ESR spectra ’ 14. This 

was interpreted to arise from the placement of the electron in an orbital of high d character 
with enough s component to make coupling observable. Further splitting due to ortho and 
WQ protons on the phenyl groups was taken as evidence for the conjugation of the phenyl 
moieties with phosphorus d orbitals. The inclusion of pi bond occupation and 
dectmtic distribution in the theoretical treatment of 31P chemical shifts is ap- 
parently an essential feature 45 _ Whereas sigma bonds are generally composed of s and p or- 
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bitals, d orbitals exclusively make up the pi bonds and the two contributions to the chemi- 
cal shift are then additive4’ _ I3 C-’ H couphng constant measurements have also been re- 

lated to pi bonding in P=O links’ l5 . J ’ 3C-f H increases from NMea (131 Hz) to NMe4+ 

(145 Hz) and ONMe (143 Hz) owing to the increase in electronegativity (positive charge) 

on nitrogen which increases the s character in the C-H bonds. Where a sizeable increase is 
also noted from PMea (127 Hz) to PMe,’ (134 Hz), the value for 0PMe3 (129 Hz) is in- 

dicative of only a smaIl change in charge on the phosphorus, consistent with substantial 
pi feedback’ l5 _ 

Calculations based on bonding theory have also been carried out and their validity tested 
with experimental parameters in some cases. Ab initio computations *I6 on PCl, and OPC& 

with Slater-type orbitals give orbital energies which compare favorably with vertical ioniza- 
tion potentiaIs measured from PE spectra when phosphorus d orbitals are included. Further- 
more, when PC13 complexes to oxygen, the phosphorus 3s and 3pU populations decrease 
greatly, whereas a large increase in the 3p, and 3d, densities occurs, with the latter exceeding 

the former_ Substantial 3d, bonding has also been calculated r ’ 7a-d* * l8 for OFF3 by ab 
i~tio~17a,b,118 non-empirical valence bondfL9 and CND0120a9b methods. Although in- 
clusion of such i component brings the calculated dipole moment closer to the experimental 
value1 18,~2oa, b , SCF-LCA0121 and CNDO “’ a, b calculations show that bond angles 

around second-row atoms are virtually independent of d orbital inclusion. The larger pi 
bonding and smaller sigma bonding calculated ‘17d for the P=O bond in OPFa compared 

with OPH3 is rationalized by the higher electronegativity of the fluorine atoms compared 
with the protons, which places a higher positive charge on the phosphorus. The small change 
in positive charge on phosphorus from PF3 to OPFa was interpreted as reflecting about 
equal sigma donation and pi acceptance on the part of phosphorus. A problem arises in the 
ab initio calculations ’ 22 of OPMe3, which indicate that the charge on phosphorus in PMea 
is unaltered on oxide formation, yet the calculated dipole moment increase (ca. 2 D) is 
only half of the experimental lo4 increment (4-2 D)_ Ab initio calculations on PO, PO- 
and PO*- systems also show a lowering of the ground state and a rise in overlap population 
when d orbitals are included 123 as b _ Extended Hiickel MO calculations including d orbitals 
reved lo2 trends in P=O bond length which look more realistic and overlap populations 

which resemble those obtained from ab initio studies. 
The preponderance of theoretical evidence, then, supports a degree of P=O pi bonding 

which is chemically significant in that it rather severely affects electronic distributions and 
energies1029 r20a,i24_ On th e other hand, the role of d orbitals in determining bond angles 
seems minimal at best 102*120a. It is reasonable to conclude that whereas in many cases outer 
d orbitals lie too high in energy and are too diffuse for efficient overlap 12’, there are valence 

state configurations in which highly electronegative ligands can sufficiently contract the 
phosphorus 3d orbitals for overlap with a pi electron base’26 a-d, in this case oxygen. Having 
hopefully established an experimentally and theoretically reasonable case for ligand-acceptor 
pi bonding in phosphoryl systems, we now turn our attention to some coordination com- 
pounds which wiU be compared with phosphoryl compounds in a number of instances. 
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TABLE 5 

Boron adducts of phosphorus and arsenic Iigauds 

Adduct = 

Base Acid 

Properties Ref. 

PKmhCCH213 

Pom3(~2~3 

P(mH)3@&)3 

PtmH)3(CH2 13 

P(OCH&CMe 
P(GCH&CMe 

P(OCH&CMe 

P(OCH2)3CMt= 

P(oCfz*)3CM? 

AsWCH)dCHp)3 

AsWCH)dCH2h 
P(NMeCH2 )3CMe 

P(NMeCH2 )&Me 2BH3 

0P(NMeCH2)3CMe BH3 

SP(NMeCH3)3CMe 
- 

AdNMeCH~ )&Me 2BH3 

As(NMeCH2 )3CMe BMe3 
As(NMeCH~)3CMe 2BF3 
P(CHaO)aCMe BH3 
P(CH20)3CMe BMe3 
P(CH2 O)$IMe 2BF3 

P(CH2013CMe 

P(=H2)3P 

P(=H2)3P 
* 

MeOPOCH2CH20 P 1 
MeOPOCH2CMezCHaO 

t , 
MeOPOCH&H2CH20 

3H3 

J&H7 

BMe3 

BF3 

J3H3 

J3D3 

M-I7 

BMe3 

BF3 

BH3 

BH3 
BMe3 

BH3 b 

BH3 

BH3 b 

BBr3 

BH3 b 
2BH3 

BH3 

BHsd 

BH3 

BH3 

3H3 

BH3 

BH3 

M.p. 247-25 lo, air stable 

Dec. 270°, air stable 
Dissociable solid 

Decomposes easily 
M-p. 199O, air stable 
Air stable 

Dec. 167O 

Sotid, dkociates 
Hydrolyzes easily 

Decomposes easily 
No reaction 

No reaction 

M.p. 74-76O, sublimes in 
vacuum 
Dee- 1 20°, sublimes in vacuum 

Stable to dissociation at room 
temp. 

Stable to dissociation at room 
temp. 
Decomposes rapidly at room 
temp. 
Decomposes slowly at room 
temp. 
Dissociates slowly 

Dissociates slowly 
Stable in air 
No reaction 
Unstable to dissociation and 
hydrolysis 
Decomposition prevents 
isolation 

Stable in air 
Hydrolyzes easily 

Stable liquid 
Stable solid 

Stable liquid 
Stable liquid isomer mixture 

Stable liquid isomer mixture 
M-p_ 76-77.S”, stable 
Stable liquid, mixture with 
preceding isomer 

41 

41 
41 

41 
127 
127 

127 

127 
127 

72e 

85 

85 

35 

3585 

35 

35 

85 

85 
85 

85 
26 
26 

26,85 

85 

31 

31 
72e 
72e 
72e 

128 
128 

72e 

72e 
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TABLE 5 (continued) 

Adduct= Properties Ref. 

Base Acid 

f(OMd3 
WOMd 3 

NOEt)3 
P(Gi-Pr)J 

Pfo-n-Bu)3 

PWW3 

P(m6H11)3 

mm 13 

P(NMeHh 

P@JMe2 13 

op(Nhw3 

spINMe 13 

BHJd 

BMe3 
BH3 d 
BH3d 
BHsd 
BH3d 
BHsd 

BH3 
BHs 
BH3 d 
BMe3 
BEt3 

BH3 
B&t 

Stable Iiq., b-p, 86O/23 mm 72e, 129 
Dissuciates 43 
Stable liq., b.p. 3910.4 mm 129 
Stable liq-, b-p. 42-43*/&l mm l-29 
Stable fiq., b-p. 83--55*/0.15 mm 129 
M-p. 54a 130 
M.p. 69* 129 

Solid 131 
M-p. 30.5-31.0 132 
M.p_ 32.5 35,133 

Dissociates 134 
Dissociates 134 

’ Dissociates 35 
No reaction 35 

cI The formulation of the adduct as shown is meant to imply nothing about ‘rhe site(s) of attachment of 
the acid. This will be discussed iu the appropriate sections of the text. IIJ ali cases the base was reacted 
with excess Lewis acid &He, B~HLQ, BX3 or BR3) at room temperature or below unless otherwise in- 
dicated. It is noted under the properties column if no adduct formed. b Bz&/Base = 0.5. c B~H&kse = 
1.0. d Base + BHt + C02. 

1. Nature of the adducts 

In contrast to phosphines or arsines, in which a boron Lewis acid has no choice but to 
attach to the pnictogen, compounds such as phosphites, arsenites, amino phosphines and 
amino arsines possess additional lone pair density on oxygen or nitrogen atoms. Table 5 
contains pertinent data regarding the formation of adducts of the latter type made in our 
laboratories2633r ,35,4f ,72%85,127,128_ Others *29-134 have been included for which use- 
ful comparisons can be made in later sections. 

Phosphite and amino phosphine borane adducts can be made by depolymerizing BzH6 

or by replacing a hydride on the BH4- anion ‘. In our syntheses listed m Table 5, stoichio- 

metries were checked by analyses, molecular weight measurements or by plotting the vapor 
pressure of the Lewis acid versus the mole ratio of reactants and noting the break in the 
curve. The latter technique was particularly useful in the case of easily dissociable adducts. 

It was also found that the BMe3 adduct of Ia could be used as a superior source of pure 

BMe3 when allowed to dissociate4’. 
In addition to the possibility of multiple coordination sites in the ligands shown in Table 

5, evidence has been put forth both for and against the involvement of pi bonding from 
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the BH3 moiety to d orbitals on phosphorus, Although a more detailed discussion of this 

problem will occur elsewhere’ , resuk?+ bearing on our work will be included in subsequent 

paragraphs- 

2. lVMR spectral paramems 
31P l1 B and ’ H NMR spectral studies conducted on the polycyclicz6 s31 s3’ *41 ~72e~85 and 

acyclic;igand41 ,72&l 35 -138 J., oron adducts are most helpful in assigning the site(s) of co- 
or&nation on the Iigand. Phosphorus coordination is expected only to shift the I.&and ’ H 

spectra downfield by the inductive effect. It might also be expected that a change in the 
phosphorus to &and-proton coupling would be observed, Large 1 ’ B-” P couplings are 
also predicted if phosphorus is the basic site and these should register in the 31 P and ‘I B 
spectra. Comparison of the relevant data in Tables 2 and 6 satisfactorily shows that phosd 
phorus is bonded in the adduct, Coordination to oxygen would not give such large I1 B- 
3L P coupling and in the absence of exchange, the OCH protons would not remain equivalent. 
That exchange among oxygens is not occurring is indicated by the observation of I1 ZG31P 
and 31 P-B-r H coupling. The reason for the equivalence in-l.IBP and lJBH values in Table 6 

is not presently understood 
Several lines of evidence point to phosphorus as the donor site in 1: 1 adducts of amino 

phospties. 31 P l1 B and r H NMR data similar to that presented in Table 6 for phosphates 
have been interpreted in terms of P-B bonds in P(NMe2 )3 adducts of BH3 and HEt, B 
(ref. 139) and in P4(NMe)a-BH3 compounds 140_ The presence of v(BH) bands in the 
2400-2500 cm-r has been concluded to be characteristic of PBHj systems whereas NBH3 
groups yield v(BH) frequencies in the 2230-2400 region I4 r . 

Evidence gathered from r H NMR spectra is s urmnarized in Table 7 showing that a nitro- 
gen atom in the polycyclic aminophosphine VIIa can behave as an electron pair donor after 

prior occupation of the phosphorus by a borane, oxygen or suIfik Thus the Cl32 proton 
resonances become a complex multiplet while three doubletsr4’ are expected for the NCHj 
hydrogens on the basis of tie schematic structure shown here.. 

H H 

il 

Me 
H H 

Contrastingly, 0P(NMez)3 forms a I:1 adduct in which preservation of the NCH, proton 
NMR doublet suggests that either rapid exchange of the BHa group is occurring among the 

. nitrogens or that the phosphoryl oxygen (which is more basic than in 0P(NMeCH2 )&Me) 
coordhates to the borane, The lack of a borane complex with SP@Me, jJ is explicable on 

the latter hypothesis since the donor properties of a thiophosphoryl sulfur are expected to 
be slight in this case. 

Although evidence for di-adduct formation in aminophosphines such as P(NMe,), Bu 
and P(NMez)Bu2 could not be found i41, P(NMe7)Mez apparently forms 
H3 BP(NMe* BHJ)Mez quite easily 143 _ From infrared studies, B-N bonding is also indicated 



TABLE 6 

NMR parametersa of boron adducts of phospbitcs 

Adduct 631Pb 6”BC ‘JEIP sDCH 
&II@ 

‘JBH &PCFJ 2JPCH Ref. 
sPNCH2 or 3JPNCH2 or 
SPOC@ d ?POCH 

H3BP(OCH2)sPBH3 

H3BPw 

&Me 

HaBPB 

b Me 

Ha BP(OMe)s 

HaBP(OEt)a 

H#P(O+Pr)3 

-117 +60,5 97.6 
-128 +32,3 e 

-138 t20,o e 

- 97 +62,1 96.0 

- 91 +10.2 e 

- 93 +20,2 e 

+ 66.25i 

-118 +63.8 97.2 

-113.5 

-115 J-44,45 tr 99.5 

0.61 102 

0.23 97.6 

-0.25 
f 

0.31 96,O 

-0.03 
6 

0*50 100 

0.3 92 

0.3 

0.33 97.2 

3.945 h 
4.88 12.5 

4.38 6.7 
4.33 e 

4.30 4.2 

3.98 2,2 
3.95 2.0 

4.97 9.oj 

5sk 
4.98 Oj 

5.9k 
4.04-4.6 1 z 

3.68 )I2 11.4 
3.8-4.6 1 

3.69 I12 11,O 

3.67 10.9 

72~ 

41 

41 

41 

41 

41 

41 

31 

31 

72e 

72e 

41,72c 

135 

136 

a Upfield and downfield chemical shifts for 3* P and rr II nuclei arc prefaced with a positive and negative sign, respectively. The opposite convention is 
used for protons. ’ With respect to external 85% H3P04 , c With respect to extcrnnl B(OMe)a. d With respect to internal SiMc4. e Not observed because 
of probable exchange, fs”F = 146 with respect to internal FCCl3. g 6r9F = 143 with respect to internal F&,13. jr 
i This chemical shift reprcscnts the PC3 phosphorus./ 2JPCH. k 3JPOCH. l CH2 multiplet 

Solution of spectrum in progress, 
, In OCIi3 doublet. I1 With respect to external M@BF3. 
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in the 1: 1 adduct P(NMe,BF3)F, but in the BH3 mono-adduct of this ligand B-F bonding 

is likely 144. 1 g F NMR studies are consistent with di-adducts of the type 2BF3 l OP(OMe)3 
and 2BF3 OP(NMez& in which it is believed possible for one of the oxygens or nitrogens 

attached to the methyl groups to coordinate in addition to the phosphoryl oxygen r4’. 
It is attractive to conclude that reduced N-P pi bonding in the polycyclic aminophos- 

phine borane, oxide or sulfide <see Sect- B) is responsible for the increased basicity of the 

nitrogens compared with 0P(NMez)3 or SP(NMez)s, with the result that one of the nitro 
gens becomes tetrahedral on coordination to a BHa group. The easy formation of 

H3 BP(NMe2 BH3)Me2 supports this conclusion in that the lack of electronegative substi- 

tuents on phosphorus in the ligand prevents the nitrogen from significantly pi bonding 
with phosphorus. Involvement of more than one nitrogen in adduct formation in the com- 

pounds in Table 7 is probably electronically rather than sterically inhibited. Models do not 
permit an unambiguoui concIusion on this point35 but it is reasonable that breakage of one 

N-P pi bond in forming an N-B link will strengthen the remaining two, The NMR data on 

the polycyclic aminoarsine BH3 and BF3 ad&&s also show clear evidence for an N-B bond, 
The lack of mch behavior with BMe3 could well be sterically determined_ The isolation of 
the crystalline compound H3BPfNMe2 )a -HCl is not inconsistent with the above reasoning 

since the strongly Lewis acidic proton is evidently able to coordinate to a nitrogen but 
another BH3 group is not 3s. 

Borane coordination to phosphorus in H3BP(CHz0)&Me is shown by the simple doublet 
for the CHIP protons and the ‘JPCH coupling constant of 0.8 Hz typical for coordinated 
phosphorus 26 _ Moreover, MeC(OCH2 I3 CMe does not react 85 with B2 H6 _ In contrast, both 
P(CH2 O)&Me and HC(OCH2)3 CMe reacted with at least two moles of BF3, but facile de- 
composition prevented further characterization of the products”. 

The absence of consistent trends in the i ‘B and 31P chemical shifts and the constancy 

of ‘JBP and ‘JBH values in Table 6 preclude interpretation in terms of bonding arguments’46. 
A clue as to the nature of the boron-phosphorus bond in BH3 adducts of I and II does 

present itselfin a study 8* 147 of the variation of 3JPOCH with the chemical shift of the 

OCH proton in a series of the type JU?(OCH~)~CM~ and AP(OCH)~(CHz)3, The linear rise 

of 3JPOCH with the downfield movement of the chemical shift shown in Figs. 9 and 10 for 

the two phosphites is easily rationalized on the basis of an increase in s character in the P-O 

bonds and a rise in phosphorus s density owing to an increase in electronegativity of the A 
moiety. When A = oxygen or sulfur, however, the NMR parameters give points which fti 
off the line in a manner suggesting that pi density feedback to phosphorus from the chal- 
conide abnormally shields the protons by a mesomeric inductive effect extending into the 

ring oxygms. Since the BHs adducts in Figs. 9 and 10 are part of a linear plot involving 
non-pi bonding acids such as carbonium ions, the bromonium ion and BF3, the foregoing 
results imply that pi feedback from the BH3 group is at least small compared with a chal- 
conide. 

A similar linear correlation is not observed8 for P(OMe)3 or P{OEt)s and 3JPOCH varies 
less than I Hz from 10 and 7 Hz, respectively. The reason for this is not apparent at this 
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TABLE 7 

NMR parameters of boron adducts of amirrophosphine derivatives 

Adduct. 6’H(CH# S lHCNCH# 3tiNCH3 Ref. 

H3BP@TMeCHz)$ZMe 

H3B 
I 
NMeCH2 

r --I 
H3BPNkX!H2)2CMe 

2.81 b 2.5 1 14 35 

2.90-3.60 c 35 2.64 

2.74 

2.78 

13 

12 

12 

H37 

NMKH* 
r 1 

OPweCH2)2CMe 

H3B 

+WH27 

SP(N;MeCH2)2CMe 

H3 BPWMe2 13 

H33 

I 

NMecH~ 

r 7 

H~BAs(N?&CH~)~CM~ 

3.10-3.80 = 

3.14-3.90 c 

l-40-2.97 = 2.515 
2.78 

3.07 

85 

Me3BAs(NMeCH2)3CMe 2.6 2.54 85 

2.76 12 

2.79 11 

2.74 14 35 
2.85 14 
2.87 13 r 

2.63 9.2 137 

35 

FsB 
I 

I- NMeCH2 1 
F3BAs(NMeCH2)2CMe 2.7 c 2.50 85 

2-63 
3.03 

a With respect to internal Me& ’ 3JPNCH2 = 5 0 Hz . 1 ’ Broad absorption . 

time but the structural and hence electronic flexibility of open-chain systems is undoubtedly 

a factor, It is possible, for instance, that the changes in s character which dominate the 
coupling are not on phosphorus but on oxygen. In caged phosphites the ‘hinge effect” 
causes the oxygen bonding orbitals to increase in s character as the electronegativity of the 
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AP(OCH2b CCH3 cH3 

- PPM Dorntield 

Fig. 9. Plot of 3.1POCH YS KI-& for P(OCH2)$3ie and its adducts and complexes. 

AP (OCt$ (CH.& 

22 

r 
ocw C”Z*, Cl-l 2mr 

- PPM Dorntiald 

Fig. 10. Plot of 3JPUCH vs. 6CIJ for P(OCH)3(CH2)3 and its adducts and complexes. 

A group increases wh8e in openchain systems the POC angle need not change appreciably. 
While constancy of 3JPNCH within 0.2 Hz of an average value of 9.3 Hz is observed 13’ in 

AP@Me3)3 where A = BH3, BH&l, BHC12, BC13, it is noteworthy that ‘JBP and ‘JBH 
are curvilinear and nearly linear, respectively, with 6 ’ H, 6 1 I B and 6 3 ’ P (Fig. I 1). Here, 
increasing electron withdrawal by A produces shielding of the phosphorus and deshielding 
of the boron nucleus and methyl proton. It is demonstrated in this series that the signifi- 
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Fig. 11. Plot of (- ) ‘.IBP and ( ---) lJBH vs. 6 ‘H (circles), S3’P (triangles) and 6 ’ 1 3 (squares) for 
AP(NM%)3 systems (taken from the data of ref. 137). 

cant changes in s character registered in the rising r rB-31P and 1 ’ B--‘H coupling take 

place around boron. Although the electronic environment of phosphorus is also changing 
(as manifested by the comparatively large 3 ‘P chemical shifts), any s character change as 

reflected in the 31 PO@ II coupling seems to be completely attenuated by the nitrogens. 

3. Dipole moments 
Dipole moments indicate high polarities for the boron adducts (Table 8). Comparison of 

a variety of BHJ adducts4’* 72eT127y 128 and phosphates399409 72’S 14* leads to the firm 

conclusion that the P-B link is substantially more polar than the P=O link in comparable 
compounds. In view of the larger electronegativity of oxygen and its higher lone-pair den- 

sity compared with the BH3 group, it is tempting to regard this result as a strong indication 
that pi back-donation lowers the P=O moment. Using the comparison A&rhosphate)/ 
A.&Me3 NO) = &(H3 Bphosphite)/Ay(Me3 NBH3) (where & is the increment in dipole 

moment upon forming the oxide or BH3 link) it is found that the experimental A&ho+ 
phate) values are 65% of those calculated for the caged derivatives of I and II whereas this 

percentage for the six-membered rings and open-chain systems ranges from 55 to 80%. The 
variation in the latter values is probably related to conformational differences among the 

YPOC dihedral angles (Y = lone pair, 0, BH3) in the derivatives from which the dipole 



36 J.G. VERKADE 

TABLE 8 

Dipole moments at 25* of borane and oxide compounds of phosphorus 

Compound Dipole moment a Solvent Ref. 
Web YeI 

HsBPmH 

H3BPt~%(C&)3 

M3BP(OCH&CMe 
r 1 

(H3B),,POCH,CCCH2Cl),x’Me),QCH20 
1 

6.25 C6J46 72e 
8.82 OKH2CH2)20 41 
8.60 OCCH2CH212O 127 

6.01 C6& 72e 

5.21 C6% 72e 

6.07 C6H6 72e 

1 
(H3B),xPOCH(Me)~CHICHIMe)~~ 

1 
CoMelq 

H3BP(OMe)3 

OP(OCHl3 CCH2 I3 

OP(OCH2 )3CMe 

OMe 
I I 

oYH2CH2CH20 
OMe 

I 1 
0 POCH~CH(~-BU),~CH~O 

-1 
@Me), 

6.28 C6H6 72e 

5.89 C6H6 72e 

4-07 

7.46 

7.10 

7.29 

4-47 

5.55 C6H6 72e 

5.63 C6H6 72e 

C6H6 

O(CHzCH212 O 

C6H6 

C6H6 

O+K’H~CH(~-BU)~CK~~ 

low,, 

OP(OMe)3 

5.08 C6H6 72e 

3.18 C6H6 

72e 
b 

39 
146 

72e 

40 

p Recision is f 0.05 debye unless otherwise specified. h Because of kolubility of the compound, this 
value was estimated by adding the difference in moments for fa and OP(OCH2)3CMe to 4.5 1, the mo- 
ment for II. 
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moments are taken for the crude calculation. The effects of lone-pair orientation are also 
again evident in that the moments increase in the series openchain < six-membered ring < 
bicycle [ 2.2.23 octane N adamantane derivatives in both the phosphate and BHa series. 

Similarly “over-constraint” in the highly strained ring sytems HsBPFL!&& and 
t 1 

(MeO){O)l?OCH, CH,O apparently destroys to some extent the ability of the oxygen lone 
pairs to add vectorially along the molecular dipole axis as well as they can in the bicycle 
[2_2_2] octane and six-membered ring analogs, respectively, and so the overall moments 
are lowered, The same effect can be seen in Table 1 for the analogous phosphates. 

It is assumed in the proportionality used in the previous paragraph that P-B pi bonding 
is at least much less than that in a P=O link. There is some evidence, however, that there 

is a reduction in polarity in HsBPPhs (4.79 D) compared with C13BPPhs (7.03 D) beyond 

that expected on sigma bonding alone 14y. Iking’50 a correction for the BH and BCl mot 

ments based on CHa and HCCls, zero and 1.18 D were subtracted from the moments of 
the BHs and BC13 adducts, respectively, The remainders are then crudely representative 

of the BP& moments in botl?‘. Assuming that the PPhs contribution in each is not 

very different, it is clear that the BP moment is less polar in the BH3 adduct and pi bonding 
may be responsible 14’. 

The melting points of the BHs adducts span a rather wide range from HaBP(OMe)s 

(liquid) to the five- and six-membered ring phosphite adducts (liquids or relatively low- 

melting solids) to HBBP(OCH~)~CM~ (19k)“)i2’ to H3BP(OCH&(CH2 )3 (247-25 1o)41 _ 

Although lower symmetry is undoubtedly partially responsible for the lower lattice energies 
of the non-caged species, the effect of dipole-dipole interactions seems to become evident 
in the caged adducts since increasing melting point parallels the increase in polariQ4’ _ A 

similar phenomenon can be noted for the parent phosphates I and II and the oxides4*6 
(Tables 1 and 5)_ The origin of the higher moment for H3 BP(OCHj3(CH2)3 is not clear. 
A greater induction effect due to the larger number of carbons compared with 

H313P(OCHZ)sCMe is not likely to be totally responsible since the difference in moment 

between Ia and Ig (Table 1) is negligible, Small bonding changes in the two cages probably 
play a role here. 

Boron-phosphorus stretching frequencies have been assigned4*? 726V r5 r* ’ “a3 * m a range 

of compounds (Table 9) but relatively little can be concluded from them because of the 
absence of consistent trends. Coupling effects are undoubtedly a factor here since the 750- 

900 cm’ region is quite rich in absorptions in the phosphite adducts. A similar conclusion 

was reached is3 after assigning boron-phosphorus modes in borane adducts of PMes , 
P(NMe, )Fa and P(NMe2 )* F, 

The trend in boron-hydrogen frequencies seems to correlate reasonably well with the 

basicities of the phosphites as paralleled by tie phenol shifts of the phosphates (tide sup&. 
Thus the higher asymmetric and lower symrnetric4*. ‘“p v(BH) values increase as the basicities 

b 
decrease in the order “& P(Oye)n > MeOPOCHz CH2 0 N MeOPOCE& CH, CH2 0 > 4 
P(OCH& CMe > flOCH& CH. 
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TA3LE 9 

Infrared data for boron adducts of phosphorus compounds 

Adduct v(BP)= Ref. 
Asym, 

Y(BH), v(BD) b 

Sym. Weigh ted 
average 

Ref. 

H,BPz%,>,dH 

Hs BpWCH)3 (CHz 13 

RI BPK’=hCCH& 

H7W’(OCHhUJH& 

MedW~W3(Cfh 13 

F3 BWKH)3 (CH2 13 

H3BP(OCH2 j3CMe 

D3BP(OCH2)3CMe 
H7BaPKICHa)aCMe 

MeaBP(OCH2)3CMe 

FJ BP(OCH2 )3CMe r 1 
H3BPOC&CH20 

I 
OMe 
t f 

HaBPOCH2CH2CH20 
I 

OMe 

HaBP(OMe)a 

D3 Bp(OMe)s 

H$3PH3 

H3BPF3 

H3BPPh3 
D3BPPh3 

H3BPMeHz 

DaBPMeH2 

H3BMeaH 

D3BM%H 
HaBEtH 

Dj BEtH2 
H3BEt2H 

DaBEt2H 
H3BCO 

860 42 

848 42 
868 42 

833 42 

854 42 
855 42 

844 

855 
811 

869 

42 

42 
42 

42 i 

799 42 

759 42 

572 149 
607 c 150 

608 a 149 

581 e 152b 
533 e 152b 

575 e 152b 

518 e 152b 
562 e 152b 

507 e 152b 
573 = 152b 

511 e 152b 

2433 2380 
2400 2350 a 

1827 1719 a 
2470 2350 a 

2415 
2383 

1791 

72e 

42 
42 
42 

2400 2355 a 

2415 2366 

1810 1705 = 
2510 2400 a 

2399 

1775 

42 

72e 

42 
42 

2410 2363 2394 72e 

2411 2364 2395 72e 

2402 2362 2389 72e 

1795 1691 a 1760 42 

2399 2392 2397 152b 

2455 2385 = 2432 152a 

2440 2330 a*d 2403 149 
1820 1755 =s ii 1798 149 

2386 2344 e 2355 152b 

1802 1730 e lT78 152b 

2366 2346 e 2359 152b 

1795 1742 e 1777 152b 
2385 2348 e 2373 152b 

1802 1704 e 1769 152b 
2368 2341= 2359 152b 

1785 1733 e 1768 152b 
2434 2380 e 2412 152a 

Q Measured in solid state or polar solvents such as CHC13, CH2Cl2 and CH3CN. b Measured in CC14 or 
CeH6 unless othewise specified_ ’ Liquid, d Estimated from spectra shown in ref. 149, e Low tempera- 
ture glass. 
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The BD frequencies are in agreement with this order in cases where they were measured. 
The increase in v(BH) with decreasing basicity can be ascribed to the rise in s character of 

the boron as it progresses from a more sp3 configuration toward sp2 _ Indeed the weighted 
average of the BH stretching modes linearly correlate with ‘JBH in a variety of boron com- 

pounds and borane adducts containing oxygen and nitrogen donors r 54. Unfortunately, the 
lack of precision in several of our ‘JBH values and their small range (see Table 6) do not 
permit a similar correlation to be made although the points generated by the coupling and 

the weighted average of the BH frequencies (Table 9) corroborate the linear correlation in 
which no phosphorus-boron adduck were present * 54 _ Similarly the Y(BH) data for H3 BPH, 
and HS BPF3 in Table 9 in conjunction with their 1 ’ B--’ H coupling constants (103 HZ 
(ref. 151) and 107 Hz (ref. 156)) help verify the correlation’ 54 although inclusion of all 

data on phosphorus compounds tends to alter the slope of the line slightly. 
The gross infrared features of the phosphite-borane adducts do not allow much specula- 

tion on the electronic nature of the BP bond_ Inasmuch as there is general agreement, how- 
ever, that HSBC0 possesses the capability of BC pi bonding, it is extremely noteworthy 
that the BH stretching frequencies for this compound and for H3BPm!IH are the 
same to within experimental error. It is also interesting in this regard that force field calcu- 

lations on H3 BPH3 and H3 BP& give PB bond orders of 0.78 and 0.92, respectively IS’. 
Since the BH frequency increase from Hs BPHs to HsBPF3 (Table 9) is in accord with the 

expectation that PF3 is less polar-izable than PH3, the larger bond order in the PF3 adduct 
is consistent with the possibility that pi feedback from the BH3 group is more pronounced 

when electronegative phosphorus substituents are present. 

Heats of association were measured41* 12’ on Me3 BP(OCH2 )3 CMe (-- 14.4 kcal/mole) 
and Me3BP(CKH)3(CH2)3 (-15.9 kcal/mole) for the reaction 

Phosphite (solid) + BMe3 (gas) * MesB.Phosphite (solid) (11) 

These values are very close to that obtained for MejBPMes (-16.47 kcal/mole lssa) and not 

far from the one measured for Fs BPMes (-18.9 k&/mole lssa). In spite of the weaker 

basicity of bicyclic phosphites compared with phosphines, the comparable heats of associa- 
tion with BMes may reflect the reduction of steric requirements of the bicyclic phosphites 
compared to PMe3. 

The heat of association of HsBPFs has been evaluated at -24.9 kcal/mole L58C. The 

rather hi& value of this enthalpy could represent a partial stabilizing contribution from 

BP pi bonding. Such a consideration gains merit from the fact that FsBPHs is very highly 
dissociated 158a. 

Phosphite II appears to be somewhat stronger as a base than Ia but both are significantly 

weaker than MesN in a reaction analogous to (11) for which m_ = -25.1 kcallmole 
(ref. 127). From anormal coordinate analysis of IaBPI 3, a best fit of the infrared spectrum 

was obtained lssb assuming a force constant of 1.0 mdyne/A. Using a plot of force constant 
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versns association energy for a variety of molecule?, an extrapolated value of -16 kcal/ 
mole was predicted’5sb for IsBPIs and the good agreement with those found for our caged 

phosphite Me33 adducts is not unreasonable. 

This rise in the heats of association for the borane adducts of PPhHz (-3 1.2 k&mole), 
Pphz H (-34.1 kcal/mole) and PPb3 (-37.6 kcal/mole) according to 

Base (soln) + BH3 (gas) * H3B*Base (soln) (12) 

has been ascribed 14’ to less reorganization energy toward tetrahedrality for the base and 
greater ease of phosphorus charge neutralization by mesomeric induction .S the number of 
phenyls increases, The latter is substantiated by a downfield chemical shift in the phenyl 

proton NMR spectra along the series I49 + Evidence for a detectable pi effect in triaryl phos- 
phine boranes comes from a comparison of enthalpy data for a series of alkyl and aryl 

boranes and BF3 adducts Is9 Heats of association for the BFa adducts, viz. _ 

Base (soln) + BF3 (gas) =+ FsBBase (soln) (13) 

became less exothermic with increasing aryl substitution and decreased linearly with the 
sums of the Taft polar substitution constants as expected on inductive grounds. The same 
correlation for the BHs adducts, however, produced a change in slope of the line when 

alkyl groups were replaced by aryls. The enhanced stabilization in the aryl phosphine 

boranes is about 4 k&/mole and is attributable to BP pi bonding originating from the BH3 
group r s9. 

6. Displucement reuctims 

* Although entropy effects render evaluations of Lewis basicities from equilibrium con- 
stant data dangerous, a series of very similar bases such as phosphites measured with respect 
to a common acid should be relatively free of changes in entropy. By integrating NMR 
absorptions for equilibrated benzene solutions containing the species 

Hs BmPhosphite + Phosphite’ + Hs B-Phosphite’ + Phosphite (14) 

The following order of basicities toward BH3 was established: P(OMe)3 > P(OCHz)sCMe > 
l@%mH and MeO$OCHz CMe2 CH2 0 > Pw&mH. The observation that 
P(OCH2 )3 CMe is incapable of displacing BH3 from HJ BNMe3 while P(OCH)3 (CHz)3 is 
partially able to do so41*12’ shows that II is a stronger base than Ia. All of these results are 
entirely in accord with conclusions drawn previously in this review regarding the decrease 

in phosphorus basiclty upon augmenting the “hinge effect” by greater constraint of the 
aikoxy groups. 

Displacement reactions in solution using the bifunctional phosphorus ligand P(OCH2)JP 
yield the order3’ PBuj > P(OCH2)sP > P(C& Cl)3. It is quite interesting that the phos- 

phite phosphorus is more basic than the phosphine phosphorus in the caged ligand Vf and 
the phosphite phosphorus in Vf is more basic than p(C& Cl)s, which is opposite to elec- 
tronegativity arguments in both cases. It was also found3’ that P(CH20)&Me > 
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P(CH2 O)sPBHj and P&H2 0)sAs > P(CH, O)JPB&. Here the large dipole moment of 

P&H, O&PBHJ, estimated 16* to be about 7-4 D in the direction of the borane group, 

weakens the basicity of the phosphine phosphorus at the positive end of the dipole. This 

&polar-inductive effect is weaker for the bases with which the borane bicyclic base is com- 
pared; their moments are almost five times smaller (Table I). 

phosphorus-boron bonding occurs in all the BE-E3 adduct structures thus far analyzed 

and the separation of these atoms decreases in the series H3BP2Me4BH3 (I.95 1 A) l6 I, 
H3BPH3 (1.93 &i62a, HsBPH2Me (1_906A)162b, HSBPMe, (1.901 11)162b, H3BP(NH2)3 
Cl -887 A)163 , F3PBH2BH2PF3 (1.848 I’%)lG4, H3BPF2H (1.832 ,>162b and HSBPF3 

(1.836 J%)158c. In the adduct shown in Fig. 12, the BP distance (1.879 &)16’ falls close to 

that in H3BPw& and it appears that electronegativity effects strongiy influence the BP 
bond lengths. 

Fig. 12- The molecular configuration of BH3(MeO)P(OCHMe)2CH2 _ 

Although the question of BP pi bonding is not resolved, the fact that the PO distances 
~1.55---1.57 A) are very close to the analogous ones in the phosphoryl structures below ‘OaWe 

might be taken as weak evidence that some pi bonding must occur in the BP link. 

An interesting feature of the structure in Fig. 12 is that the precursor phosphite can 
exist’ 64 as the two isomers 
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Xi XII 

For the structural study, the HaB adduct was formed from the thermodynamically stable 
isomer 16’ XI. Because phosphorus inversion on adduct formation at low temperature is un- 

likely, the thermodynamically more stable isomer contains an axial methoxy group and an 
equatorial lone pair. 

PbotoeIectron spectra in conjunction with ab initio calculations show that the major 
changes in orbital populations on forming the HsBPFa complex are a decrease in the phos- 
phorus 3s by O-32 electron and an increase in the 3d by 0.18 electron’“‘. The total contri- 
bution to the BP pi popuIation (2pTI-3d, and 2p,-3p,) is much smaller 16’ (0.08) than 

that of the sigma (0.57). Similarly, it has been calculated’68 that phosphorus 3d orbital 
participation in overlap population in the hypothetical OPHS is much greater (0.272) than 
in HsBPHa (0.034). 

From the theoretical and experimental evidence discussed here, it seems quite likely that 
the BH3 group can participate in pi bonding with phosphorus as was first postulated over 
fifteen years ago to account for the unusual stability of phosphinoborines 16’. It does seem, 
however, that the pi contribution to the BP coordinate link is small compared with that in 

a phosphor-y1 bond. 

(iii) Metal complexes 

1. Nature of the complexes 

A compilation of all of the P(OR)3 and P(NMe2)a complexes which have been reported 
in the literature would comprise well over a thousand compounds3. Even if the list were re- 
stricted to polycyclic phosphite complexes, over three hundred compounds would have to 
be included3. Since the chemical and spectroscopic bases for the formulations and stereo- 

chemical assignments of the complexes as well as their syntheses are included in another 

review 3, they will be omitted for the most part here. 
The spectroscopic studies discussed below were generally carried out on complexes con- 

taining polycyclic phosphorus ligands, although in some cases open-chain ligands were also 

used. The complexes studied contained metals in oxidation states from zero to plus three 
and possessed various stereochemistries. Thus metal carbonyls of the type M(CO)s L, cis- 

and trans-M(C0)& (where M = Cr, MO or W), Fe(CO)aL, nans-Fe&O)& and 
Ni(CO)a _,L, (x = 1 to 4) were employedz6y ’ 7*1 7s _ AI so investigated were zero through 
trivalent species such as PdL4 (ref. l73), PtL, (ref. 173), MnLa2+ (refs. 36,1?6), FeLaQ+ 
(refs- 36, 176), CoL5+ (refs_ 15, 177- 1801, [COL(NO,)~ ] - (ref. 179), CoLG 3* (refs. 177- 

180), NiLS ‘+ (refs. 177-180), tizzns-NiLj(CNJ2 (ref. 18 l), cis- and trans-MX2 b (where 
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M = I’d or Pt) r7’, rB2, rS3, CuL4” (refs. 179, 182), AgL4+ (ref. 182), Z&*+ (ref. 176) and 
CdLe”’ (ref. 176). Some hiwghts concerning the stereochemical features are discussed 
in the fo~~w~g para~aphs. 

The metal. carbonyl phosphite ccrmpfexes are coXorLess but the phosp~e analogs are 
pale yellowz6Jr5 _ Sam e rather subtfe sterk and electronic factors appear to govern fcrrmatian of 
cis and tirans isomers. ~~r~~ 37-ans isomers of II are made with all three Group VII3 met- 
alsL7r ” “, the only trzms isomer of k which could be isoiated was that of &xxnium170~1 ‘* 

wMe rn~~ybd~~~ and tungsten gave cis isomers. Models indicate that Ia is slightly less 
bulky &an H (Fig. 13) but it may be that tie difference in steric requkement is sufficient 
to force a @urns configuration for La only in the case of the sruaIlest metal. C& isomers can 
be made for alt three metals with both la and I][” ‘* _ By merely substituting a propy1 chain 
for the methyl group in La, c& complexes of tetracarbunyi molybdenum and tungsten can 
be formed but now the c& chromium analog seems to be synthetically forbidden’72. A 
bizarre ~~tr~t~~n of the ~u~s~onab~ty of steric ar~rn~n~ is the ease of the isomeriza- 
tion of c&Mo@X& [P(NMe2 )3 ] 2 to the zrzzzrs form in stWg contrast to the remarkable 
stability of the cis P(NMe&j3 adogfs4. 

geomeMxi properties of P@CH~)&%fe, P{OCH)3(CZ&)3 and P(Ohle)3. 

Carbonyl compfexes containing two different monodentate ligands are relatively rare_ 
As was observed eartier Is5 the synthesis of such compounds can be complicated by forma- 
tion of several other products. Thus the preparation of ck- and ~~~s-M~C~)~LL’ (L = fb, 
L’ = P(OMe)a) involved the isolation (by column chromatography) of cis- and trans- 
M~~C~)~ G and ~~~~-Mo(C~)~ h as well ’ 86. Other mixed complexes made were et’s_ and 

~~~~-Mu~~~)~ LL” and @~sF&_CU)~ LL” where L” = P(NMe, )3 (ref. 186). 
The ditinctionaI Jigand P(OCH2)3P possesses two donor sites and its geometry permits 

linkage jsorn~~srn and metal bridging. Complexes of tie type (OC), ~~~H~)~P and 
(OCjSMP~OCH~)~PM~COj5 (M = Cr, Ma and W)32, (OCj,FeP~~Cp1[2)3P(ref. 32), 

(OC), FepCerr, 0)~ P (ref. 32 j, (OC), FeP{~CH* )~ PFe(CU), (ref. 32), @zur~- 
qOCHS )3 PF~~~)~ ~~~H* )a P {ref. 59) and c~s-~~CH*)~ ~Mo~CU)~ p(CH, tiQ3 P (ref. 174) 

have been characterized. The complex [(CK& WP&IKH&PMe] BF4 containing a quater- 
nit&d l&and has also been reported3’ and preliminary resufts174 indicate the existence of the 
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l_= P(OCH21,P 

square molybdenum polymer shown below. Polymers of iron and nickel also occur ’ 74 _ 
When Xa is allowed to react with hydrated divaient Mn, Fe, Ni, Zn or Cd ions, com- 

pIexes of the type ML4’+ are formed in which the PH and ISO stretching bands of the free 
ligand have disappeared ’ 76. These results suggest the formation of an MP bond. Of the two 
structures below, XIII seems more reasonabIe since only migration of a proton to the phos- 
phoryl oxygen is involved whereas XIV involves oxygen insertion into a P-H bond_ Although 

there is no reason to expect inversion at phosphorus, XV cannot be ntied out but XVI would 
appear to be sterically crowded. 

r 

t 

PH 

M pw” 
?2+ 

-4 I- 
XIII - 

XV 
4 

XVI 

In surprising contrast, isomer Xb does not react with metal ions, Both isomers dehydrate in 
the presence of Cu2+ and reduce it to give CUE*; the green Ni@a)42+ easily dispropor- 
tionates on heating to givel’” the yellow Ni(Q 2+ Whether the differences in behavior of . 
Xa =d Xb are premarily steric or electronic in origin is not certain at this time. Contrary to a 
recent statement 21 the literature ‘*’ , however, phosphorus-metal bonds do exist between 
H(O)P(OQ figands and class (a) metals, in our case divalent manganese and iron. 

Electronic factors are certainly responsible for the lack of isolable complexes of 
H(0)P(OMe)2 with these ions 188 . Other reported examples of metal complexation of 
H(O)P(OR), or H(O)P(OF!& in the *aenol” form via the phosphorus are thus far confined 

to zerovalent metal carbonyl derivatives, monovalent copper and divalent pIatinum3. While 
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BroHr r also coordinates H(U)P(OEt) 2 in the enol form, apparently BCl3 does so via the 
phosphoryl oxygen in the keto form 3 _ 

Cobalt(H) ions undergo dismutationl “-r8* to a monovalent and trivalent species in the 
presence of phosphites according to eqn. (15) 

2 co2+ + 11 L + coLs+ i- COL6 3+ US) 

The yellow cobalt(I) and pale yellow to colorless cobalt(III) complexes are best isolated as 
the BF.+- salts since one of the trivalent cobalt perchiorate derivatives is explosive37 IT9 _ 

When cobdt(IL) nitrate is allowed to react with P(OMe), , [CoL5 ] [CoL(N03), ] can be 

isolated and the novei cobalt(I) anion can also be obtained as the azure blue tetraphenyl- 
“’ arsonium salt . In view of the marked proclivity of the coordinated nitrate ion to behave 

in a bidentate fashion ’ “, the complex anion is probably a five-coordinate species_ Nitrates 
of the CoL6 3+ species tend to be unstable with respect to decomposition while [CoLs ] NO3 

compounds are not *“. 

Fhosphites react with nickel(iI) to give five-coordinate compounds which are isoelectronic 
with the monovalent cobalt systems ’ 77-180Y I89 and presumably are also isostructural (vide 
infra), The nickel complexes of the caged phosphites can be reduced to zerovalent NiL4 
complexes in aqueous base ‘*‘. 

NiL5 2+ + 2 HC03- +NiL4 +H,O+O=L+COX (16) 

This preparative reaction is similar to the non-aqueous scheme reported for tetrakis-trialkyl 
phosphite nickel compounds r ‘* except that the five-coordinate species were not isolated. 

Square-planar palladium(I1) complexes of easily solvolyzed phosphorus ligands can be 

made conveniently by a metathetical reaction using pans-dichlorobis(benzonitrile)paJla- 
dium(lI)‘75~ lS3. 

The somewhat strange ability of nitrate to complete with P(OMe)3 for metal coordina- 
tion sites, made evident in the [COL(NO~)~ ] - ion, is again observed’= in [A& NOa 1. The 
lack of such competitive behavior in the case of polycyclic phosphites may be related to 
their stronger ligand fields ’ ” (see next section). 

Calculation of Dq values from the W-visible spectra of complexes is relatively straight- 

forward in the case of highly symmetrical complexes I ” and the diamagnetic CoLG * phos- 
phite complexes of 0, symmetry yield valuable information on the nature of the cobalt- 
phosphorus bond. In addition to the two charge-transfer bands at about 39,500 and 44,500 
cm? (e5Z 103), two bands at lower energy (ca- 30,500 cm-‘, E E lo3 and 35,500 cm’, 
E E 102) can be assigned ’ “-’ ‘* to the spin-allowed ‘A tg + ’ Tg and ‘A lg + 1 Tzg tran- 
sitions, respectively, depicted in Fig. 14. Because neither of the two weaker spin-forbidden 
transitions were observed, the ratio of the Condon-Slater integrals F2/F, in the simulta- 
neous equations (17) and (18) for the strong-field case was taken lg2 to be 10 on the reason- 

able assumption that it would be between that of Co(en)93* {9.3) and Co(CN), a- (11) 

(refs. 193, 194). 
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Fig. 14. Energy levels for a d6 ion in a strong octahedral field. 

aE(‘T,, - ‘AIg) 2: -35F4 + 1QDq (17) 

AE(‘Tzg - ‘A lg) N 16F2 - 115F4 + 1ODq (18) 

The results in Table 10 imply that the ligand field splitting decrease from Ia to P(OMe)s 

and that surprisingly the bicyclic phosphite is quite comparable to cyanide ion in the field 
strength it displays toward trivalent cobalt. 

The high ligand field splitting caused by phosphites is not explicable in terms of sigma 

donor character since they are weaker bases toward protons and Group III Lewis acids than 
tines which have very much lower Dq vaIues even if they can chelate (e.g. lg3 2,320 cni’ 

for Co(en), 3’). Metal-to-phosphorus pi bonding is very attractive to postulate as the maim 
source of extra stability of the ‘A rg level as is predicted by ligand field theory rg5. 

TABLE 10 
Ligand field parameters for octahedral cob&(III) complexes 

Ligand %P B 
(cm-l ) 

A& T*g- 1 T1g) 
(cm-’ ) 

CN- 3480 ’ 0.37 b 6410’ 
P[OCH2 )&Me 3290 0.28 5000 
P(OCH2 )3CEt 3270 0.22 5800 

PIWH)3 (CH2 )3 3225 0.13 2300 

P/OMe)s 3080 0.19 3300 

p The values quoted here for the phosphites differ slightiy from those given in previous pub~ications17~180 
because the value F&‘e was assigned a more conservative value rather than using the one for COCCN)~~ 

(see text)‘7e’r80 . The spectra and the band positions were obtained by Gaussian analysis- b H.B. Gray 

and N.A. Beach.1 Amer. Chem Sot., 85 (1963) 2922. 
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While negative evidence must be viewed with caution, the absence of CoL6 3c complexes 
where t is PRJ may be attributable to the relatively poor pi bonding capability of the phos- 
phorus (i-e_ R is insufficiently electronegative) in spite of its higher sigma basicity. At the 
other extreme Co(PF& 3+ may be unstable because the phosphorus is not sufficiently basic 
to neutralize properly the charge on the metal so that electron density from the metal is 
unable to delocalize into the highly acidic pi orbitals on phosphorus. The intermediate 

sigma donor and pi acceptor ability of phosphates may thus be responsible for their very 
high position in the spectrochemical series for cobalt(IIIj complexes, viz. 

CN > P(OR), > en > N& > Hz 0 > COj2- 

The decline in Dq in the order Ia N Ib > II > P(OMej3 may reflect a rise in ligand- 

ligand repulsions in the same order as might be expected from their increasing st_ric require- 
ments (Fig. 13 j. It is tempting to ascribe part of the decrease in Dq from caged phosphites 
to P(OMe)J to a fall in pi acid strength (owing to the “hinge” effect) which overrides an 

augmentation in sigma donor strength for which evidence was presented earlier in this review. 
A measure of the interelectronic repulsion in the complexes can be gained from the 

ratio /3 = (F2 --5F,)lBi,, where B,, is I 100 cm-’ for cobalt(II1) lg3. Although no consistent 
trends are found among the j3 values or the differences in energy between the ’ T2g ad 1 Tlg 

excited states (Fig. 14) ’ 78 for the phosphites, both nephelauxetic criteria suggest that the 
cyan0 complex entails more electronic repulsion on the metal (less covalent binding) than 
the phosphite complexes. 

Stable cobalt(I) complexes containingmonodentate ligands are rare. Besides the pentakis- 

phosphite cobalt(I) cations described in the previous section, only the Co(CNMe),f and 
CO(CNP~)~’ species have been characterized’ g6 ash. In contrast, the pentacyanocobaltate(1) 

anion has only been detected in solution ’ 9 7a sb. The pent&s-phosphite nickel(II) cations’ 79 

and the pentacyano nickelate(I1) anion’ 98 are isoelectronic with the cobalt(I) complexes 
and presumably isostructural. The similarity of the UV-visible spectra of the cobalt(I) and 
nickel(Ii) phosphite compounds (Table 1 I) is consistent with &is idea as are the trigoual 

bipyramiclal configurations found for Co(CNMe)S* (ref. I96bj and Ni(I& 2-c (ref. 199) 
(see Sect. 9). 

The one-electron spin-allowed ligand field transition of lowest energy in a d8 complex 
of D3h symmetry is (e”j4(e’j4 + (e”j4(e’,“a1 (see Fig. 15j200. In alI the complexes for 
which assignments have been made 2oo, the extinction coefficients of the observed spectral 
band of lowest energy are relatively large (ca. lo3 )_ A siaficant number of spectral data 
on trigonal bipyramidal nickel(U) phosphine complexes is most consistently interpreted, 
however, if the lowest energy band in their spectra is assigned to the e’ +a’ d-d transition201 _ 
The high intensity of this band has been ascribed to a large admixture of higher configura- 
tions by odd crystal field componentszol and to covalency effects*‘*. 

If the data in Table 11 are regarded with the above considerations in mind, the low en- 
ergy bands (24,800-27,400 cm?, E N 10’) of the nickel complexes (assigned to the e’-& 

l&and field transition) lie considerably higher in energy than those found for complexes 
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of the type [NiLX]‘, where L is a tetradentate phosphine tripod ligandZO’ @a. F7,000 err?), 
This is not ~~r~as~~ab~~ in view of the higher ligand field expected for five phosphites than 
for four phosphines and a halogen. Comparing the relative energies of the cobalti and 
dickey complexes of the same phosphite in~cates that the cob~t~1~ ligand field splittings 
appear to be somewhat greater. This may be a consequence of the larger ligand field stabili- 

zation due to pi bonding which might 6e expected to be slightly larger for a smaller positive 
charge OR the meta1203. It is also seen from the low-energy transitions in Tabfe I1 that the 
ligand field strength of P(ClMe)3 is smaller than those of the caged phosphites and this ac- 
cords with the conclusion reached earlier for the octahedraI ~ob~t(III~ complexes. 

TABLE If 

SpectraI parameters of pentakis-phosphite cobalt(I) and nickel(II) complexes 

Ref. 

ZS,6UO 1.1 x lo3 180 
43,500 1.0 x IO4 
28,600 I.4 x lo3 180 

45,400 1.3 x lo4 

29,300 1-4x lo3 180 

43,500 1.5 x XI4 

26,200 1 x IfI3 179 

39,600 1.6 x 10’ 

43,500 I.3 x IO4 

NWWCH2 13CKX2)4Mef 5 
z+ 27,300 2.6 x lo3 179 

=IP(iOCHtkdCH2 33 15 = 27,400 2,1x lo3 179 

~~P(~Me~3 I 5* 24,800 2.5 x lo3 179 

40,200 1.6 x lOa 
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Inasmuch as only one spin-permitted band is expected in Dsh symmetry 20’, the more 
intense bands at higher energy observed in the nickel(H) phosphite complexes are probably 
of the charge-transfer type. 

When nickel(II) cyanide is treated with phosphorus ligands, both four- and rive-coordinate 

complexes of the type NiL5(CN)o and Nib (CN)* are formed x81s *‘*, 204-208 _ Trigonal- 

bipyramidal structures of&h symmetry generally have been assigned on the basis of the 
single observed cyanide stretching frequency ‘8’92029204a. Although the solid-state molecular 
structures obtained for the compounds 

NfL3(CN12 

(L=PPh(OEt)21 

Ref. 209 a 

PPhMeZ 

Ref. 209 b 

(R=Me,Et 1 

Ref 210 

support the trans relationship of the cyanide groups, distortion from an idealized trigonal- 
bipyramidal geometry (which in some cases is severe) can be observed (see later). The re- 
ported*” dipole moment of N~(PBu,)~(CN), (2.44 D) is inconsistent withDBh symmetry 
as are the two low-energy maxima observed202 in the electronic spectrum of Ni(PPhz Me)j(CN)2 _ 

Despite the above difficulties, the lowenergy band in NiLa( has been assigned to 
the e’ + a’ d-d transition in &h symmetry*‘*’ *04. If the spectral assignments are correct, 
inclusion of our data in such an analysis indicates that all of the ligands (which are of the 
type P(OPh)a (ref. 181), P(OR)a (refs. l81,204a), PPh+& = 1 or 2)204a, PphMe2 
(ref. 202) and P(CsFS )Me2 (ref, 202)) yield a low-energy band between 22,500 and 24,600 
cm-’ with that of Ni(Cl’+Q5 3- being204a at 23,800. Because of solubility problems, only a 
broad band at 27,400 cm-’ could be seen l8 r in trans-Ni [P(OCH, )3 CMe] 3 (CN), , which 

could possibly have a low-energy component in the 24,000 cm-’ region. Thus the Iow- 

energy band in these systems does not appear to be very sensitive to variations in ligand field 

strength. Electronic and steric factors governing spectrally detected dissociation equibbria 

of the type 202,2048,205,206 

are not understood Is’ _ 
The lowest-energy band in Ni[P(OEt)3 ] 4 (42,000 cni’ , E = 2.2 x i03), Ni[PPh(OEt), ] 4 

(30,000 cni’ , E = 1.8 x 103), Pd[PPh(OEt)214 (32,300 cm-‘, E = 1.7 x 103) and 

Cu [PPh(OEt), ] 4” (36,800 cn-ir , e = 0.8 x 103) have been assigned to a combination of 

two transitions emanating from two metal 3d states ((2e)4 and (3tz)6) to a fl* state (4r2) 
on the &and 21 ’ . Although the lower energy transition in the nickel complexes might have 

been expected with P(OEt), because of the greater electronegativity of an OEt group com- 

pared with Ph, the higher energy transition in the P(OEt)B complex is ascribed to electronic 
repulsions in the dg (n*)l state which would be more interrse with lone pairs on three oxy- 

gens. Equilibrium studies show that PPh(OEt), replaces P(OEt), in the nickel complex to 

give Ni[PPh(OEt)z ] 4 and it was concluded2 ’ ’ from this and the spectral results that metal- 
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phosphorus pi bonding is more extensive with PPh(OEt), . It is difficult to rationalize within 
this theoretical framework the analogous ultraviolet spectral data obtained earlier in our 

laboratories for Ni[P(OCH&CMe] 4 (34,500 cm-‘, E= 1.9 x 104), Ni[P(OCH,)&Et] 4 

(41,OO cm?, E = 2.4 x 10’) and Ni[P(OCH)a(CH&] 4 (45,000 cm”, E = 2.7 x f04) since 
the variation in this charge-transfer energy is so large for such a structurally similar triad of 
ligands. Consistent with 3d + 7~ * charge transfer, however, is the 47,000 cm” band (e S 

1 03) observed in Cu [P(OCHz )S CMe] 4” and the absence of an observable absorption for the 
silver(I) analog “’ since the energy gap is expected to increase as the 3d metal orbitals are 
stabilized by increasing charge. The question of the relative importance of steric and elec- 

tronic effects is still open, for extensive l&and exchange equilibria studies212 are consistent 
with a dominance of steric size, rather than electronic factors, in determining the stabilities 

of NL4 complexes. 

It was noted years ago that substitution of a piperidine in trans-PtCpiperidine), Cl2 by PPra 
or P{OMe)3 resulted in an increase in energy of the d + d spin-allowed transition from 3 1,750 cm-' 

(E = 78) to 32,600 cti’ (E = 303) and 33,400 cm-’ (E = 3 19), respectively 213 a These bands 

were assigned to L&.,, + dX2 _Y 2 transition which could be taken as a measure of the average 

crystal field splitting power of the ligands. The dominant source of the larger separation 
between these orbital energies for P(OMe)a compared with PPr3 was postulated”13Y 2*4 to 
be the stabilizing effect of the Pi acidity of the ligand on the dXY orbital which is greater in 

the case of P(OMe)s. The drastic increase in energy in the lowest transition observed for 
cr’s-Pt[P(OCH2)&Me] 2 Cl2 (40,000 cm?, E = 1165) is not unexpected then in view of the 
fact that now two phosphites of very high ligand field strength are attached to platinum. 

In the approximation df pure d orbitals, the fact 1 75 that the bicyclic phosphite complex 
is cis is not relevant. The d-d band in cis-Pd(la)4C12 occurs at 43,500 cm-r (e = 3400) “‘. 

3. 3 ‘P &emical shifts 

While the nature of 3 ’ P chemical shifts has been elucidated theoretically2 IS, the interplay 

of factors (e.g. the imbalance of the u-bonds due to electronegativity effects, the degree of 
d orbital occupation and geometrical symmetry deviations) has not yet permitted a quanti- 
tative interpretation of experimentally observed shifts. Thus chemical shift relationships do 
not reflect phosphorus electron density changes in a simple manner and empirical correla- 
tions of such shifts to other parameters appear to break down when a larger range of com- 
pounds is studied. These problems have been reviewed recently in some detail ‘16. Recent 
efforts to correlate 3’ P chemical shifts upon coordination, with &3 ’ P of the free ligand have 
met with success for a variety of complexes, however217a_ 

Because of the formidable barriers to interpreting 31 P trends, our activity in the area 
has been restricted to establishing some caveats on generalizing too broadly regarding the 
or&ins of such trends in a limited number of coordination compounds of varying geometry. 

It had been postulated 2 L 7b that the increasing upfield shift in several metal complexes with 

respect to free ligand (P(OEt)3 and P(OMe)a) could be interpreted in terms of increased 
shielding of the phosphorus nucleus by electron drift from the alkoxy oxygens as the metal 
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P3’ CHEMICAL SHIFT IN P.p.m. 

APPLIED FIELD 1 NCREASES t 

Fig. 16. Plot of 3’P chemical shift of Con@eXeS of P(OCH2)3CR (A), P(mH)3(CH2)3 (a) and P(OMe)3 
(m) against charge on the metal. The points in brackets represent the chemical shifts of the free Iigands. 

charged increased. There are several serious limitations on this postulate in attempting to 
extend it to polycyclic phosphate complexes or even other complexes of P(OMe)3. From 
the data in Table X 1 (depicted graphically in Fig. 16) it is seen that on the basis of the 

above postulate, several inconsistencies OCCU~~~~. (1) It is unexpected that the 3 ’ P shift of 
FWYOW& 1 NO 3 is found at lower field than the ligand- (2) It is unexpected that with- 

out exception all 3 1 P shifts for camp lexes of P(OCH2 )a CR are found downfield of the free 

l&and. Even a formally dipositive metal charge seems incapable of producing a net upfield 
shift. (3) The shifts for AgL4+ and Nib ‘+ (L = P(OCH2)3 CR) are reversed_ (4) The shifts 
for NiL4 and CoL5* (L = P(OCH2 )3 CR) are reversed. (5) The 31 P resonance of CoLS* is 

downfield of the free ligand P(OCH)3 (CHZ )a. 

It is apparenr from Fig. 16 that the changes on coordination of these ligands are not 

constant nor do they act in the same direction. Furthermore, comparisons of 3 * P shifts 
for variously charged complexes can be more meaningfully made in systems which are both 
isostructural and isoelectronic ‘I8 . In such complexes all other variations which alter 31 P 
shifts (phosphorus hybridization changes from one complex to another, l&and-ligand 
interactions and magnetic anisotropies, etc,) are minimized. 

The possible origin of the trend toward higher CO stretching frequencies and force con- 

stants in metal carbonyl complexes of phosphorus ligands as the electronegativity of the 
phosphorus substituent rises has claimed the attention of numerous investigators. Consider, 

for example, the energies (or force constants) of the CO bands in Mo(CO)~P&, where an 

increase in the order Y = Me < OMe < Cl is observed. Using a simple force field analysis 

this result has been interpreted as stemming from the increasing electronegativity of Y which 
acts primarily to depopulate the CO antibonding orbitals and thus strengthen the CO bond’l’. 
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Correlation of v(C0) values or their associated force constants with CT* polarity constants 
has led to the alternate explanation that the fahing o basicity of the phosphorus I&and (as 

Y increases in electronegativity) is the dominant effect responsible for depletion of the CO 
antibonding orbitals, a process which is brought about by the increasing charge on the metal 
tending to concentrate electron density in the MC bonds220. In yet another study**‘, it 

was concluded from a comparison of the dipole moment derivatives of the E and TIU modes 
that there is the same or less M to CO pi electron transfer in M(CO)5 L complexes in the 

case when L is an electronegative phosphorus ligand as when L is a carbonyl group, Thus 
no increase in pi bonding in the M-C link is experienced as CO is displaced by a poorer pi 

“I bonding &and . In further contrast to the conclusion cited earlier2”, it was also noted 
that increases in u(C0) values with increasingly electronegative phosphorus ligands are 
caused by weakening of the MC sigma bond (owing to decreasing electron density on the 

metal) and not 5y an increase in the MC pi bond **I. 
Because the pi acidity of a phosphorus ligand parallels its decreasing basicity, the con- 

comitant increases in CO frequencies or force constants do not by themselves support or 

deny increasing metaI-phosphorus pi bonding. The data in Tables 12-17 do demonstrate, 
however, that as expected: (a) caged ligands produce higher Y(CO) values than open-chain 

analogs in analogous complexes; (b) that although the order in CO frequencies caused by 
caged phosphites and thiophosphites is not the same in all cases for analogous complexes, 
both cause higher v(C0) values than caged aminophosphines; (c) statement (b) also applies 

to the open-chain analogs; (d) P(OCH)3(CH2)3 complexes possess somewhat lower CO 

frequencies than P(OCH& CR analogs; and (e) As(OCH2 )3 CMe raises the CO frequencies 
above P(OCH2), CMe. Although comparison of force constants is more valid than a fre- 

quency trend*“, these concIusions accord weII with the expected differences in either 
basicity or pi bonding among the ligands. Force constant calculations27 based on a simpie 

force field model * lg also corroborate these conclusions for W(CO)s L complexes but the 

total ranges of the two CO force constants are onIy 0.3 and 0.4 mdyne/& Since the errors 
are at least*” k0.1 mdyne/& more Precise ordering of the ligands considered here is un- 

warranted. Statement (a) above implies that the hinge effect is operative not only in caged 

phosphites but also in caged thiophosphites and aminophosphines. The origin of the exalted 
CO frequencies in the case of caged ligands could be either decreased sigma basicity or in- 

creased pi acidity or a combination of the two, for it wiU be recaIled that both changes are 
expected ro result from the “hinge” effect. 

The caged ligands P(CH2 0)3 CR and P(CH, 0)3P each possess a P(CH2 0)3 moiety which 

confers some rather curious aspects on the carbonyl infrared region. In Table 12 it is found, 
for instance, that although not surprisingly the CO frequencies in Group VI complexes of 
P(CH2 0)3 CMe are less than those of P(OCH2 )3 CR, they are rather close to those of 
P(SCH2)sCMe and P(OMe)3 _ This implies that the oxygens in the P&H, O), system are 
capable of exerting a sizeable electron-withdrawing effect which renders the phosphorus 
effectively the same as that in the latter two ligancls. Although the iron complexes in Table 
15 exhibit higher frequencies for P(OMe)3 than P(CH, 0j3CMe as perhaps expected, those 
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TABLE 13 

v(C0) assigmnents in &M(C0)4Lz complexes 

J-G. VERKADE 

Al (2) Al(‘) Bl B2 Medium Ref, 

WCC94 pWC& )&Mel 2 2043 1950 1925 

[PC3332 13CMel z 2033 1957 1931 
[JMXX-I2)3CMel2 2065 1962 1955 

MN33h ~FWX&KMd 2 2045 1965 1945 
[P(SCH&C-X-Pent] 2 2045 1965 1945 

[PWCH2 k&Me] 2 2038 1945 1923 

[ P(NMzCH2)3CMe] 2 2028 1934 1912 

WC014 P(OCH2MIKel2 2045 1950 1924 

[P(SCH2)3CMe] 2 2041 1976 1927 

CrKoI4 FWCW3CCH2)3 I 2 2043 1950 1929 

Mo(C014 IfWCHI3CCH2)312 2050 1957 1934 

WCO)s PWCH)3KH2 13 I 2 2053 1950 1927 

cr(co), IP(mH2 )3pl2 2037 1946 1924 

MdC014 fP(mH2 )3p] 2 2048 l954 1938 

[P(mH2)3Pl [p(cH20)3p] 2G44 1955 1938 

MdCOh PO3-b 13CEtl IIWAk2 13 I 2031 1930 1913 

CPWCH2)3CW P(OMd3 I 2048 1961 1944 

WC@4 PCQMeI3 12 2026 1947 1939 

IpcNM?2~312 2015 1945 1930 

WWh 2000 1890 1876 

MoKOI4 IPWW3 12 2045 1955 2045 

IWBW3 12 2037 1945 1926 

cp(cH2 a)3 12 2032 I952 1932 

(PMed2 2024 1930 1901 

F’(NMePhI3 I 2 2125 1933 1911 

rp(NMe2)312 2012 1908 1894 

WC014 IPCOMe)3l2 2034.6 1947.2 1939.3 

(PMe3 12 2012 1912 1893 

PWMe21312 2004 1876 1866 
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CH*C12 Y2 CHCl3 

CH2C12 172 

CH2CI2 172 

CH2C12 172 

CH2C12 32 

CH2Ct2 174 

CH2C12 174 

CHC13 186 

c6Hl2 186 _ 
C16%4 
d r” 

C&2 I75 

CHC13 b 
e g 

C6H12 175 

CsH12 175 

CHC13 184 

CHC13 186, c 

C16H34 f 

C6Hi2 175 
e f 

cI The I31 and B2 bands are unresolved and both modes probably contribute to the band &ted under Br - 
b F.B. Ogihie and J-G. Verkade, to be published. 

c See footnote b of TabIe 12, 

d See footnote c of Table 12. 

e Hydrocarbon. 

‘R. h$athieu and R. Poilblaac, CR Acad. Sci, Ser. C, 264 (1967) 1053, 

g R. PoiIblam and M. Bigorgne, Bull. Sot. C’him Fr,, (1962) 1301. 
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TABLE 14 

v(C0) ass@nments in &0ns-M(C0)4h complexes 

Al, Big Eu Medium Ref. 

C’r(COI4 [P(SCH2)3C-n-Pr] 2 Q a 

PWCH2 bCMel2 
47 a 

R’(NMeC& hCMel2 
u 1938 

UWCHMCHd312 
a u 

Mo(CO)4 [ P(NMeCH2 )3CMe] 2 a 1949 

VWCHh(CH21312 
a P 

W(COI4 [PcNMeCHz WMel 2 
u 1938 

F’(OCHI3CCH2 13 I 2 
a a 

MdC034 fP(OCH2 l&Et1 [Pm-2 13 1 = 
a 

[PKKH2 hCEt1 IFWMe)3 I GJ 
a 

WCOh ENOMeh 12 
a 1967 

VYSMeh I 2 
a u 

IPMe31 2 
a a 

[P(NMe2)312 a a 

Mo(CO)4 [PCOMe)3] 2 2045 1973 

IPWe2)3 I 2 
a a 

WCOhUYOMe)3 I 2 
a a 

[P(NMe2)312 
a Q 

1935 

1915 

1887 

1926 

1905 

1932 

1894 

1924 

1910 

1932 

1918 

2925 

1876 

1868 

1923 

1885 
1915 

1870 

CHC13 

CH2 ci2 

CHa3 
CH2Clz 

CHC13 

CHza2 

CHQ 

CH2cf2 

CHCI3 

CHCI3 
d 

CHa3 

CsH12 
f 

C6H14 
f 

C16H34 

f 

b 

172 
c - 

I72 

,c 

172 
c 

172 

186 

186 
e 

tr 

175 
g 

221 
Jr 

h 

g 

’ Not observed. b 
See footnote b of Table 13. ’ See footnote b 

Chem.. 2 (1963) 
936. h See footnote c of Table 12. 

recorded in Table 16 for nickel carbonyl derivatives tend to be larger for P(CH2 0)3CMe 
with respect to P(OMe), and variable for P(CH20)3A~ and P(CH, 0)3SiMe. These obser- 

vations, coupled with the fact that P(CH2 0)~ CMe does not react with BMe3 (Table 5) 
whereas P(OMe)3 forms a stable adduct with this sigma acceptor, strongly suggest that 

(a) the sigm a b asicity of the phosphorus in P(OMe)3 may be significantly enhanced by pi 

donation from the oxygens, and (b) that since P(CH2 0)3CMe is an even weaker base than 

P(OMe)a, its pi acid character is at least as great as that of P(OMe)3 and perhaps even greater 
in view of the fact that carbon cannot pi bond. Triphenyl phosphine is widely herd to be a 

good pi acid and it is interesting that the v(C0) values in W(CO)5 P(CH2 0)3C-n-Bu are 
higher than those of the PPh3 analog, 

The PC3 and PO3 phosphorus atoms in P(OCH2 )sP are unexpectedly similar in their 

effect on the CO frequencies in Group VI metal carbonyls. Thus only three bands were ob- 

served in bridged compIexes of the type (OC), MP(OCH2 )3 PM(CO)5 and furthermore these 
bands were close to those observed for the corresponding M(CO), P(OCH2 )3P complex 

(Table 12). Similarly the ii&age isomers c&Mo~CO)~ [P(OCl& I3 P] 2 and ~is-Mo&O)~ - 

[p(ocH2)3p] p assess spectra which resemble one another closely (Tabfe 13). In iron com- 
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TA3LE IS 

Y(CO) assments in Fe(C0)4L and Trans-Fe(COIslL2 complexes 

Al(*) Ap E Medium Ref. 

Fe(C0)4PfOCH2)sCMe 2065 1996 1965 
P(NMeCI&)&Me 2053 1976 1942 

As(OCH2)3CMe 2125 2005 1980 

P@CL&(C&)J 2065 1993 1962 

P(wH2 )3p 2068 1991 1954 

P(CH2 013P 2065 1993 1946 

@CI4FeP(OC& kPFe(COI4 2068 1999 1963 

Fe(C0)4P(CH2 CI)&Me 2059 1988 1949 

P(OMeI3 2063 1994 1964 

P@Me& 2041 1969 1930 

CHCI3 

cEm3 

cm 

CH2C12 

f=zClz 

CH2Clz 
CH2C12 
CH;! Cl2 

Cd412 
c 

170 
a 

85 
171 
32 
32 
32 
26 

b 
d 

E' Medium Ref_ 

trans-Fe(C0)3 [ P(0CH2 )3CMe ] 2 

[PCCHZ OKMel 2 

UYNMe(3-b )&Me] 2 
IP(C=03ECH2 13 I 2 

[P(mH2 )3pj EPCH.2 O)sPl 

W(OMe)312 

PWMe2)3 I 2 

[PO=2 )3c-“-pr] [P(NMe2 13 ] 

1933 

1904 

1890 

1926 
1927 

1923 
1914 
1871 

1899 

CHC13 

CH2Cl2 

CHCl3 
CH2C12 
CHC13 

C6&2 

C 

C&12 

170 
26 

a 

171 
59 

23 

d 

186 

a See footnote b of Table 12. ’ J.D. Cotton and R.L. Heazlewood, Amt. J. Ckm., 22 (1969) 2673. 
Splitting of the e and e’ modes in the man- and his-trimethyl phosphite compounds is observed. ’ Halo- 
carbon. d See footnoteg of Table 14. 

plexes (Table 15) decreased resemblances are noted since the linkage isomers Fe(C0)4- 

P(OCH2)3P and Fe(C0)4P(CH20)3P and the bridged complex (OC)4FeP(OCH2)3PFe(C0)4 
do display distinguishable spectra. 

Some miscellaneous carbonyl frequency comparisons which are not unexpected but are 

worthy of comment close this section. Complexes containing two different ligands (TabIes 

13-16) possess CO frequencies which lie between those of the analogous complexes con- 

taining two identical ligands, Quinuclidine (N(C& C& )3 CH) seems to be a better base 
than NH2C6Hr r in W(CO), L (Table 12) and P(NMe2)3 a better one than P(NMePh)s in 
ckMo(C0)4b (Table 13). Finally, the increase in positive charge on the metal in trarrs- 
Co(CO)3 [P(OCH2)3CMe] 2+ (2063 crri’ )222 probably serves to depopulate the CO anti- 

bonding pi orbit& and raise v(C0) compared with the neutral tram iron analog (Table 
15). 
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TABLE 16 

Y (CO) asisigmnents in Ni(C0)4_XLX complexes 

Al E Medium Ref. 

Ni(C0)3P@CH2)3CMe 2090 2021 CHcl3 170 

PKJCH)3 (CH, )3 2086 2018 a2a2 171 
PtCH2 0)3As 2082 2005 CHC13 a 

P(CH2 0)3SiMe 2079 2002 CHcl3 a 

PWMe)3 2079 2010 b c 

2003 

Al Bl l+fedium Ref. 

Ni(C0)2 [P(UCH3)3CiMe ] 3 2048 

[P(~H)3(CH2)3] 2 2044 

[P(CH20)3CMeI 2 2030 

[P(CH2O)&MeI 2 2030 

[P(CHaC%Asl2 2022 

[PCCH20)3Asl [P@CH2)3CMeJ 2039 

IPCGMe)3 I 2 2024 

Al 

1994 CKCI3 

1896 CH2Cl2 

1978 CHzC12 

1975 CHC13 

1970 CHC13 

1973 CHCl3 

1976 C16H34 

170 

171 

26 
a 

u 

a 

d 

Medium Ref. ’ 

NiCO[P(OCH2)3CMe] 3 1997 CHC13 170 

[P@CH)3(CH2 )3 ] 3 1979 CH2Ci2 171 

EP(CH2 Q)3CMe] 3 1971 CH2C12 26 
[P(OMe)3 I 3 1963 CL6H34 d 

a J- Ratbke and J.G. Verkade, to be published. b 
chin?. Fr,. (1960) 1986, The e mode is split. d 

Hydrocarbon_ ’ M. Bigorgne and H, Zelwer, Bull. Sot. 
G.R. Van Hecke and W. de W, Horrocks, Inorg. C&em., 

S (1966) X960- 

5. M-P stretching fiequenci 

Metal-phosphorus stretching modes ranging from 98 to 463 cm-’ have been assigned 

with more or less certainty for over 150 metal complexes containing a variety of phosphorus 
ligands’ . Table 18 contains Raman and infrared data obtained for phosphite complexes “‘* 

r 73*223-230 and the values are generally in the Iow end of the range. Prior to the extensive 

study 1’2 of the far IR region of fifteen metal complexes of caged phosphites in 2968, the 

only other v(MP) assignment reported for a metal-phosphite complex (Ni[P(OMe)3 ] 4) 
was based on the presence of a strongly polarized Raman band at 178 cm-’ attributed to 
the completely symmetric A 1 mode in Td symmetry223* 225. The assignments of zJ(MP) 

bands in tie caged phosphite complexes were arrived at from the arguments ’ 72S 173S 23* 
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TABLE 17 
v(CO) assignments for Mn(C0)4,L,X complexes a 

A p Ref_ 

CZ-S-M~(CO)~[P(OCH~)~C-~-P~]C~ 

[P(OCH2)3C-rz-Pr] Br 

[P(CKH2)3Cble] Br 

[PtO-n-Bu)3] Br 

[PtOPW3JBr 
[P(OCH2)3C-TZ-Pr]I 

VWCH2 13CMeI I 
EPWMe213 IBr 

[P(NW 13 1 I 

2110 

2105 

2110 

2105 

2101 

2105 

2103 

2083 

2076 

2083 

2080 

2028 

2020 

2029 

2016 

2020 

2020 

2023 

2000 

2013 

2000 

2000 

2017 

2006 

1972 

1980 

1985 

1972 

1972 

1984 

1993 
1942 

1961 

1953 

1946 

1942 

1975 

1968 

1962 

e 

b 

e 

Al El 4 Ref. 

~~mf-rn~~-Mn(CO)~ [PIOCH213C-n-Prj2Br 2061 2000 1946 
~P(O_wBu)3 ] 2 Br 2049 1969 1927 
DYOMeh I 2 Br 2058 1976 1890 

[P(OPM312Br 2070 2000 1949 

IP(OMehld 2045 1965 1942 

D-TOW3 I 2 1 2056 1991 1948 

[P(me2)312CI 2024 1946 1887 

[P(OPh)31zCl 2051 1973 1931 

IP(h’Me2 13 12 Br 2020 1938 1901 

A& A” A& Ref. 

. 
fad-MnK0)3 [PCOCHz )3CMe] 2CI 2060,2005 1921 b 

[P(OCH2 )$h-Pr] 2 Br 2061,200O 1946 b 

[P(OMeh 12 Br 2052,1975 1939 k 

[P(O-n-Bu)3]2Br 2037,1969 1927 8 

FWPW3IzBr 2053,200O 1949 g 

(P(OCHd3CMeJd 2054,200O 1959 b 
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TABLE 17 (continued) 

a Ail spectra were obtained in CHCl3 except where indicated otherwise. The assignments for the cis 
complexes are based on the approximation that they are of Czp symmetry. 
’ See footnote b of Table 13. 
c R-3. Angelici and F. Basolo, Irzorg, Chem, 2 (1963) 728. 
’ R.J. Angelici and F. Basolo, J. Amer. Chem. SOC., 84 (1962) 2495. 
e R.B. King and T.F. Korenowski, J, O~nometol. Chem, 17 (1969) 95. The splitting of the low-field 
band could arise from conformational isomers of the &and. The spectrum was obtained in cyclohexane. 
f The mutually fruns phosphites are symmetrically related (i.e. cis) to the halide. 
gR.J. Angelici, F. Basolo and A-3. PO&J. Amer. chem. Sot., 85 (1963) 2215. The spectra were obtained 
in Cl2 C2 H4Cl2. 
h R. Ugo and F. Bonati, J. Organometd C’henr, 8 (1967) 189. The spectrum was obtained in CH2Clz. 
t EL. Booth and R-N, Haszeldine, L Chem. SIC. A, (1966) 157. 
1 The phosphorus ligands and X are mutually ck 
kP.M. Treichel and J-J. Benedict, J. Organometdl Chem., 17 (1969) P37. 

which follow taken in toto. (u) The far IR spectrum of Ni [P(OCH2)s CMe] 4 consists of 
only six bands, five of which are attributable to vibrational modes of the ligand while it 
seemed reasonable to assign the sixth at 157 cK’ to the F2 mode in T’, symmetry. (tr) 
The observance of a strong Raman band at 146 cm1 in Ni [P(OCH2)J CMe] 4 assignable to 
the A r mode. (c) The five expected M-C and M-C-O bands for Ni(C0)2 [P(OCH2)aCMe] 2 
could be observed in the 656-377 mi’ region allowing the bands at 155 and 144 cm? to 

be ascribed to the infrared-active A r and B2 modes in C2, symmetry. (d) A comparison of 

the far IR spectra of ch-Cr(C!O), [P(OCH,),CMe] 2 wi& that of the As(OCH,),CMe analog 

showed that a band at 181 cm* assigned to overlapped A r and B2 M-P modes in the phos- 
phite complex was conspicuously absent in &he arsenite analog. (e) The assignment of the 
single IR-active M-P asymmetric stretch in trcms-Cr(CO), [P(OCHj3 (CH2 )3 ] 2 is substan- 

tiated by the appearance at higher energy of the expected three M-C and M-C-O modes. 
cf) As expected, two bands are observed for ci~-W(Co)~ [P(OCH2)3CMe] 2 in the 180 cm’ 
region which can be assigned to the A r and Bz IR-active v(MP) modes. The small separation 

between these bands (3 cm-’ ) makes it likely that their overlap in the remaining cis com- 
plexes prevents their resolution. 

The bands assigned to M-P vibrations in the caged phosphite complexes often do not 

have obsenrable bands below them, and when they are present they are at least 20 and 
usually 30 or more wave number units to lower energy. The high-frequency side of the 

M-P band is clear for at least 150 cm” and usually for more than 200 cm’ . Thus the 
M-P modes may be relatively free of coupling to other motions in l he complex and it be- 

comes reasonable to examine trends as a potential source of metal-phosphorus bonding 
information. 

Previously’ 72 it was concluded that from the available infrared data on NI(CO)+~- 
[P@X&CMe] X the increase of x from 1 to 4 was accompanied by a rise in M-P fre- 
quency (Table 18). With the recent acquisition of the Raman spectrum of the complex 

tiere x = 4, however, this conclusion becomes somewhat less tenable (143, x = 1; 1%. 
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TABLE 18 

v(MP) assignments for metal phosphite complexes a 

Compound Y0fP) 
@m-l ) 

Mode No. of bands Ref- 
Expected Observed 

CrKO)5PKlCH2 13CMe 

Mo(CO)s 

wcas 
&Cr(C0)4 (P(OCH2 )$3W 2 

4%Mo(COj4 

cis-W(CO)4 

cis-Cr(C0)4 [P(mH)3(CH2 13 ] 2 

cis-Mo(COj4 

cis-W(CO)4 
*an*Cr(CO)4 [P(OCH;? )&Mel 2 

namMo(CCI)4 [P(OCH2)3C-n-Prj 2 

@am-W(CO)4 

tiamCr(Cob$ [P@CH)3(CH2)3? 2 

&am-Mo(CO)4 

ErarwW(CO)4 

Fe(C0)4P[OCH2)3CMe 

tiamFe(C0)3 fP(OCH2)3CMe] 2 

Ni(C0)3P(OCH2)3CMe 

NK012 [PKXH2)3CMel2 

NiCCO) [ P(OCH2 )$Me] 3 

Ni[P(OCH2 )3CMe] 4 

Pd 

Pt 

Ni[PKXXI)dCH2h~ 4 

Pd 

Pt 

Ni(CO)3P(OMe)s 

164 AI (C4vI 

195 Al (C4YI 

180 Al K4,) 

181 A 1, B2 (Czv) 

201 A I, B2 (C2vI 

198 b* c A I, B2 K’2,) 

185 AI, B2 (C2v) 

182 Al, s2 (Czv) 

200 AI, I32 C2,) 

181,178 A 1, B2 K’zv> 

190 -42u (&A) 

226 A2u ID4hI 

204 Am t&h) 

198 A2u @ti) 

237 A2u (&A) 

202 &u @JIZ) 
169 AI (C3v) 

192 Ai' 

143 4 fGv) 

155,144 AI, B2 K’2v) 

157,151 AI,E (C& 

157 
157 b* c 

-Fz CTd) 

146 b. = 
F2 CT& 

AI (Td) 
1 

192 E (C3y) 

142 AI U&I 
3 

191 E (C3yI 

160 AI CC3v) 
1 

191 b. c E <CRY) 

15&= AL (C321) 

148 b* c Ax (C3v) 1 

162 F2 (Td) 

x93 E CC3v) 

145 Al (C3,) 1 

194 E CC3v) 

170 AI (C3tr) 
I 

240 d Al (C3vI 

242 e AI (C3vI 

242 b* f AI (C3,) 

1 

1 

1 

2 

2 
2 

2 

2 

2 

2 
1 
1 

1 

1 

1 

1 
1 
1 

1 
2 

2 

I 

2 

3 

3 

3 

1 

3 

3 

1 

1 
1 

1 

1 

1 

1 

1 
1 

1 
1 

1 
2 

1 
1 

1 

L 

1 
f 

1 
1 

1 
2 

2 

1 

2 

2 

2 

3 

1 

2 

2 

1 

z 
1 

172 

172 

172 

172 

172 
229 

172 

172 

172 
172 

172 
172 

172 

172 

172 
172 

172 
172 
172 

172 

172 
172,173 

229 

173 

173 

229 

172,173 

173 

173 

224 

228 
228 
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TABLE 18 (ccantinued) 

Compound v@fP) 
(cm-’ ) 

Mode No* of bmds Ref. 

Expected Observed 

NiK’O) [PCOMe)3 13 
W f@Meh I 4 

NilP(~Et~3 14 

Pd 

Pt 

trrms-Pt2C4 [P(0Et)3 J 2 
fruns-PdzC~ 

irarzs-Pd2 Br4 

~Ag[P(~&kGMeI &IQ 
{CU[ WOCH 2 )3CM=] 4)ClO4 

242 b* f 

239 ‘r f 
178 ‘*g 

180 ‘* ’ 
335 

305 

210 

169 b* c 
335j 

302j 
226j 

335 

290 

200 
332 

290 
215 
33.531 

3ooj 
212i 

361 
364 

354 
112 
132 

2 

2 

2 

2 

2 

3 

2 

3 

3 

z 

3 

1 
1 
1 
1 
f 

1 

1 

1 
1 

1 

2’ 

1 

2i 

2f 

2i 

2i 

1 
t 
I 
1 
I 

228 

228 

228 
223,225 

229 

227 

229 

227 

227 

227 

227 

226 
226 

226 

173 

173 

i Ali spectra were obtained in Nujol using an infrared spectrometer unless otherwise indicated, 

Raman data. 

c Spectrum taken on crystais. 
’ Me~um not specified, 

; Solution (solvent nrzt specified). 
Liquid phase, 

f Hexadecane solution, 

. Assigned as split F2 mode _ 
‘. One of tie modes [Fz) is split. 
i Benzene solution. 
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144, x = 2; 157, 15 1, x = 3; 157, 146, x = 4). It is perhaps more realistic to examine 

weighted averages of these frequencies in order to take into account their degeneracies. If 
we assume that the symmetric mode when x = 3 is higher than the asymmetric vibration 
as is experimentally the case when x = 4 (Table 18) the weighted averages are 143 (x = l)* 

150 (x = 2), 155 (x = 3), 154 (x = 4) If these frequencies reflect bonding changes, their 

generally increasing order can be rationalized by making the reasonable assumption that 

phosphites are poorer pi bonding hgands than CO. The pi electron density deposited on the 
metal by a departing CO group is not completely engaged in pi bonding to the phosphorus 
which takes its place, Successive substitutions force the phosphorus atoms to pi bond to a 
greater extent as CO groups are replaced because of electron accumulation on the metal 
and hence the NiP frequency rises, The augmentin, 0 electron density on the metal on CO 

substitution is also reflected in the lowering of the force constants for the CO stretching 

mode 172,228 
I Supporting the idea that phosphorus-nickel pi rather than sigma effects are 

dominating the rise in v(NiP) as x increases is the expectation that Y(N~J?) would decrease 
with increasing x if the basicity of phosphorus were important_ Thus the metal would be- 
come less acidic as electron density accumulated on the nickel. Because only the A r modes 

for the Ni(C0)4-u [P(OMe)3 1 X are available no trends can be discussed. It is worthy of 

observation, however, that in the analogous P(OCH,)3CMe complexes, the A r mode is 
lower in energy which could reflect, at least in part, the mass difference of the ligands. 

As with the nickel complexes, v(MP) increases from mono- to disubstituted octahedral 

complexes of P(OCH2 )a CR (Table 18). In all cases, this increase is greater in the LWZS than 
in the cis compounds and the same trend occurs in the P(OCH)a(CH2)3 analogs. The same 

reasoning given for the rise in v(NiP) on CO substitution is felt to apply here. Because car- 

bony1 groups are undoubtedly more strongly pi bonding Iigands than phosphites, their de- 

pleting effect on the pi density available to the phosphite is expect:d to be greater when 
oriented t~zs to a phosphite than in a cis orientation. This stems from the fact that tram 
ligands share two d, orbitals whereas those cis to each other share only one. Hence the 

stronger M-P pi bond and higher-frequency M-P stretch is expected for the DYDZS isomers. 
Pi effects of phosphorus Iigands are “symmetry factored” from sigma influences21g and so 
force constant calculations on the CO modes in these compounds should complement the 
ZJ(MP) data. Althoughall the CO modes are not available”‘, the bands which have been ob- 
served are quite close to those of the analogous molybdenum P(OMe)3 complexes”’ _ As 

expected, the latter possess k, and k2 values, both of which are larger in the monosubsti- 

tuted derivative than kl and k2 in the cis, and k2 in the cis is larger than k2 in the trans. 

if these trends are reflections of changing M-P bond order in the Group VI complexes, 
the results are consistent with dominant MP pi bonding effects and they militate strongly 
against arguments based soleIy on sigma-donor prcperties of phosphorus ligands. If the 
latter effect were dominant, a decrease in v(MP) would have been expected from mono- 
to disubstitution and no significant change in v(MP) from the cis to the tiurzs isomer would 
have been predicted. 

In 1969, an infrared examination of the series M[P(OEt),] 4 (M = Ni, Pd, Pt) resulted 
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in a report 227 in which it was concluded that the two bands in the 340-290 cm’ region 

belonged to a split F2 mode and a band in the 220-190 cm-r range could be assigned to 
an A I species due to deviation from Td symmetry (Table 18). In a later study carried out 
in our laboratories r 73 it was pointed out that at least one of the bands in the 340-290 

region could well be a ligand band since a broad but reproducible absorption at 330 cm-’ 
was found for uncomplexed P(OEt), _ Moreover, the band at 210 cm-’ reported earIier227 

for Ni [P(OEt) ] 3 4 could not be observed in the infrared’73 or in the Raman23o spectrum_ 

However, the Raman spectrum did revealz3’ a strong band at 169 cm-’ which seems likely 
to arise from the Al vibration of an undistorted tetrahedron, Furthermore, the position of 
this band is more in line with the same Raman bands seen in the spectrum of the 
P(OCH2)3CMe (146 cm-1)23o and P(OMe)3 analogs (178 cm-r)223*225. It is interesting 
that this symmetric mode increases for the NiL4 series in the order P(OCH2)a CMe < 
P(OEt), < P(OMe)3 and for the Ni(C0)3L series in the order P(OCH,)3CMe (143 cm-‘) 
< P(OMe)s (240 cm-‘) (Table 18). Although a mass effect would certainly explain the in- 
crease in frequency from a P(OEt)3 or a P(OCH2)3CMe to a P(OMe)a complex, the sub- 

stantial increase from a P(OCHz)3CMe (molwt. 148) to a P(OEt), (mol.wt. 166) complex 
cannot be rationalized in the same way, It is possible, however, that the rigid caged ligand 
has an effectively higher mass than the flexible open-chain phosphites. Thus the oscillation 
of the phosphorus against the metal may be more hindered by the rather stiff alkoxide cage 
in P(OCH2)3CMe whereas it experiences more freedom when bonded to alkoxy chains which 

are more susceptible to bending and rotational motions_ Whether the decrease in sigma 
basicity of the caged ligand contributes to a lowering of v(NiP) here is not clear, for the 

better pi accepting capabilities of the ligand may compensate. 

The M[P(OCH2)3CMe] 4 complexes (M = Pd, Pt) are not as straightforward as the nickel 

analog in that additional bands in the M-P region are suggestive of distortion from Td 
symmetry. In the platinum complex, for instance, three bands are observed in the M-P 
stretching region of the Raman spectrum and two of these bands are also seen in the infrared 

spectrum1 73. If all of these absorptions are associated with M-P modes, the spectra are 
consistent with the idea that ‘-he platinum complex is distorted from Td toward C3V sym- 

metry. The intense 158 cm-’ Raman band could then be represented by the motion shown 

in (a) below while the less intense 148 cm-’ absorption might involve compensating bond 

polarizability changes, as shown in (b)_ 

The E mode in C&, symmetry couId then be represented by the 19 1 cm-’ band which 
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is both IR- and Raman-active. The similarity of the IR spectrum of the Pd analog is indica- 
tive of a similar distortion from tetrahedrality. It should be recognized that there is chemi- 
cal evidence for suggesting that three of the M-P bonds may be different from the fourth 

in PtO complexes* 3 I _ The fact that a very similar IR spectrum is also obtained for the 

PQP!OCH),(CH ) I 2 3 4 complex seems fortuitous if only a solid-state site symmetry effect 

obtains in the Pt and Pd(caged phosphite)a complexes. 

The M-P F, species in the Cu /P(OCHz )3 CMe J 4” and silver(I) analog appears at a dis- 
tinctly lower energy than the Fz mode in the nickel(O) complexes or for any of th‘e modes’ 
in the palladium(O) complexes, respectively, in spite of the nearly identical masses involved 
in the third- and fourth-row metal pairs 173 _ Moreover, the positive charge on the Group I 
metals might have been expected to increase rather than decrease v(MP) because of the in- 
crease in M-P bond polarity. It is tentatively suggested that the weak sigma basicity of 
caged phosphites may result in a subordination of this effect to a substantial weakening 
of M-P pi bonding from the zerovalent to monovalent d” complexes arising from the 

contraction of the metal d orbitals upon increasing the positive charge. 

6. Ligmd atom chemical shifts and intralgmzd coupling 

Since 31P chemical shifts of coordinated phosphorus nuclei have been discussed in Sect. 
C(E)3 we will consider here shifts of l&and ’ H and i 3 C atoms as well as the NMR behavior 

of the uncoordinated 31 P nucleus in complexes of P(OCHZ )3P. 
Although the available proton chemical shift data3 are not always consistqit with the 

idea that downfield shifts on coordination are expected on inductive grounds for organG 

phosphorus ligands, the general order 184 of the S ’ H values is: L < zerovalent metal com- 
plexes of L < divaIent Pd and Pt complexes of L < L-sulfide < L-oxide C RL+, where L = 
PMe3, f(CH2 C&, P(NMe2 )3 and P(OMe)3 _ It is conceivable that the generally increased 

deshielding of these protons is a result of the increase in electronegativity of the fourth 
group on phosphorus and the dominance of this effect over any tendency toward back 

donation from metal moieties and chalconides, The presence of several discrepanciesrs4 
in these trends admits of the possibility of one or more subtle influences which may override 

the inductive effect. 
Polycyclic ligands have thus far exhibited proton chemical shifts which are better be- 

haved in that the trend is always: L < zerovalent metal complexes of L < d&dent metal 
complexes of L < L-chalconides < RL+, where L = P(OCH2 )3 CR (ref. f 84), P(OCH)3 (CH2 )3 
(ref_ 171), P(CH2 0)3CMe (ref_ 184), P(OCH,&P (ref. 32) and P(NMeCH2)3 CMe (ref. 232). 

The rigidity of these ligands may be responsible for the greater sensitivity of their protons 
to inductive effects inasmuch as those on open-chain ligands will experience bond aniso- 
tropy changes if ligand conformational changes take place on coordination. 

The ’ 3 C chemical shifts for several open-chain ligands recorded in Table 19 appear to 
be sensitive to inductive effects, although no consistent correlations are apparent at this 

time. The trend among P(OMe)3 systems is not unreasonable except that the order in the 
&and and the zerovalent molybdenum complexes seems reversed. The 3 i P chemical shift 
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TABLE 19 

r3C chemical shifts and couplings 

6 13CU JPH ‘JCH Ref. 

Mo(C0)5P(OMe)s 
&Mo(CO)4 [ P(OMeI3 ] 2 
k~z~-Mo(C0)4 [P(OMe)s) 2 
P(OMe)s 
c&PdCl2 [P(OM&] 2 

OP(OMe)3 
SP(OMe)3 
[ MeP(OMe)a ] BF4 

SePMe3 

SPMe3 
c&Mo(CO)4(PMea)a 

PMe3 
tmns-PdIa tPMea)2 

[MePMes ] I 

OP(NMe2 13 

P(Me2)3 

-31.24 
-3 1.29 
-3 1.44 

-33.0 
-35.05 
-39.0 
-39.5 
-48.47 ’ 

+14.59 d 

-8.0 

-7.6 

-5.58 

-1.8 

-0.25 

+3_9 

-16.82 

-26.94 

- 2.3 
- 3.1= 

- 1.7= 

+ 10.0 

3.7 e - 

- 5.8 

- 5.6 

- 17.8 c 

+132_4 d 

+ 48.5 

+ 56.1 
e 

- 13.6 
e 

f 55.5 
f 2.2 
i- 19-4 

+ 11.6, 
+ 11.6 = 

+ 11.6 = 

+ 10.0 

-+ 12.9 

+ 10.5 

+ 12.9 

+ 11_4C 

- 17.8d 

- 13.0 

- 13.0 

- 6.3 

+ 2.7 

- - 10.0 

- 15.4 

f 9-30 

.!- 8-8 

+146_8 
+144.9 
+144.4 
+146-O 
+148.5 
+147-o 

+148-l 

+153-o = 

tz40.9 d 

.f 130-5 

t129.3 

+129 

+126_9 

‘+130_4 

+132.5 

+136.2 

+133-s 

242 
242 
242 
b 

242 
b 

b 

242 

242 
b 

b 

242 
b 

242 
b 

242 

242 

a Chemical shifts with respect to glacial r3CHaCOOH as an external standard_ ’ W_ McFarlane, &UC_ 

Roy. Sot., Ser, A, 306 (1968) 185. These values given with respect to CH3’3COOH in this reference were 
corrected by subtracting 158 p_p_m_ to obtain them relative to 13C&COOH * c PO13C carbon. dP13C 
carbon. e See Sect_ C(iii)8_ 

of the uncoordinated phosphorus in P(OCH2)3P (Table 20) seems to be fairly insensitive 

to coordination of the other phosphorus except in the case of [MeP(OCH2)3P] BF4, where 
the PC3 phosphorus is rather strongly deshietded. 

The intrahgand coupling constants are in many cases amenable to interpretation in terms 
of hybridization changes induced by coordination of phosphorus_ 2JPOC for P(OMe)3 is 
seen from Table 19 to decrease from a positive w&e in the free &and to negative values 

upon coordination in the order L > complexes of L > chalconides of L > MeL*_ A some- 

what similar trend is seen to occur for the two-bond coupling ‘JFCH for PMe3, which also 
becomes negative upon coordination in the order L > cis-Mo(CO), L > tmns-Pd12 L > 
L-chakonide > Met, Evidence for this type of behavior of 2JPCH has also been discussed 

by others233-23s. Although no 2JPNC coupling constants were actually measured for 
P(NMe2)3 complexes, it is probable 236 that they lie between those for the free ligand 
(+ 19.4 Hz) and its oxide (+ 2.2 Hz), which would be in agreement with the *JPCIC and 
2JPCH trends just given. Thus increased electron withdrawal at the acidic coordination site 

seems to induce a decrease in this coupling, as suggested earlier by others in the case of PR3 
derivatives237_ 

8% 
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TABLE 20 

NMR data for P(OCH&P derivatives 

J.G. VERKADE 

(~)&foP(~& )3p 

COC~5MoPCOCHz ~3PMo~CO), 

t~)S~(~H2)3P 

COQ,~WOCH2 )3PWCO)5 

I(OCWWXH2)3W BF4 

Cis-(~)4-[P(~H2)3p] 2 

&(~)4?+fo[P(~& 13 ] - 

[P(CH20)3P] b 

WO4FePKJCH2 )3P 

UXhFeWCH2O~3~ 

(OC&FeP(OCH2 )#Fe(CO)e 
*mWOC)3Fe[P@CH&P- 

[P(CH20)3P] ’ 

[MeP(OCH2 hP1 BF4 

WO=z ),PMel BF4 

OP(OCH2 )3fO 

SP[OCH2)3PO 

SP@C& )3P 
OP(OCH2 )3P ’ 
P(mH2)3PS b 
P(OCH2)3PO b 

SP(OCH2 )3PS b 

2nH 3JPH 3JPP S3’P0 3 

+8.9 

+8.5 

(+)2*0 

+8.8 

+2.1 

+8.5 

(+I 
-5.6 

(+)8.4 

+8.5 
+2.6 
+8.S 

(go.4 

(+)0.4 
+8.7 

0.9 

+8.5 

-5.4 

-8.2 
-9.0 
+7.6 

+7.5 

-5.8 
-8.1 

-5.4 

+2.5 

+5.3 

(+)S -6 

+5 .o 
t5.2 

G.3 

+5 -5 

6.1 
(+)5.3 

+5.2 

+2.6 
+6.1 

(+)2.8 
Mi.2 

+6.2 

2.8 
+6.6 

G3.1 
+8.3 

+8.2 

+7.5 

+7.5 

+3.0 
t3.2 

+8.6 

- 37.2 

- 3.0 

+ 66.1 

- 4.6 
+ 63.7 

- 0.4 

+ 73.8 

+143.2 
- 2.4 

- 6.0 

f 20.0 
+ 8.6 

+ 47.1 
+ 95.3 

+ 9.0 
c 

.I. 46.2 

cl 14.6 

1139.1 
t-151.3 

f 48.1 

+ 65 

+118 
+140 

+150 

- 89.78 66.99 

-154.47 +6%.57 

-155.52 - 8.21 

-130.82 +68iiO 

-130.97 +18.94 

-109.09 168.75 
-108.37 +36.34 

-113.00 - 2.98 
-157.21 +68.52 
-133.3 +69.3 

- 88.0 +13.1 

-157.44 +71.38 

- 87.37 -22.42 

-160.40 -22.06 
-161.3 +68.0 

c C 

- 51.03 

- 89.58 
+ 18.17 

- 49.28 
- 52.06 

i. 14.25 

- 90.49 

- 85.53 
- 49.28 

+59.80 

- 2.56 
- 5.48 

- 5.50 

+70.89 

+69.98 

- 6.30 
- 7.45 
- 3.91 

4 All data taken from ref. 32. b See ref. 31. c See ref. 59. 

The increase in ‘JCH values generally parallels the decreases in the 2JPC and ‘JfH 
coupling for a given ligand. This Seems reasonable on the basis of the isovalent hybridization 
hypothesis, which in the present case states that when the carbon substituent becomes more 
electronegative through phosphorus coordination, its bond to the carbon gains p character. 
This in turn results in an accompmying increase in C-H bond s character. An increase in 
lJCH is also seen for a given compound as the substituent on carbon is changed from P to 
N to 0 since the electronegativity increases in this order aiso. The idea that hybridization is 
solely responsible for the observed trends has been criticized238, however, and the importance 
of the effective nuclear charge on carbon in considering C-H coupling has been pointed 
out_ A molecular orbital treatrnent23ga also takes into account both the effects of changes 
in s character and nuclear charge on carbon, and sign changes in ‘& and *JPH have been 
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ascribed to the dominance of an indirect Fermi contact term whose sign depends on wheth- 
er s or p orbitals are primarily used in bonding23gb. 

As noted previously (Sect. C(ii)2) increases in 3JPOCH are not significant upon coordi- 
nation of P(OMe)3 to BH3 or carbonium ions which is also true in the case of transition 

metal compkes (Table 19). Caged phosphites, however, have been observed to e@ibit 
sizable increases in this coupling upon adduct formation with sigma-bonding Lewis acids 
(Sect. C(ii)2). Because proton coupling is believed to be dominated by the Fermi contact 
term216*240, ho wever, the proton chemical shifts and POCH coupling in complex& con- 
taining pi donor acids might correlate differently from those in compounds containing only 
non-pi-donating acids, In Sect. C(ii)2 the linear correlation of 3JPOCH with the proton 
chemical shifts in the adducts AP(OCH&CMe and AP(OCH)3(CH2)3 (Figs. 9 and IO) 
were accounted for a by the variation in strength of the Lewis acid A which proportionately 
pokized the phosphorus lone pair toward an sp3 state by increasing its s character. If in- 

deed the coupling interaction invokes mainly changes in s character around phosphorus 
and little or no pi contribution, then it could be argued that for Lewis acids of equal 
strength, the acceptor which could also function as a pi donor would manifest proton shifts 
to higher field than tie acid which could function only as a sigma acceptor. In other words, 
as shown in Figs. 9 and 10, when A = oxygen, sulfur or a transition metal fragment, a new 
correlation is generated in which the chemical shift is the result of both sigma electron 
withdrawal and pi electron donation by A while the coupling constant reflects mainly the 

changes in sigma electron density on phosphorus. It is not too surprising that the chalcogens 

appear to be better pi donors (Le. greater upfield proton NMR shifts relative to non-pi- 
bonding acids) than the transition metal moieties. A simtiar plot for AP(OCH2 )a P deriva- 

tives shown in Fig. 17 also shows a linear correlation for the pi bonding acids. The only 

non-pi-bonding acids (Hat? and PhsC’) are seen to lie off the line in the expected direction. 

AP(OCH&P 

n 
0 

6.0 

3JCPOCHJ 
(Hz1 

50 

Ph& 
H$+, (OCl4Fu 

HZ@ 
~QC15W.c&-03C~tX, tOCS5Cr 

mcl5Mo 

3.0 

t 
lone potr 

20 
6.0 50 40 

‘H CHEMICAL ml FT (PPfN 

Fig. 17. Plot of 3JPH vs- the CH2 proton chemicd shift for AP(W&)~P compounds. 
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8.0 

6.0 

AP (CH20)+CH3 

n 

i lone pair 

* (CW2Nl 

f 

f 

“3B 
trans-fOC&Fe. (OC14Fe 

“38 

* (OCl2 NI 

-4.0 

-60 

I 

f S 

f 0 
-0.0 

5.0 40 

tH CHEMICAL SHIFT (PPfd 

Fig. L 8. Plot of 2JPH vs. the CE& proton chemical shift for AP(CH20)aCMe compounds (data taken 
from ref- 26). 

There is ample evidence from internuclear double resonance experiments3*y 18% 2363 241 3 242 

that, as in P(OMe)3 derivatives, the sign of 3JPH in caged phosphite systems is positive. 
An examination of the points on the graph shown in Fig. I8 reveals that although the 

range of 2JPH values for AP(CH2 0)3 CMe systems is quite large (16 Hz), the chemical shift 

range is quite small (-0.5 ppm.). The coupling constants for the nickel carbonyl and 

borane derivatives were too small to determine their signs with any certainty and so no at- 
tempt was made to draw a straight line through the collection of points. In any case, the 
correlation would appear to be reasonably linear. The analogous plot for A.P(CH2 0)~ P 
derivatives &own in Fig. 19 is similar to that in Fig. 18 with the added feature that, as ex- 

pected, the point for the non-pi-bonding acid CH3’ lies away from the trend of the pi- 

bonding acids. 
The variation in the *JPH, 3JPH and 3JPP coupling constants in l?(OCH2 )3 P as a fhc- 

tion of the acceptor on the phosphorus is entirely consistent with the caged-ligand “hinge 

effect” discussed earlier, An interpretation of the trends in these couplings for the compounds 
in Table 20 is facilitated by their division into three classes: class A, YP(OCHa ), I’; class B, 
P(OCH2j3PY, and class C, YP(OCH&PY_ Here Y can be an electron pair, a metal fragment, 
a carbonium ion or a chalcogen. For each class, plots have been constructed of 3Jl?P vs. 
3JPII (Fig 20) and 3JPP vs. 2JPH (Fig. 21). It should be noted that for each of the class C 
compounds, Y is the same Lewis acid except in (0C)s WP(OCH2 )3 P+Me and SP(OCHt )s PO. 
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From Fig_ 20 it is seen that 3JPH increases substantially (-5 Hz) in positive magnitnde 
for cIasses A and C, but only slightly (-0.5 Hz) for class B as the Lewis acidity of Y in- 

creases in the order electron pair < methyl < chalcogen. This is not unexpected in view of 
the increase in s character in the internal P-0 bonds of the &and and the rise in effective 
positive charge on the nuclei of the cage (particularly the coordinated PO3 phosphorus), 

which would accompany an increase in Lewis acidity of Y. The very much smaller rise in 

3J’PH in the class B compounds might stem from the fact that the PC3 phosphorus is CO- 

or&rated tb Y and this donor site is more remote from the POCl!L bond system through 
which 3JPH is transmitted. Extension of the explanation given for the rise in 3JPH in the 

class A and C compounds to the very small rise in the class B compounds must be viewed 

with some caution, because of the small range of this parameter in the latter compounds 

(-0.5 Hz) and the error in the measurements (0.1-0.2 Hz). 
Figure 21 reve@ that over a range of about 15 Hz *JPH becomes negative upon in- 

creasing the Lewis acidity for classes B and C, whereas a range of less than ca_ 1 Hz is noted 

for the compounds in class A_ Experimental evidence from NMR studies has already been 

cited which strongly suggested a sign change for this coupling constant in a similar series of 

compounds of P(CH2 O)jCMe, but absolute signs could not be determined_ The dara ob- 
tained for the P(OCH2)3P systems firmly support the postulate of a sign change in ‘JPH. 

Values of *JPH for all the memebers of class A fall between +7.6 and +8.9 Hz. It has 

been found243 that there is a correlation which can be made in a large variety of phosphines 
between *JPH and the dihedral angle made by a plane containing the P, C and H atoms, 

and the plane containing the C-P bond and the three-fold axis of the PC3 bond system. The 
expected value of ‘JPH for the class A compounds and P(CH, 0), CCH, according to such 
a plot, is -i-S Hz, which is somewhat below the +7.6 to +8.9 Hz we observe for the former and 
the +8.0 Hz for the latter244 _ The reason for the small rise in 2JPH with rising electron-with- 

drawing power of the Y group in the class A compounds is not apparent at this time. 
The values and signs of the vicinal 3JPP couplings for the compounds in Table 20 re- 

present the first systematic study of this coupling interaction, Figures 20 and 21 show that 

this coupling constant increases markedly from negative to positive values as the Lewis 
acidity of the Y group increases in the order: electron pair < metal carbonyl fragment < 
methyl < chalcogen for each class of compounds. This trend parallels those discussed above 
for the rise in ‘JPH and 3JPH, and the same arguments based on effective nuclear charge 

and hybridization changes in the bicyclic portion of these systems used to interpret the 
latter results are felt to apply here. It is interesting that 3JPP is more sensitive to coordina- 

tion of the PC3 phosphorus than the PO3 phosphorus. This may arise from the greater 

polarizabtity of a more basic phosphine phosphorus lone pair by the Lewis acid moiety, 
Polarizing both phosphorus lone pairs (class C) augments the 3JPP coupling over that in 
analogous compounds in classes A and B as expected. Although no theoretical basis for 

vicinal 3 ’ P-3 ’ P couplings has been put forth, the data suggest that 3JpP values become 
more positive with increasing s character and effective nuclear charge in the ligand. 

For carbonyl complexes of P(OCH,)3P, experimental values of 3JPP can be used to 
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predict 3JPP interactions in new compounds because of their additivity 31 _ Hence 3JPP 
for (OC)4FeP(OCH2)3P is +8.6 Hz which is an increase of 45% Hz over that of the ligand. 

For the linkage isomer (CN&FeP(CH2 0)3P, 3JPP is +47.1 Hz and A3JPP = +84.3 Hz. 
A3JPP for (OC)4FeP(OCH, ),PFe(CO) 4 is +132S I&, which is close to the sum of the 
A3JpP values of the linkage isomers (130.1 Hz). Similarly A3JPF caku2ated for 

t(oC), WP(OCHz 13 PMel + is 188.6 Hz compared with the experimental3y obtained value 

of 180.4 Hz. The additivity of A3JPP seems to hold reasonably for SP(OCH2)3PS (166 Hz 
calculated compared with 150 Hz experimental) but the calculated values increasingly ex- 
ceed the experimental ones in proceeding from SP(OCH,)3P0 to 0P(OCH2)3P0 by 37 and 
66 Hz, respectively, for reasons which are not clear at this time. It is possible that a dis- 
proportionate increase in pi bonding occurs upon formation of the YP(OCH, ),PY system 

when Y is a chalcogen, with a resultant shift of electron density to phosphorus which 
decreases its positive nuclear charge and hence lowers 3JPP, It is perhaps more likely that 
molecular constraints for some reason prevent both phosphorus atoms in YP(OCH2)3PY 
from achieving the bond angle configurations (and hence the same degree of s character) 
which they can in YP(OCHz)JP and P(OCH2 ),PY_ 

It remains to consider the possibility of a “through-space” 3 1 P-31 P spin-spin coupling 

involving the phosphorus non-bonding orbital lobes which lie inside the bicyclic structure 
along the three-fold axis of the molecule. The distance between the phosphorus atoms is 
probably at least 2 a, which would seem to militate against such a mechanism_ Moreover 
it would be difficult to see how this coupling could rise positively with the increasing Lewis 

acidity of Y as observed, inasmuch as the phosphorus non-bonding hybrid lobe(s) would be 

expected to lose s character. A larger effect on the PH coupling constants of the uncoordi- 
nated phosphorus atoms in classes A and B might also have been expected. It therefore 
seems that a through-space coupling mechanism need not presently be invoked. The ob- 
servation that quaternizing the uncoordinated phosphorus in (OC), WP(OCH, )3 P with a 
carbonium ion did not visibly alter the CO stretching frequencies in the complex indicates 
that the interaction of the phosphorus lobes inside the cage, if any, was not sufficient to 
allow inductive effects to change the donor properties of the P coordinated to tungsten. 
Photoelectron spectral work along with calculationsgoyg2 on N(CH2 CHz)3N strongly 
suggests that the interaction of the nitrogen lone pairs occurs through three sets of bonds 
rather than through space. The uncommonly large 32 3JPP values for P(OCH2)3 P and its 
derivatives also indicate a through-bond mechanism involving the three sets of bridge bonds3*. 

Z Tungsten-phosphorus coupling constants 
Although metal-phosphorus coupling constants have been measured for a variety of 

metals216, the present discussion will be restricted to those results which are germane to 
our investigations27~245~246. Coupling constants are most conveniently discussed using MO 
theory 23ga in which the coupling of directly bonded atoms arises almost entirely from the 

Fermi contact interaction between nuclear spins and s orbital electron spins. In the follow- 
ing expression for ‘JAB, &A and cyB are the magnetogyric ratios of the nuclei, p is the Bohr 
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magneton, SA and SB are the valence state s orbitals of the atoms, the IS(O) 1 terms are the 
magnitudes of these orbit& ATEi+j are the triplet excitation energies and c is the coeffi- 
cient of an occupied or unoccupied molecufar orbital. 

Because of the low symmetry of the (0C)sWL (C,,) complexes of concern here, the 
mixing of other m&al. orbita& with the s becomes more complicated. Since the ener@es of 
the molecular orbitds are not known for these complexes, the precise form of the coupling 

theory cannot be utiIized and we must be content for the present to seek trends among 
complexes ~~~t~ning a variety of Iigands. 

Table 2 1 is a tabuiation of the fCX)s WL complexes and their ‘JWP coupling constants 

which form the basis for the conclusions given in the following paragraphs. The trend in 
coupling constants parallels the electronegativity changes of the phosphorus substituents, 
as ~ustrat~d in the pfots in Fig_ 22. The ele~tronegativiti~s used were those of the atom 
bound to phosphorus with no correction being made for atoms be&r, gmnma, etc. to phos- 
phorus. It is remarkable that the correlation coefficients for the fauling, Sanderson and 

AUred-Kochow electronegativity scaIes for both sets of ligands depicted in Fig. 22 exceed 

TABLE 21 

‘JWP coupling constants in (oC)sisrL compkxes 

L Ref. L Ref. 

Cl) PF3 485 27 
(23 l-3 426 245 
(33 PBr3 398 245 
(41 PI3 334 245 

(5 1 P(OPhI3 415 248 
(6) P~OMd3 398 247 
(7) P(OCH2 3&T-n-Pept 393 27 
f8) PCOE03 391 247 
(9) PCO-n-Bu)3 390 247 

(10) P(tX-Pr33 378 247 

(11) P(O:MejzPh 323 247 
f 123 P~M~~~33C-~-Pe~~ 3 18 27 
033 PINMe 33 297 247 

(14) PmEt2 13 296 247 
(15) P(OMe)Phz 280 247 

(16) P(s~~~33c-~*P~~? 276 27 
(17) PPh3 280 247 
(18) PBuPhz 250 247 

(19) PMePh2 245 247 
(20) PEWha 240 247 
(2 1) P(IFr)Phz 240 247 

(223 P(t-Bu)Ph2 240 247 
(23) PBuz Ph 235 247 
(243 P(CH~O)~C-~Z-BU 234 27 

(25) PBu3 227 248 
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Fig. 22_ Plot of rJg3W-J” P vs. the Sanderson electronegativity of the ligand (see text) in a series of 
W(CO),L complexes where L is the compound corsespandingly numbered in Table 2 I_ The circkd 
points were used tcr draw the least-squares fines. 

TABLE 22 

Correlation coefficients of ‘JWP vs. ekctronegativity fcrr iJX)~WL cumpiexes24* 

L Electronegativity CorreIation 
scale coefficient 

PBu~, P(CH2U)3C=Mhl 

P@Y, PS& PNe)& PFJ 

Cy = (CH? )3Gn_Pr or fCH, )$Z-n-Pent) 

Sanderson 0.996 

Pauling 0.983 

Aged-Reshow 0.96 I 
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0.94 1 (Tables 22) 245. The four caged ligands and PF3 in the first group of ligands in Table 
22 were chosen for inclusion in the calculation of the correlation coefficients and to estab- 

lish the least-squares line in Fig. 22 because they minimized possible coupling changes in- 
duced by steric effects of the phosphorus substituents. Tributyl phosphine was included 
when it was found that its coupling was only sl@tiy different from P(CH2 0)3 C-n-Bu and 
this similarity indicated that electronic effects beyond the alpha atom on the phosphorus 

substituent as well as general steric effects were not very important. Indeed the rest of the 
fiWds27 ,247,248 a generate points which are reasonably close to this line. Interestingly, 
phenyl carbon atoms do not appear to be grossly different in electronegativity from alkyl 
carbon atoms. 

A clear explanation for the presence of two slopes in Fig. 22 cannot be given at this time. 

Although it might be thought that substituent atoms in different families of the Periodic 
Table generate points which fall on different slopes, this does not appear to be the case with 
oxygen and sulfur, the points for which lie on the same line as those for fhmrine, nitrogen 

and carbon. 
Insofar as coupling between directly bonded atoms is generally agreed to occur through 

bonding orbitais having s character, the correlation with electronegativity can be explained 
without invoking pi bonding. It has been argued that the replacement of a group X attached 
to a carbon by a more electronegative group Y results in less s character in the C-Y bond 

‘than in the C-X bondz4’. It has been further pointed out2” that atomic s character is 
concentrated in orbitals which are directed toward the most electropositive substituents. 

For our LW(CO)5 complexes, the above arguments appear to be applicable since the W(CO)s 
moiety serves as the most electropositive substituent on phosphorus in each of the com- 
plexes, and as the remaining substituent groups on phosphorus are replaced by more electro- 

negative ones, the s character should increase in the tungsten-phosphorus bond, as wi.U the 

positive nuclear charge on phosphorus. 
Employing the assumption that metal-carbonyl pi bonding is influenced by other ligands 

present in the complex, the carbonyl stretching frequencies have been used in a variety of 
ways to infer the pi-bonding capacity of the ligand. The values of raw frequency data have 
been used to compare pi-bonding character, especially from values of the A 1 ’ mode which 
stem from the CO group trans to L. As A 1 1 stretching frequency values increase for 2 given 

series of ligands, the C-O bond order should increase 2s a result of increased pi-bonding in 

the metal-phosphorus link. Other workers 247 have plotted the E mode stretching frequen- 
cies of a number of LW(CO& complexes vs. ‘jwp values and have observed 2 straight-line 

correlation between these two parameters. As they were unable to assign the A 1 1 mode for 
all of the complexes because of overlap with the E mode, the E mode was used as a reason- 
able approximation, since the A i 1 and the E modes have very similar stretching frequen- 
cies. Although there is a general -increase in the E mode carbonyl stretching frequency with 

the value of ‘Jwp, the linear correlation coefficient (0.79) is rough in view of the relatively 
small errors in the two parameters. It should be noted, however, that the range in these 

parameters defined by the (&H&P and (CsH&P complexes was much smaller for the 
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much better linear correlation observed by other workersz4’. The A 3 ’ mode was observed 
for all but three of the complexes and reasonable estimates could be made for two of these 

unobserved peaks (Table 12). The correlation coefficient of 0_70 for the plot of ^Lhe A I ’ 
mode against l.IWL? did not represent any improvement. Although force constants 
are more reliable than raw frequency data for bonding interpretations, values of kl (CO 

stretching force constant rrans to L) plotted vs. 183W-31 P couphng constants revealed a 

large decrease in the correlation coefficient (0.51). This result suggests that the increase of 

’ 83 W-3r P coupling at best only roughly parallels the rising pi-acceptor properties of the 
phosphorus l&and. 

Correlations of ‘JWP with Ao and An (parameters representing the sigma and pi bonding 
capacities of a ligand which are calculated2” from carbonyl force constant data) were at- 

” tempted . The low correlation coefficient for the Air parameter (0.35) strongly suggested 
that ’ 83 W-3 ‘P coupling is not dependent on pi bonding. The order of decreasing sigma- 
donating capacity (ACT) of the complexed phosphorus compounds is: P(C4 H9)3 > 

F(SCH& > P(OC2H& > P(CH20)KC4Hg > P(CbH& > P(N(CH3)CH&CC& I > 

P(O&Hg)3 > P(SCH2j&Cs Hr r > PFJ > P(OCH2 )a CC5 HI I _ Some of the orders are 
somewhat unexpected on electronegativity grounds but it is possible that “normal” basicity 
orders are not necessarily operative when the ligand is complexes to a transition meta.lzsl _ 

If indeed 183 W -3r P coupling occurs through orbitals having s chracter, a better correla- 

tion with Aa than with An might have been expected, since increasing s character of the 
phosphorus lone pair in the complex should parallel its decreasing sigma-donating charac- 
ter, The low correlation coefficienr27 of ls3 W-31P coupling with AU (0.55) could arise 

from the small range in Ao values for these phosphorus ligands (0.01 to -0.34) and the 

large standard deviation (0.12) in the correlation compared with the acknowledged errorzsl 
(0.12) in the Ao evaluation _ 

The following tentative conclusions are drawn from these studies, (a) Increases in the 
electronegativity of the phosphorus ligand account very well for the rise in ’ 83 W--j r P 

coupling constants in W(CO)5 L complexes. (II) Although greater ligand electronegativity 
is expected to raise the pi-acceptor capacity of the ligand, the rise in Is3 W-3 ‘P coupling 
can be explained quite well without invoking pi bonding as a coupling mechanism. 

More recently*“’ b , the increase in ’ JWP with decreasing WP distance from (PhO)g _ 

PW(COj5 (411 Hz, 2.309 a) to trans-[@YIO)~P] ,W(CO), (480 Hz, 2.252 A) has been 
cited as support for an increase in pi bonding upon substitution. Independent of any pi 
effect, however, the increase in coupling may stem from electronegativity reduction occa- 
sioned by the better sigma basicity of the phospbite relative to CO. 

Unfortunately the only copper-phosphorus coupling constants published are those re- 
ported by us246 on the Cu[P(OMejJ] 4’ and Cu [P(OEt),] $ cations (J63 Cu3 r P = 1190 -+ 

30 Hz and 1210 f 30 Hz, respectively) and so a comparison of trends is not yet possible. 

Although the published spectrum 246 did not show complete resolution of the two four- 
line spectra expected for the 63Cu and 65 Cu isotopes each hating spin 3/2, more recent ef- 

forts242 have shown that all eight lines can be seen and the observed ratio of the 6’ CU-~’ P 

couplings is f .07, in agreement with the value of 1.071 calculated from magnetogyric ratios. 
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8. Interli’gmd couplings, partit~larly 2 JPMP’ 
Ever since it was discovered 252 that identical proton-bearing phosphorus ligands, when 

mutually trans in a complex, yielded proton NMR spectra exhibiting a “triplet” while the 
normal doublet was observed for cis systems, this NMR criterion for stereochemistry has 

become widely adopted3 _ Because the spin-spin interaction of the chemically equivalent 

but magnetically nonequivalent phosphorus nuclei influences the appearance of the proton 
spectra of such X,AA’X,’ spin systems, 2JPP’ data which can be extracted from the spectra 
for a variety of ligands in a given complex are useful in elucidating the nature of thy metal- 
phosphorus bond. The solution of these spectra in most cases is not trivial and it would 

seem that 2JPF’ values for complexes containing two chemically different phosphorus 
ligands would provide basically the same information with the advantage that the data could 

easily be obtained from the AX or AB 31 P NMR spectra. There are several reasons why 

complexes of identical phosphorus ligands are more useful. (1) Mixed-ligand complexes are 
more difficult to synthesize and so they are vastly out-numbered by those with identical 

phosphorus ligands. (2) The concentrations (ca. 30%) required for 31P spectroscopy are 
higher than for ’ Ii NMR studies unless accumulation facilities are available. (3) It is not 

possible to apportion the coupling constants between the two chemically different phos- 
phorus atoms in mixed-ligand complexes, and -rhe data only become useful for interpreta- 

tion when ‘JPP’ values are known for the analogous compounds in which both ligands are 
identical. 

Analysis of the ’ H spectrum of an X,XX’X,’ system via the equations253 worked out 
for the general case in which the interligand H-H’ coupling (Jxx’) is zero leads to an evalu- 

ation of the intraligand coupling JPH (JAX) and the interiigand interactions JPH’ (JAX’), 
JPP’ (JAA’). The general features of the X spectrum which appear in Fig. 23 include a sharp 
doublet of separationN centered at the proton chemical shift as well as 2n pairs of lines 
occurring symmetrically about 6 ‘H with spacings S given by: 

s = [@*L* +J&2] d2 + [(@-Q2L2 + JAA'2] 112 

where L = [JAX - JAX’] and @ is an integer 253 between 1 and n. The intensity of this 

portion of the spectrum is evenly divided between the N doublet and the 2n pairs of lines. 

These 2n pairs of lines may be divided into two sets, the so-called “inner” and the “outer” 
lines given by the difference and sum, respectively, in eqn. (20). For the typical case in which 
values of L/JAA’ < I, these designations refer to the lines which occur between and outside 

the members of the N doublet, respectively. Only the first outer pair of lines is represented 
in Fig. 23. It has also been shown 253 that the intensity of the outer lines is quite small com- 
pared with that of the inner lines. 

As the value of JAA’ increases for a particular value of Iv and L, the frequency dist ibu- 
tion of the inner and outer lines changes. The separation between the first inner line and the 
first eater line remainsJAA’, but the intensity of the outer line decreases as JAA’ increases, 
Hence it becomes experimentally quite difficult to find this line for JAA’ > 100 Hz at re- 
alizable concentrations for compounds whose protons are not directIy bound to phosphorus. 
As JA1A’ increases, the separations of the inner Lines becomes smaller until for JAA’ B L the 
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Fig. 23. Schematic diagram showing the apparent triplet for the X part of an X&A’&’ system arising 
from overlap of the inner Lines when JAA’ + L. The intensity of the first pair of outer lines has been ex- 
aggerated. 

spectrum appears as an apparent triplet. The distribution of the frequencies and intensities 
of these inner lines determines the band shape of the portion of the spectrum between the 
N doublet. Only in rare cases can the fine structure due to the inner lines be resolved for 

organophosphorgrs ligand sytems, and so only the envelope of these resonances is generally 
observed, 

Although it is in principle possible to calculate ‘JAA’ (i-e_ 2JPP’) from the 31P spectra 
using equations developed for the AA’ portion of the spectrum254, the complexity of the 
spectra and solubility considerations render this method impractical for most ligands. 

Before discussing the JPP’ data, the methods we have employed to obtain the constants 
and their signs will be briefly described. In the event that the first pair of outer lines in the 
XX’ spectrum can be found, it is possible to determine the value ofJAA’ directly (2JPP’ 

in our application), since the separation between either of these lines and the most intense 
inner line is JAA’. Under these conditions, relatively precise values of JPP’ (0.3 to 3%) can 
be obtained ’ 84 _ In one case (Fig. 24) sufficient fine structure has been observed to allow 
calculation ofJAA’ from inner line separations and the agreement with that calculated from 

the outer line positions was good236 . Although direct observation of the outer pair is not 

rare among the PR3, P(OMe)3 and P(NR2)J complexes we have studied ls4, it is more pre- 
valent in PH3 and PF3 metal compounds 184~216~255 _ In the latter, ‘JPH and ‘JPF couplings 

are greater and larger separations of the lines are produced (eqn. (20)). 

Fig. 24. ‘H NMR spectrum of cis-W(CO),@Me& showing the resolved fine structure. The low-intensity 
outer bands which were observed are not shown- 
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The first attempt to obtain 2Jl?P’ from 1 H NMR spectra which did not exhibit the outer 

pair of lines was an ef&rt at computer simulation of experimental spectra consisting only 

of the deceptively simple triplet whose middle member had a fair range in width170y “I. 
Not only was JXX’ assumed to be zero but contributions from JAX’ were also considered 
negligible. Both assumptions have been shown to be valid for the complexes of P(OCH&CMe 
stUdied18%=6 . Using 3JPH, a line-width parameter estimated from the doublet peaks and 

estimates of ‘JPP’ as input data in a computer program, a best fit could be obtained visuahy. 
Independent measurements of ‘JPP’ in complexes show, however, that results based on line- 
shape analysis alone are to be viewed with suspicion r 84 _ The assumption made in computer 
fitting that the line shapes are pure Lorentzian is probably invalid in most cases because: 

(a) slow passage conditions are not obtained; (b) paramagnetic impurities could be present 
which broaden the lines; (c) intermolecular exchange could be taking place256 ; cd) each 
transition in theory can have its own transverse relaxation tie “’ ; (e) offdiagonal elements 
of the relaxation matrix can cause overlapping lines to give band shapes which are not simply 
sums of Lorentzian lines”’ 7a, and m some form of intramolecular motion may result in in- 

complete averaging of 2JPP’184~2s8. Although factors (a)-(c) can be ruled out with some 

assurance in the complexes studied rs4, (d) and (e) cannot, and indeed temperature studies 

indicate 184 that cf) may app 1 y in several complexes of P[NMez )3 _ 
When feasible, the method of choice for obtaining *.TPP’ is that of spin-tickling in which 

the ’ 3C satellite resonances of the proton spectrum are observed while irradiating in the 3i P 

region. In such an experiment25g the 3 i P resonance for the molecules containing one ‘sC 

nucleus appears as Qvo AB patterns because of the two spin states of r3C. ‘Because of the 
presence of the i 3 C nucleus in one of the phosphorus-containing moieties, the two phos- 

phorus nuclei are no longer chemically equivalent and so the AB coupling (2JPP’ in this 
case) may be determined from the AI3 spectrum. If for either of the spin states of ’ 3 C, 
the higher frequency weak intensity band is shown to be connected to the higher frequency 
line of the appropriate r 3 C satellite, then ‘JPP has the same sign as N; otherwise their signs 

are opposite. Thus if the sign of JFH is known and JPH’ is small, the sign of 2JPP’ is deter- 
mined236 _ By an additional spin-tickling experiment 236 the sign of N can be related to that 

of ‘JCH, which is known to be positive. 
‘JPP’ values in mixed ligand complexes are obtained directly from the AB or nearly AX 

32 P spectra ‘M . For each proton-bearing ligand, the proton region displays a doublet which 

is simple or perturbed, depending upon the size of ‘JPP’ and the chemical shift difference 
of the phosphorus nuclei. If 2JAB % (vA -va), then no perturbation is observed, as is the 

case for trans-MOB [P(OCH& CEtj [P(OMej3 1. If 2JAB E=: &-P&, then a perturba- 
tion occurs; and if ‘JAI3 S (v A-~B), apparent triplets would be produced in the proton 
spectrum. The observation that the proton doublets are not split by the phosphorus on the 
other &and is good evidence that ‘JPH is zero in these compounds. Thus the assumption 
that ‘JPH is negligible in analogous systems wherein both ligands are the same is 

validated. 

The relatively large number of ‘JPP’ values collected in Tables 23-25 along with the 
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TABLE 23 (continued) 

Method p Ref. 

WCCO), [POX12 IiF2 12 

P’(=WF2 I 2 

(PF3 12 

WW’F2)21 

PdC12(PMe3)a 
Brz0’Mea)z 
Cl2Wfe2Hb 

B~sr CPMe2W2 

Cl2 iPOW 12 

Cl2 [P(OCH~)~C-n-Pent] 2 

PtQlPMezH)2 

Br2 (PM% W2 

12 W%W2 

(32 P(NMe2 13 3 2 

%@W, 

Br2 CPM42 

12 PM&2 

Ct [POW3 I 2 

Br2 [HOMe) I 2 

12 UWMd3 12 

Cl2 [P(OCH2)aC-n-Pent] 2 

12 [P(OCH2)3C-rr-Pent] 2 

Cl2 INOPh)3 I fPBu3 1 

c13 EPQJR,L Fl z 
Me2 [WOW3 1 P-u3 I 

MeCl[P(OPh)a] [PBu, 1 

37.0 * 0.5 B 

37.6 -c 0.8 B 

382 1,41 B, B 
155.3 * 0.6 B 

8 A 

l.Ozk 1 A 
051 A 
2 A 

1-79.9 k 0.2 A 
65 I 10 D 

O+l A 
0 A 

0 A 
-0 F 

< 5, 18.9 G, A 
16.2 A 
14.0 A 

10 f 2, 18.3 + 0.1 D, A 
8.8 f o-1 A 

- 0,5.0 f 0.1 F, A 
35 k 10 D 
14 * 5 D 
20.0 E 

25-37 A 
2 E 

’ 23.3 E 

m 

d 

262, d 
260 
i 

i 

263 
263 

236 
170,17L, 184 
263 

263 

263 
184 
j, i 

i 
i 

184,258 
258 
184,258 

184 
184 
266 

k 

266 

266 

a Methods of obtaining values of 2JpP’ are: separation of inner and outer lines in the ‘H spectrum (A); 
separation of inner and outer lines in the lgF spectrum (B); double resonance techniques (C); computer 
simulation of the band shape ~3); direct observation of the 31P spectrum (IX); perturbation of main 
doublet was not observed, thus 2JFP’ must be undetectably small @); estimated from line width (G), 
and solution of spectrum from theoretical considerations @I). 
b J-F- Nixon, private communication. 
’ E. Moser, E.O. Fischer, W. Bathelt, W. Gretner, L. Knauss and E_ Louis, J_ Qrgunometd Chem., 19 
(1969) 377. 
d Unpublished results cited in ref_ 216, 
e T.R. Johnson, RX. Lynden-Bell and J-F. Nixon, J. Orgrmome~al. cZ%em., 21 (1970) P15. fS.0. Grim, 
D.k Wheatland afid P.R_ McAllister, Inorg. C&m.. 7 (1968) l6LgCalculated from spectrum in J-G. 
Smith and DJ- Thompson, J. Chem. Sot. A. (1967) 1694. h R.D. Bertrand, private communication. 
’ R. GoodCellow,.K C’hem Sot. 0, (1968) 114-J D-A. Duddell, J-G, Evans, P-L. Go&n, R.J. Goodfellow, 
kJ. Rest and LG. Smith, J, Ckm Sot. A, (1969) 2134. 
D, (1969) 827, z Not resolved in 31P spectrum. 

k J.F. Nixon and M.D. Sexton, J. them Sot. 
m R.M. Lynden-Bell, J.F. Nixon, J. Roberts and J.R. 
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TABLE 24 

*JPP’ values in ti~ns-disubstituted complexes 

JPP’ 
u-w 

Method a Ref. 

CW0)4[P(SCH2)3CMe] 2 
CPCSMek 12 

(PMe& 
(pBwICPPh3) 

(PBWEP(OPh)3] 

IPrn&)312 

EPOW312 

EW~H2)3CW 2 

(FF3l-2 

Mo(C0)4(PBW(PPh3) 

CPBu2 W(PPh3 1 

G’Bud P(OPhM 

[PwM”2)312 

IP(NMe2131 [WCWdW 

UWMeh 12 

IP(OMehl CPWCH2)3CEtl 
[PUXH2 )3C-JZ-Pr] 2 

(pF3 12 

WCO)aCPBWIPPh3) 

@Bus) [PCOPh)s I 
CPBu$‘h)[PCOPh)3] 

[PWMe2 13 3 2 

Ip(wH2 13 c-n-a-r] 2 

CPF3k 
FeU% [PWe2 13 I 2 

IP(NMe2 13 12 [P(m& )JC-n-Pr] 
P@‘=d3CW 2 

PdC12 CPMe2 H)2 

3r2 @‘Me2 HI2 
Pdb @‘Me3 12 

M?Med(PEtd 
~2(PBu3)@‘M532Ph) 

~2CPBu3WWW31 

12CPMe2Ph)[P(OPh)3] 

cl2 tpph2 (CF3 112 

M12CPMe2HI2 

Br2 (PMe2Hh 

12 @‘Me2 HI2 

C-12 (P&)2 

uwm3j [P3u31 

-0 F 

-0 F 
-28-S k 1 A 

25 E 
30 E - 

-17+-S c 
-15-O -t 0.1 A 

9*3 D 

34 + 1, 34.0 f OS B, B 

50 E 

49 E 

112 E 
+lOl )- 1 A 

1412 3 E 

+162 + 5 C 
185 f 3 E 

210 j: 30 D 

31221 B 

65 E 

120 E 

112 E 

+81 f 5 C 
140 ‘- 25 D 

31s f 1 B 

+65 2 10 C 

183 k 1 E 
300 + 40 D 
515 A 

516 A 
+s72 z 5 C 

565 E 

551 E 

758 E 
829 E 

1100 f 50 D 
515 A 

462 A 

447 A 

90 G 

709 E 

242 

242 
236 
b 

b 

236 

236 
17Q, 171,184 

262. = 
b 
b 

b 

236 

186 

236 

186 
170,171,184 

262 
b 

b 

b 

236 

170,171,la4 

262 
236 

186 

170,171,184 
263 
263 
236 
d 

e 

e 

e 

257, b 
263 

263 

263 
f 

266 
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TABLE 24 (continued) 

WOP(ORh 12 pR3)2 

PtCi[ OPtOR I pR3)2 

JPP’ 

CHZ) 

37.2-38.1 g 

18.0-28.9 g 

Method ’ Ref- 

E 266 

E 266 

’ See footnote a of TabIe 23. ’ See footnotefof Table 23. ’ See footnote e of Table 23. 
d A. Pidcock, 

them Commurr., (1968) 92. e See footnote i of Table 23. f IV. McFarIane, J. Chem. SOC. A, (1967) 1922. 
This value is considered to be too low 216~263. g This is cis coupling. 

limited number of known signs for this coupling make it possible to note some trends and 
to draw some conclusions concerning their origins 184,1~6,216,236,260-266 _ The magnitude 
of2JPP’ will be shown to depend on four factors which are discussed sequentially: (a) the 
stereochemistry of the complex; (b) the metal atom; (c) the ligands present other than phos- 
phorus, and (d) the nature of the phosphorus ligand. 

The re@eated observation in a variety of systems that 31P-31P coupling constants of 
nans-oriented 3’ P nuclei are large and are characterized by apparent triplets in the ’ H spec- 
trum while czk coupling constants are s-mall, leaving the JAX doublet unperturbed, has served 
as a criterion for determining the geometrical relationships of phosphorus ligands in many 
complexes 3y2 s2 S2 67. However, considerable caution should be taken in using this trite- 
rion in assigning such stereochemistries. Many cl’s complexes have appreciable phospho- 
rus-phosphorus coupling and from preliminary data242 it appears that the magnitudes 
of 2JPP’ in cis and tram manganese complexes of the type Mn(CO)s b X (X = H, Cl, Br, I) 

are not very different (Table 25). Indeed, in chromium complexes the magnitude of 2JPP’ 
is even greater in & compounds than in trans (Tables 23 and 24). It should be pointed out 

that weak 31P-31P coupling can lead to apparent triplets when JAX is small. Thus the con- 
clusion that there is “strong” 31 P-3 1 P coupling in fac-Mn(C0)3 [P(OCH2 )3 CMe] (MeCO) 
(ref. 268), 7r-Cs H5 Rh[P(OCH2 )3 CMe] 2 (ref. 269) and in z-C5 H5 RII[P(OM~)~ ] 2 (ref. 269), 
because the proton resonance appears as a triplet, is not necessarily correct, Support for 

such caution in interpretation is found in the very low coupling calculated for fat-Mn(CO)a- 
(PhCO) [P(OCH,),CMe] 2 and the intermediate coupling found in n-C5 H5 Mn(C0) [P(oC& )S- 
CMe] 2, both of which also display proton “triplets” (Table 25). Qualitative evidence for 
unusually small 3 ’ P-3 ‘P coupling between I’I-LZ~S phosphorus ligands in manganese com- 
plexes is found in sym-mer-MnX(C0)3 (PMe* Ph)2 systems 2 ‘Oapb (where X = Cl or Br) and 
the rhenium analogs. The *H resonances of the methyl groups appear as a “triplet” in the 

latter while the central potion of the “triplet” is much broader in the former despite very 
similar separations of the main doublet in all cases. It is reasonable that 2Jl?Pf for 
7r-CsH5 Mn(CO)[P(OCH2)&Et] 2 is quite comparable with the values obtained for most of 
the facial manganese systems in view of the cis relationship of the phosphorus nuclei (Table 
25). 
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TABLE 25 

2JPP’ values for misce&meous complexes 

83 

Q-PP’ 
(Hz) 

Method a Ref. 

mer-Mo(C0)3(PEt& 

[P(OMe)3 I 3 

VW=03 I 3 

fac-Mo(CO)j(PPhFz)3 

P(OPi& F 

P(OPh)F2 

RF313 

fit-Mn(FhCO)(C0)3 [P(OCH2)3CEt] 2 

H(CO)3(PF3 )3 
BrfC0)3 /P(OM& I z 
Br(CO)3 [P(OCHz )3C-n-Pr] 

sym-mer-MnI(CO)s [P(OMe)3 ] 2 

JNXNd?Fd2 

fl-Cg H5 Mn(C0) [ P(OCH2 )&Me] 2 

Fe(COk(PF& 
RuC12 (CO), (Phfez H)2” 

RuC& C-82 cpMe2 HI2 f 

tramRhCl(CO)(PMez Ii)2 

Br(CO)(PMe2H)z 

UCOWMep Hh 

RKh(COI(PMe2 HI2 g 

mer-RhC13@Pr3)3 

W3~313 

EPEbPhl3 
~~-m~-RhCl3(PBtt3)2 ]P(OPh)s ] 

trans-iKl3(CO)(PMe2H)2 ; 

Brs(CO)(PM% H)2 
mms-Ni12 (PM% H)2 

N%CO)2 [P@JMe2 )3 I 2 

WCC02 fP(oMe)3 12 
W33h PWCH~ hCMel2 
WC% DYCFd3 I 2 
NW2O)t [P(NMa F2 12 

WCOh [P(NEtz FZ 1 z 

Ni(COb @F3)2 

WWF3k Fl4 
Ni(CeH402PF)4 

Ni[P(CH@)F2] 4 

NW’(CCl3 1Fz 14 

=a? E 
47p E 
51p E 

-43.0 + 1.0 H 
-51.0 zt 1.6 H 
-55.2 t 1.0 H 
-56.0 f 0.5 H 

Sk2 D 
125 f 1 B 
140 f 20 D 
11Ok 20 D 
170 + 3up D 
155 * 1 p B 
120 f 20 D 

982 1 B 
3082 1 A 
229 f 1 A 
321 f 1 A 
329 f 1 A 
337 k 1 A 
495 ” 1 A 

22* 3 E 
21*3 E 
30 It 8 E 
30.3 p E 
386; 1 A 
390 It 1 A 
355 A 

-0 F 
1053 A 

-0 F 

-0 F 
-0 F 
-0 F 

38 + 1 B 
<5 B 

17.7 f 0.2 B 

1225 8 

212 1 B 

b 

b 

b 

264 

264 

264 

264 
C 

242 
242 
242 

242 

242 

2;2 

263 
263 
263 

263 
263 

263 
h 
h 

h 

i 

263 
263 
263 

184 
i 

‘i” 

1 

1 

262 

265 
265 

265 

265 
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TABLE 25 (continued) 

JPP’ 
CHZ) 

Method a Ref. 

Ni[PCNBfez 1% I 4 

NitP(CF3)Fz I4 

Ni(PF3 )s 
l’dCI[Of(OPh)a ] [ HOP(OPh)2 ] Pr3 

PuZI[OP(OP~)~] [HOP(OPh)2Prs 

[PtCi[P(OPh)3] (PBu3)] Cl 

910 B 265 
95 B 265 

3&l B 265 
600-630 m E 266 
539-547 m E 266 
33.0-35.8 * 

23.4-23.9 0 

24.0 E 266 

a See footnote a of Table 23. ’ M. Lenzi and R. Poifblanc, C, R. Acad. Sci, Ser. C, 263 (1966 674. 
’ B.L. Booth, M. Green, R.N. Haszeldine and N.P. Woffenden, J. Chem, Sot. A, (1969) 920. h This 
value apparently represents a the-average-vaIue coupklg from intrarno~ecular exchangez6’_ e AU pairs 
of identical hgands are mutuaUy ck 263 f AU pairs of identical l&ands are mutually tnzns _ 263 gme . 
phosphorus ligands are transas well as two of the halides _ s3 h S 0. Grim and R.A. Ference, Inorg Nucl. . . 
them, Lett., 2 (1966) 205. z See footnote d of Table 24.1 Calculated from the spectrum given in R, 
Mathieu and R. Poilbhnc, C R Acad. Sci. Ser. C, 265 (1967) 388_ k See footnote i of Table 23_ z See 

footnote d of Table 23. m Coupling between PR3 and HOP(OR)2. n Coupling between HOP(ORk and 
0P(OR)2 - o Coupiing between PR3 and OP(OR)z. p Cis coupling. 

With the exception of some chromium and manganese compounds, 3r P-3L P coupling 
constants are generally larger in trans compounds than in their ck isomers. This appears to 
be true especially with palladium and platinum systems. 

The nature of the metal atom plays a definite role in determining the magnitude of 2JPP’, 
The most extensively studied series with the same stereochemistry consists of Group VI 
complexes. The data show that the ordering of size for cis coupling is Cr > MO > W. For 

tram coupling there appears to be no order other than that the ‘JPP values in MO and W 

complexes are much larger than in their Cr analog. From the few results for other groups, it 
is difficult to infer meaningful trends. 

From the lirnited data available, the other ligands in a given complex appear to affect 
the value of ‘J’PP relatively slightly. Results for compounds in which only the halides are 

varied suggest that 2JPP’ increases in magnitude from I to Cl. 
The most significant factor affecting 31P-31 P coupling appears to be the electronegati- 

vity of the substituents on phosphorus, Figures 25 and 26 are plots of the ‘JPP’ values 
found in Tables 23 and 24 vs. a crude estimate of the overall PauIing electronegativity of 

the substituent groups on the phosphorus ligands (see Sect. C(ii97). Where ligands con- 

tained two different substituents (e.g* PNMe2 F2 or P(CFs)Fz ), the oved ele~onegati~~ 
was estimated by taking a weighted mean of the electronegativities of the three atoms bound 
to phosphorus. For mixed ligand complexes (e.g. ZYQIZS-Mo(CO), [P(OCH,), CC2 Hs ] - 
[P@JMea)3] ), the average of the electronegativities of the two ligands was used271. Although 
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Fig_ 25. A plot showing the progression of *JPP’ 
for cis-M(CO)4L2 (where M = Cr (A), MO (0) or 
W (=)) as a function of the electronegativity of 
the &and- The left ordinate applies to the Cr and 
MO complexes and the right to W systems- 

Fig. 26- A plot showing the progression of *JpP 
for trrms-Mo(CO)4L~ (where M = Cr CA), MO (0) or 
W (I)) as a function of the electronegatiity of 
the l&and. The left ordinate applies to the Cr and 
MO complexes and the right to the W systems. 

these estimates are admittedly quite crude, three rather interesting features become appar- 
ent in Figs. 25 and 26. Firstly, when the known signs are taken into account (circled points), 

it is clear that the overall progression of ‘JPP’ with electronegativity in the owzs chromium 

complexes parallels that of the molybdenum and tungsten systems. Secondly, *JPP’ appears 
to increase positively with electronegativity in the tr~ns complexes while in the cis systems 

it is seen to increase negativeIy. Thirdly, the points connected to the cis curves by dotted 

lines appear to lie anomalously far off the main progression in most instances_ These points 
represent ligands containing NRz and SR groups and it is not clear at this time why some 
complexes containing these moieties depart so noticeably from the trends set by the variety 
of other ligands, 

Barring the possibility of unexpected sign reversals in complexes on which we were un- 

able to perform double resonance experiments, the implied assignments of the unknown 

signs seem reasonable by analogy or by inference from the data on mixed complexes (Tables 
23 and 24). Thus it is expected that the values of *JPP’ in the mixed l&and complexes 
should be intermediate in value between those for the two analogous complexes in which 
both ligands are the same. If a sign change between complexes of P(OCH2)aCR and 
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Fig. 27_ A plot showing the progression of 2JpP’ with ligand electronegativity for Ni(CC&L2 (0) and 
Nib (a) complexes, The left and right ordinates apply to the NiL4 and Ni(CO)zLz systems. respectively. 

P(NMe2)a or P(OMe)a were occurring, the magnitudes of 2JPP’ in the mixed ligand com- 
plexes should be Iess than those in complexes in which both ligands are the same. Since the 
values of the mixed complexes he between those of the latter, our assignment is probably 
correct, 

The trends in the cis 3 1 P -3 1 P coupling in the mer and& molybdenum complexes 

(Table 25) are also in line with electronegativity arguments, and not unexpectedly the mag- 
nitudes of %‘P are in the same range as that for cis disubstituted molybdenum anaiogs. 
The negative sign of 2JPP’ in the fat complexes is also in accord with that found for the 
ci’s disubstituted systems and it is likely that the ~9s 3 r P-31P interaction in the mer com- 

pounds is also negative. 
The picture is much less clear for the nickel group. The trend in 2JPP’ with electronega- 

tivity (Fig. 27) for the Ni(C0)2 b systems seems to parallel to some extent that for tram 
or cis Group VI complexes although the sign of 2JPP’ here is not known_ The tendency 
for Ni(CO)2 b complexes to exhibit near-zero 2JPP’ values over a range of electronegativi- 
ties is presented in the NiLa complexes (Fig. 27) although no overall trend is apparent at 

this time. while 9PP’ for cis-l?dX2 b systems seems to rise sha@y to more positive values 
with electronegativity, the presence of a maximum is suggested in the cis-RX2 b series 
for tich a greater number of ligands with intermediate electronegativities has been studied- 

Except for the anomalous-looking 1100 Hz value of 2JPP’ for one of the AWZS-P~X~ f-2 

complexes, 3 l P- 3 ‘P coupling is larger for the more highly electronegative i&and (Fig. 28). 
Assuming that theLFed contact effect dominates 31P-31 P coupling, there are two 

factors from which the correlation of 2JPP’ with increasing electronegativity may arise: (a) 

an increase in the magnitude of the phosphorus valence 3s orbital, and/or (b) a decrease 
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Fig- 28. A plot showing the progression of ‘JPP’ in cik4’dClzL2 (*I, PdBrzLz (01, PtC12L2 (u), 
PtBr;?Lz (~1 and PtI2L2 (a) complexes with l&and eiectronegativity_ The left and right scales apply to 
the Pd and P? complexes, respectively. The circled potit is a complex for which the sign of ‘JPP’ is 
knOWn* 

in the mutual polarizability of the lone pair on the phosphorus atoms- The first factor con- 
tributes23qa to the magnitude of 2JPP’ (but not its sign) via the (SF IS(+) I+) terms in ex- 

pression (21) since they represent the square of the s electron density at a pho~ho~s nu- 
cleus. 

The second factor arises 23ga from the change in the tripltet excitation energy term in the 

summation or from variations in the LCAO coefficients (c) in expression (21). In vaknce 

bond terms, the pol~~ab~ty of the phosphors lone pair is related to the degree of s char- 
acter present. The sign of 2JPP’ depends solely on the symmetries of the molecular orbitals 
involved in the dominant ekzctronic excitation. An excitation from one orbital. to another 
of the same symmetry (i,e. sym-%s~#Z or u~~~y~~~~~~~~ contributes a negative sign to 

2JPP’ while a transition involving orbitis of opposite symmetry confers a positive sign on 
2JPP’* 

Without detailed MO calculations on the prohibitively complicated coordination com- 

piexes studied here, prediction of the sign and magnitude of 2JPP’ is not possible_ It is 
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contributions of the transitions to the overali sign of 2JPP’, 

worthwhile, however, to consider the pcssible origins of the signs and the trends of 2JPP’ 
in the LWZS and cis Group VI complexes for which the greatest range of values has been 

obtained272. In Fig. 29a is depicted an MO diagram for a trans complex in which only the 
phosphorus orbit& having cr character are considered and in which the ordering of the MO 

levels is the same as that which is commonly accepted for complexes of 0, symmetry ’ g3. 

Because it is not known with certainty how the phosphorus ‘rSp3” lone-pair hybrid compares 
in energy with the ‘%p” lone-pair hybrid of the CO group, the three possibilities shown in 
Fig. 30(a) must be taken into account_ Nothing quantitative is implied about the energies 

involved but it is assumed that the relative ordering of the levels is preserved. As the energy 

of the phosphorus 0 orbital (Ep) changes with respect to that of the CO 0 hybrid (J!!?~~), 
the phosphorus character (orbital coefficient) is altered in the manner shown in Fig. 30. 
Experiment shows that the sign of *JPP in the tiuns complex is generally positive, which 

would be consistent with the case where Ep <EC-J since the transition of lowest energy 

(A2Lc +A 1&91 C ontributes positively to the coupling. Alternately, the case where EP = 
EC0 might equdy apply if the higher energy transition (A*, + A rg*(Z)) dominates by 
virtue of the greater phosphorus character in the A aL1 level. The observation that some trans 
chromium complexes possess negative 2JPP’ values suggests that Ep approaches or exceeds 
EC0 so that iheAlg(2) +Alg*(2) orAlg * X transitions, respectively, can become domi- ( ) 

nant. As the electronegativity of the phosphorus ligand increases, the sign of 2JPP’ in the 
chromium complexes changes from negative to positive. This would be expected on the 
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ground that I$, should drop relative to EC0 under these conditions, allowing a transition 

with a positive contribution to become dominant. 

The cis complexes (Figs. 29(b) and 30(b)) constitute a more complicated situation in 
that the presence of more orbit& affords an increased numb& of possibie transitions. Of 

the four possible transitions among the A l(3), BE (21, A 1 *(3) and B1*(2) levels in the case 

where Ep = ECO, however, the BI (2) + Br *(2) excitation is expected to dominate both of 
the positively contributing transitions because of the smaller orbital coefficients associated 

with the latter. The experimental range of *JPP’ values for this configuration is -12-4 to 
-78 Hz. TXe present upper limit is not far from zero and it might be possible to approach 

zero coupling even more closely with more electropositive phosphorus ligands, i-e, when 

~5’~ > EC-,. From the diagram in Fig. 30(b), an upper limit of zero would be predicted 

owing to cancellation (Ep > ECO) and there would be no likelihood of encountering sign 
changes in cis complexes with electropositive phosphorus ligands. Although a return to 

zero coupling would also be predicted i.fE~ becomes appreciably less than Eco, this may 

be precluded from occurring if in all of these complexes Ep remains approximately equal 

to or larger than LCO. In both the cis and the trarzs complexes a numerical rise in 2JPP’ is 
seen as the electronegativity of the phosphorus ligand increases. This is consistent with the 

expected increase in the phosphorus s orbital coefficients and the valence s orbital density 

value at the nucleus. 
Unfortunately the above considerations do not particularly clarify the reason for the 

general rule that 2JPP’ values for ems-oriented phosphorus ligands exceed those for their 
cl’s analogs, The nature of the exceptions to this rule exemplified by first row transition 
elements, such as chromium and probably manganese,is presently equally obscure. 

changes in 2JPP’ among tram square-planar Rul, Rh’, Irl, Ni’, Pd’I and Pt’ complexes 
(Table 25) have recently been rationalized assuming that variations $I the singlet-to-triplet 

excitation energy term in expression (21) is mainly responsible263 _ It is fe@‘3 that the 

dominant transition is BzU + A, *(2) pig. 31) which would give 2JPP’ a positive sign. 

Moreover, since the BzU MO contains metal d character while the A,‘(2) MO is made from 
a metal p orbital, 2JPP’ might be expected to correlate inversely with the known variation 

in the energy of nd and (n f 1)p atomic orbit& among the metals. This is indeed the case 
as the order of 2JPP’ in the trans square-planar compounds is NiI1 < Ptil < PdH; Irl < I&; 
and Rhl < PdH (Table 253263 _ In extending this idea to the octahedral I@, RhlI1 and I.$” 

complexes in which the phosphorus nuclei are trans, a similar transition is postulated and 

the observed order Ir II1 < RhlI1 is as expected263. 
A rationale for the absence of a steady trend in 2JPP’ with electronegativity in NiL4 

complexes has been put forth 26s . This utilizes the MO diagram shown in Fig_ 32 and the 
summation term in expression (21) which represents the extent to which a perturbation 

of the s orbital on one phosphorus is transmitted to the s orbital of the other, From Fig. 
32 the expected transitions involving phosphorus nuclei are T2 ’ + T2 * and/or T2 ’ +A 1 f, 
depending on how close in energy the lower and upper states are. Because the molecular 
orbit& are not identifiable as gerade or trngerade in Td symmehy, it is necessary to examine 
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more closely the source of the sign of *JPP’. In the numerator of the summation term in 
expression (21) the coefficients of the ground state and excited molecular orbitals are 

multiplied and summed over all pairs of phosphorus atoms. The relevant l&and-orbital linear 

combinations for all the molecular orbitals are shown in Fig. 32. If we multiply the coeffi- 
cients (as indicated in expression (21)) from any pair of identical combinations transforming 
as T2, a positive sign is obtained and the expression for *JPP becomes more negative. The 
same procedure f6r any of the Tzt linear combinations and that of the A 1 * contributes 2 

positive sign to *JPP’_ The overall result would be the same even if the lowest occupied MO 
were the A 1. Although calculations do not consistently agree on the relative order of these 
orbifals273, they are probably close, which suggests that *JPP generally will not be large. 
A similar situation appears to be the case for the Ni(CO)* b complexes in which the A r’, 

B1 andB, *,A l’* pairs may be rather close in energy (Fig, 33). Because B1 +B1 * or A 1 -+ 

A r + transitions wouid lead to signs which are opposite to those forB1 *A 1 * or A 1 + B1 * 
excitations, small values of 2JPP’ could arise, as is seen in Table 25 for all but Ni(CO),(PF3)2, 
which possesses an exceptionally high coupling. 

While *JPP values do seem on the whole to be interpretable in a rather general way in 
terms of the parameters given in expression (Zl), the influence of metal-phosphorus pi 
bonding is not in evidence. It is possible that the the presence of pi electron density has 

an effect 274a *” on 2JPF’ but the data are too coarse to permit speculations on its magni- 
tude. The question of a synergistic increase in sigma donation from phosphorus due to pi 
back-konding from the metal is presently a moot one. While this effect is expected to in- 

TETRAHEDRAL PHOSPHORlJS 
COMPLEX ORBlTALS 

=2v 

Fig. 33. MoleculaE orbital energy level diagram for Ni(CX&CPR& complexes assuming tit Ep = EC0 
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crease the MO coefficients in expression (21) the s orbital density at phosphorus and the 

excitation energies would decrease in a complicated fashion. In addition to pi contributions, 
orbital and spin dipolar effects are generally held to be negligible compared with the Fermi 
contact term. It should be pointed out, however, that when a more refined form of MO 
theory was employed, the orbital contribution in “F-C-” F coupling dominated the 
contact term and was of opposite sign*“> If 31P-M-31P coupling is susceptible to ap- 
preciable orbital contributions, present indications are that it acts in the same direction as 

the contact term. 

9. S~ctural studies 

In Table 26 are collected structural data obtained from X-ray and electron diffraction 
experiments ” S60~277-293 on complexes which contain electronegative phosphorus ligands2g4. 
Of particular relevance to the foregoing discussions are the caged ligand coordination com- 
pounds of Fe*, Nil’ and Agf ; the P(OEth Ph complex of Ni(CNh ; and the chromium corn- 

plex of P@Ph)s. 
Our observation that the Fe-P distance for the PO3 bound l&and in pans-Fe(C0)3- 

[P(OCH2)3P] Ip(CH2 0)3P] (Fig. 6) is shorter by 0.074 (4) A than the PC3 coordinated 
bicyclic could be construed to reflect the somewhat larger steric bulk of the fatter l&and. 

There is good reason to suppose, however, that the possibly better pi-acceptor properties 
of the PO3 bound donor may be partially responsible. In this regard it has been shown that 

tie shorter Cr-P distance in {OC), CrL when L is P(OPh)s (2.309 A) compared with PPhs 
(2-422 A) is accompanied by longer Cr-C bonds irarrs and cis to the phosphite and shorter 
C-O lengths in the DQ?U and cis carbonyls as expected if the phosphite is the better pi acid282. 
The bond parameters within the two polycycles of the iron compound feature some infor- 
mation on the nature of the behavior of ligands upon coordination. Interestingly, all the 
bond lengths, the PC0 and POC angles and the intraligand P-P distances are quite constant. 

It does appear, however, that both the OPO and CPC angles open up about 3” upon coordi- 
nation of the respective phosphorus atoms to the iron. These observations accord with the 
prediction that s character will accrue in the PC and PO bonds as a result of phosphorus 
sigma-donation. 

The Fe-P bond distance for the PO3 bound I&and (2-l 16 A) is appreciably shorter than 

that found in the other iron phosphate complexes in Table 26 for which structural data are 
available. The difference could be ascribed to the greater steric requirements of P(OPb)3 

and I?(OEt)2 Ph compared to P(OCH2 )sP. However, differences in the nature of the Fef 

bond cannot be ruled out since P(OPh)3 is apparently a poorer Lewis base toward a proton 
than is P(OCHa)~CCH3, which is closely related to P(OCH3i)3P (see Sect. I3 (vi)). The Fe-P 

bond distance for the PCs bound @and (2.190 ri) is also short compared with those found 

for Fe(C0)4PMezPMe3 (2.260 A)2g5 and (OC), Fe(H2 CCCHz ) Fe(C0)3PPhs (2.25 A) 296. 
Again the low steric requirements of the PC3 bound P(OCHz I3 P may be largely responsible 
for the short Fe-P distance but it should be realized that a rather electronegative PO3 group 

is attached to the carbons of the PC3 coordinating site, which would tend to decrease the 



TABLE 266 

Structural informotion on metal complexes of eiectroncgativc phosphorus ligands 

Average M-P 
distance (A) 

Remarks Ref. 

Cr(CO)s P(OPh)3 
Mo(CO)5 PF3 
&Mn(CO)4 [P(OPh)3] (Au(PPha)] 
lWfWFC(CO)3 [ P(CH2 O)3P] [ P(OCH2)sP] 

cBFeH2 [P(OEt)zPh] 4 

cis_FeHz [ P(OEt)s] 4 

R_CsH#eI[P(OPh)3] 2 2.15 

fl!eH4)KrPh)z 1 WW31 2.14 

f~ns-RuH2 [P(OEt)2 Ph] 4 

HCo[ P(OEt)2Ph] 4 

HCoO-‘hh 2,052 

2.309 

2.369 

2.27 a 
2.116 b 

2.190 c 
2.128 d 

2,150 e 

2.115 eq 

2.128 ax 

2,185 

2.14 

2.215 f 
2.136 g 

Octahedral 
Octahedral 
Octahedral around manganese 

See Sect. C(iii)9 

Phosphorus array is a distorted tetrahedron 
and hydrogens are cis 

Phosphorus array is a distorted tetrahedron 
and hydrogens arc cis 

Piano stool configuration 

One of the phosphorus ligands is bonded to 
the cyclopcntadienyl ring via a phcnyl artho 
carbon 

Phosphorus array is a distorted tetrahedron 
and hydrogens are trans 

Distorted trigonal bipymmid with hydrogen 
axial 

Isomorphous with Ni[P(OPh)3] 4 indicating 
tetrahedral array of phosphorus atoms 

Phosphorus atoms in a distorted tetrahedral 
array with hydrogen probabIy on a face 

One of the phenyl groups is pi-bonded to the 
metal 

277 

286 

287 

Complex is chloro-bridged 290 
The PPb3 and Cl groups are cis 292 

282 
306d 
284 

59 

279,280 

281 

285 

285 

280 

278 
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Fig. 34. The molecular configuration of the NiP5 portion of the NiEP(OCH)3(CH2)3 1% cation. 

sigma basicity of the coordinated phosphorus but increase its pi acidity. Infrared data have 
already been presented (Sect. C(iiQ4) which show that carbonyl stretching frequencies are 
not appreciably altered in a given complex by changing the site of phosphoruscoordination 
in P(OCl& )sP. This may be an indication that the ligand properties of the two types of 
phosphorus atoms are somewhat more similar than a phosphite and a phosphine possessing 
ordinary alkyl groups. 

The configuration of the phosphorus atoms in the Ni[P(OCH)&H&] 5 ‘+ cation (Fig. 
34) is very nearly a perfect trigonal bipyramid and it is of singular interest that there is a 
compression of the Ni-P bond distance along the three-fold direction. The average nickel- 
phosphorus axial bond distance is 2-14 * O-01 HL while the average nickel-phosphorus 
equatorial bond distance is 2.19 + 0.01 A_ Although the difference might be considered 
marginal because of the reasonably large standard deviations, similar axial contractions 
have been observed in other structures such as the trigonal bipyramidal Ni(CN)S 3- (ref. 
297) and CuCls 3- ionszg8 The axial contraction in the latter case was rationalizedzg3 in . 

terms of electron pair repulsions, and stronger pi bonding along the axis arising from sym- 
2gg metry considerations . The Ni-P bond lengths are within the range of values reported 

for similar bonds in other compounds, such as 2.18 Bi in Ni(HPE’ha)aIa (ref. 300), 2.22 A 

in Ni(PPh& (CSC6HS)2 (ref. 301), 2.21 A in Ni(TAI?)CN(ClO~) (TAP = 
p(CI& CHZ CH2 AsMez)3) (ref. 302), and 2.19 and 2.21 A in Ni(CN)z(PPh(OEt)z)~ (ref. 
209a). In contrast to the pentakis caged phosphite complex, the last compound is a very 
distorted trigonal bipyramid. Supporting evidence for the eartier conclusion (Sect. C@i)2) 
that the Co [P(OCHz)3CMe] s+ cation is isostructural with the Ni[P(OCH)&H& ] 5 ‘+ 
complex comes from an X-ray diffraction study of the Co{CNMe)5+ ion which was shown; 
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to be a slightly distorted trigonal bipyrarnid’g6b_ 
The Ag[P(OCHs j3CMe] 4* cation has the expected tetrahedral configuration. The Ag-P 

bond distance of 2.436 A is somewhat smaller than that for Ag(SCN)Ip(n-Pr)j ] (2.48 Aj303 

which also is four-coordinate owing to bridging by SCN groups. 
The decrease in M-P bond lengths in Table 26 over the sum +Df their covalent radii ranges 

from about 0.05 to O-2 A with an average difference of approximately 0.15 A for phosphites 
and P(OEt), Ph. For PF3 and PF2 NE& the range is 0.2 to 0.3 A with an average of about 
0.25 A. It is tempting to suppose that the increased shortening of the M-P bonds from 
phosphites to trifluorophosphine is due to increased pi bonding which results from increased 
l&and electronegativity. There are two difficulties associated with this reasoning_ (a) Com- 

plexes of triakyl phosphines possess MP bond shortenings63*304T30s which range from about 
0.05 to 0.3 kk with an average of approximately 0.15 & which is quite comparable with the 
data for the more electronegative phosphite ligands. (b) If increasing electronegativity does 

play a role in shrinking MP bond lengths, it could conceiv;tbly be accomplished by contract- 
ing the phosphorus lone pair. It may well be that steric factors render MP distances rather 
insensitive to pi bonding effects even if they are comparable with sigma bonding. Moreover, 

sigma bonding is expected to decrease with increasing electronegativity of the phosphorus 

which would militate against bond length shrinkage. The possible importance of synergistic 

enhancement of sigma bonding as a result of pi bonding is presently not known. 
The suggestion that steric differences among phosphines and phosphites are important 

gains support from a comparison of the NiP bond lengths in Ni(CN)2 [P(OEt),Phl3 
(2.228 11j2 Oga and the PMe2Ph analog (2.24 A) 209b The ligands in both cases probably . 

have similar steric requirements because of the phenyl groups, in which case the MP bond 
lengths are unexpectedly close in view of the electronegativity difference of the ethoxy 

and methyl groups. It is also necessary to view with caution conclusions on bonding reached 
by making comparisons of shorter MP bond distances in phosphite complexes with those 

in analogous PEt3 or PPh3 complexes since evidence has been presented306 that the steric 
requirements of the latter ligands are larger than P(OMe)3, P(OEt)3 and P(OPhj3 _ Indeed 
even PMe3 appears212 to be comparable in bulk to P(OPhj3. 

In the previous two sections increases in the absolute magrritude of Is3 W-3 ‘P and 31 P- 
M-31 P spin-spin coupling were attributed mainly to increases in the s character of the 

phosphorus lone pair and the phosphorus s electron density as the phosphorus substituents 
became more electronegative. If the increase in s character in the series PR3 < P(OR)3 < 
PF3 is an important influence, a concomitant reduction of the substituent-phosphorus- 

substituent bond angle might be anticipated_ In metal complexes of the type PR3, CPC 

bond angles range from 101 to 111” (refs. 63,301,3U6a-c); in n-CBHS FeIfP(OPh)j J 2 and 
[(C!sH12)[P(Oph)3] 2Rh] 2C12 the OPO bond angles are lOO* (ref. 285) and 99.5* (ref. 

290), respectively; and in Ni(PF3)4, (OC), MoPF3 and Pt(l?F,), the FPF angles are 99.3” 
(ref. 288) or 98.4” (ref. 291), 99.5” and 98.9O (ref. 291), respectively_ Although the sug- 
gestion of a trend toward smaIIer angles is rather sIight in metal complexes, it is significantly 
stronger in the chalconide derivatives ChPR3 (106-108”) (ref. 63), O=P(OCH, Phja (OH) 
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(lCM”) (ref. 54) and ChJ?F3 (100.3--102.5°) (ref. 250) ( w h ere Ch is S, Se or 0). It should 

be recalled, however, that the increase in phosphorus nuclear charge (i.e. s density) with 
electronegativity is also an important factor238 which operates in the same direction as an 
s character rise. Thus in the event that phosphite and phosphine metal complexes are found 
in which OPO 2 CPC, the normal order of spin coupling could be preserved owing to the 
s density term. 

CONCLUSIONS 

The concept of pi back-bonding in adducts and complexes has, with varying degrees of 

seriousness, been referred to in the literature as “the panacea of inorganic ill~“~~’ and as a 
‘cnoumenologic#’ 3o8 occurrence (i.e. an object of purely rational apprehension as opposed 

to a phenomenological one). It has even inspired poetic levity*. 
Although the relative contributions of sigma and pi character to P-M bonds cannot be 

presently ascertained from the results described above, it appears that the ligand field and 

M-P stretching frequency data are most consistent with the presence of an amount of pi 
character sufficient to dominate the trends in Dq in the CoL6 3+ systems and u(MP) in the 

bicydic phosphite complexes. The observation that the coupling trends are best interpreted 
only on sigma inductive grounds certainly does not exclude the presence of pi character in 
the P-M bonds. This is reasonable inasmuch as the present theory of coupling regards the 
Fermi contact term as the dominant influence. Interestingly, it appears that whereas LTV and 
IR spectroscopy and ’ H NMR chemical shifts yield information on the sum of the sigma 

and pi character of the P-M bond, the NMR coupling trends are indicative of the changes 
in its sigma character, 
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