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2 J.G. VERKADE

A. INTRODUCTICN

Much controversy has surrounded the degree of pi back-bonding which may accompany
sigma donation in the link connecting a phosphorus ligand 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 oxo catalysts;
{ubricant 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
aminophosphines® 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 definite conclusions
to be made regarding the nature of the phosphorus—acceptor link. Spectroscopic quantities
which to varying degrees of ceriainty are indicative of the bonding in a phosphorus—accep-
tor (PA) link are the ligand field parameter 10Dg, the stretching frequency »(PA), the spin—
spin coupling constant !JA®? P-(where A is an NMR active nucleus) and J2*PA®' P, the 3'P
and *H NMR chemical shifts, and the PA internuclear distance. The trends in these param-
eters will 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 ligands
and their complexes is not identical and as will be developed later, this difference is not
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 Ia, first reported by us®-%, and II, synthesized by Stetter and Steinacker®. Although
open-chain organophosphorus ligands are either commercially available or can be synthesized
by standard techniques found in the literature, the syntheses mainly developed in our labo-
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ratories for those of the bicyclo[2.2.2] octane 7 variety are now summarized and those re-
ported by others will be cited for completeness.
As shown in eqns. (1)—(5), transesterification of the appropriate trialcohol with P(OR);,
or HCl elimination in the presence of PCl3, leads to phosphites Ia—Il, In and Ii.
PCl, + trialcohol >-CSisN, 129 [615 [g16 [IS + 3 Cs Hs N-HCI
THF )
Ia'3, Ib!%, 1h'® + 3 HCI

P(OMe); + trialcohol —2—> Ia8, 1b?, Ic10, 1d!?, [e!2, if'S, II® + 3 MeOH @
P(OEt)s + (HOCH, )s CCH, OH 2%, 1;% + 3 EtOH 3)
P(OPh)s + (HOCH, )3 CR % Ti—Im*” @

Yields are generally in excess of 50% and Ib is commercially available (Aldrich Chemical
Company and Frinton Laboratories). Reaction of i with methacryl chioride forms In®.
Reaction of P(OPh); or P(OBu); with the proper polyalcohol affords P{OCH, C(CH, O)3P} 5,
O[CH,C(CH,0)3P]» and Pg [(OCH, )3 CCH, OCH; C(CH, 0), —H, OCH, C(CH> 0)3] 5

(ref. 18), all of which presumably contain bicyclic phosphite moieties. Bicyclic phosphite
compounds of this type and of type I function as flame retardants'®-'?, vinyl resin stabi-
lizers 7> !® and antioxidants !7.

An interesting reaction resulting in a 52% yield of 1229 is analogous to an elimination
reaction discovered earlier in which I is formed (vide infra). In the decomposition (below)?®,
R can be PhCH; or H, the latter compound probably having been formed by the hydrolysis
of Ia aithough no details were given. The hydrolysis of Ia gives two isomers of the starting
material in reaction (5), both of which quantitatively dehydrate®® in vacuum to Ia.
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X : )
PO)H ~—————== ROH <+ la
ROCH o e vacuum

A bicyclic phosphite formulated as PQOCH, CH, ); CH has been claimed in a patent 22
but no details were given.

The arsenic ligands III° and IV?® have been made in 38% and 59% yield respectively,
using AsCl; in a reaction similar to (1). Reaction of Sb, O3 or Bi, O3 with (HOCH,)sCR
in the presence of phenol gives compounds of the type M(OCH; )3 CR, where M = Sb or Bi
and R = HOCH, , Me or Et (ref. 24).

As
P R
OCH o5 2
AsZ OCH—CMe @
< OCHI—
SocH””
1 w

Transesterification reactions (6) have been shown to give Va2®, Vb2%, Vc!2, Vd?¢ and
Ve®7 in good yields.

Z in P(CH,0)3Z
Va As
Vb SiMe
Ve CH
vd CMe
Ve C-n-Bu
Vi P
Va
IAXOM8)3
P{OMe) MeSi{OMe)
Vf <——2 (HOCH, )sP ————> Vb ©)
RC(OMe)3
Ve—e

Special care must be exercised in the preparation of the wrialcohol used in the synthesis of
V£ if the chances of a violent side reaction are to be minimized?S. Compounds formulated
as X(OCHR); Y where X=CR, Y =P;X=Y=Pand X =P, Y = CR were mentioned in a
patent®® but no method of preparation or proof of structure was given.

It is quite remarkable that in most cases syntheses of polycyclic compounds involving
trialcohols are not highly susceptible to polymer formation, and high yields are often ob-
tained even in the absence of solvents. We have noticed, however, that crystalline samples
of Ia and Ib on standing under vacuum in sealed tubes become sticky over a period of months
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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 kinetically controlied
whereas thermodynamically these polycyclic phosphites are unstable with respect to inter-
molecular transesterification in the solid state ywldmg polymers involving monocyclic and/or
acyclic species. The highly strained phosphite P(OCH, ), CH reported to form from P(OMe)3
and glycerol?® decomposes rather easily even in vacuum unless it is stored at low tempera-
ture.

Phosphites of types I and V are easily converted to pﬁosphate thiophosphate or seleno-
phosphate analogs>'11713,15:17:25,26,30,31 while efforts to prepare the arsenate or thio-

arsenate derivatives of Il and IV have thus far failed. The variety of oxidation products>?
achieved from Vf is summarized in reaction scheme (7).

OP(CH,0);PO OP(CH,0);PS SP(CH,03)PO
Tﬂzoz TH202 Tﬂzoz
2+’ H S SB
SP(CH,0)3PS«————— Vf. —2» P(CH,0)3PS + SP(CH,0);P Q)
1/2 BoHg
cu?* \(®hCOz);
P(CH,0)3PO OP(CH, 0);P

Assignment of the location of the chalcogen(s) in these systems was accomplished by com-
paring their P—H coupling constants and 3'P and ! H chemical shifts with those of Ia, Vd
and their chalconide derivatives®>®>* 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 trimercaptan??-®* or tris-methylamine??.?* followed by
treatment with E(NMe, )5, where E=P or As.

P(SCH,)sCR P[N(Me)CH,] sCR
VIa,R=Me Vila, R=Me
VIb, R = n-Pentyl VIib, R = n-Pentyl
As(SCH, )3CMe As(NMeCH, )3 CMe
VI X
E(NMe, )5 + (HSCH, )sCR —2- VIa®¢, VIb27, VII** + 3 Me, NH ®)
E(NMe, )5 + (MeHNCH; )sCR —2— VIIa®*, VIIb??, IX?® + 3 Me, NH ©)

Compound VIa was oxidized** to OP(SCH;)3;CR using SO, Cl, and OP(NMeCH, )3 CMe
was synthesized3® by reacting (MeNHCH, ); CMe with OPCl;. Reaction of VIa®% and VIIa3®

with sulfur gave the expected thio derivatives.
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Because one of the isomers (Xa) formed in the acid-catalyzed hydrolysis of II functions
as a rather unusual trivalent phosphorus ligand for several metal ions (see later), evidence
for ite structure will be briefly presented.

O H

M0 B_o 1
H0 + I otone e zo on * oép—zo}) oH 1o

Xa Xb

Although the reaction is quantitative, separation and purification procedures reduce the
individual yields®® to about 30%. Both Xa and Xb dehydrate to II on heating in vacuum.
Although the structures of these isomers were predicted from conclusions based on NMR
and IR studies 3¢, the configuration of Xa was confirmed by a single-crystal X-ray investi-
gation37 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 here2*: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-
tures3% 39 Evidence for this hypothesis is that VIIa and P(NMe; ); have very comparable
morpents owing to the nearly 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)s, 1.90 D (ref. 40) and MeC(OCH, )3 CMe, 2.71 D (ref. 23) in
benzene. The effect of mis-aligning the lone-pair moment of the unique bridging oxygen in
P(OCH, ), CH is seen in the substantial decrease in dipole moment compared with Ia.

The high polarity undoubtedly also contributes to 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*!-42. Convincing evidence that the molecular
dipole in all of these polycyclic systems is as shown by the arrow in Table 1, comes from (2)
comparison of their dipole moments with oxidized derivatives, (5) the additivity of group
moments, and (¢) aromatic solvent chemical shift effects (see next section). The bond mo-
ment in an O=P=, S=PZ or H3B «— PE group is certainly in the direction 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. 40), SP(OCH; )3 CMe, 6.77 D (ref. 40), H3BP(OCH; ); CMe, 8.60 D (ref. 41)
and H3 BP(OCH)3(CH,)a, 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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ABLE 1

Dipole moments at 25° of polycyclic phosphorus compounds and open-chain analogs

Compound? Dipole moment?  Sotvent Ref.
= + (debye)
—0— c
P(OCH,)>,CH 3.28 CegHeg
P(OCH>)3(CH>)3 4.42 CeHe 23,39
4.51 O(CH,CH,),0 ¢
As(OCH)3(CH»)3 2.89 CgHs 23
P(OCH;)3CMe 4.13 CeHe 23
P(OCH3)3CPh 4.08 CCl, 16
P(SCH,)3CMe 3.86 CCls 34
As(SCH3 )3CMe 3.13 CCls 34
As(OCH;)3CMe 2.68 CeHg 23¢€
P(NMeCHj3 )3CMe 1.62 CCls 23
P(OCH>)3P 3.10 CsHg f
As(OCH,)3P 1.58 CgHg 25
MeC(OCH2)3P 1.54 CeHe 23
MeOPOCH,CH,0 2.51 CgHg ¢
MeOPOCH,CH,CH; 0 2.82 CeHg c
(MeO0),, POCH(Me)oCHCH(Me) O 3.6 CeHe ¢
(MeO),,,FOCH(M®) o CH,CH(ME) ;00 3.04 CeHs ¢
P(OMe); 1.83 CCly 40
1.90 CeHeg <
P(SMe)3 1.36 C6H5 34
P(NMes)s 1.21 CeHin g
PMe; 1.192 Gas 40

4 The arrow indicates the direction of the molecular dipole in all of the compounds as written.
Precision of the measurements is at Ieast 0.05 D (cf. A.C. Vandenbroucke, R.W. King and ¥.G. Verkade,
Rev. Sci. Instrum., 4 (1968) 558).

€ 1.G. Verkade and D.W. White, unpublished observation.

d See ref. 127.

€ Reference 40 contains an erroneous reference to a group of French workers as having measured this
moment,

f EB. Ogilvie and J.G. Verkade, unpublished observation.

& B.L. Laube and J.G. Verkade, unpublished result.

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(CH, ); moiety,
1.19 D (zef. 25) from the moments of Il and Ia, respectively. Despite the approximations
inherent in this procedure®®,** 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 MY; moment in molecules M(YCH, ); CMe
(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 MY; moiety remain which include contributions
from the MY bond polaritw, the pnictogen lone pair and half the lone-pair density on the
chalcogens. Surprisingly these group moments are directed toward the phosphorus in Ia
{0.8 D) and VIa (0.5 D) whereas they point toward the chalcogens in the arsenic analogs
III (0.65 D) and VII (0.2 D) as would be expected on electronegativity grounds. The same
is true for the MY; portion of the pairs II, Vb—Vf and their arsenic analogs IV, Va respec-
tively. If the anemalous PO3 and PS; 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 sp® 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 sp? character resides in the oxygen of bicyclic phos-
phites 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 PO; mo-
ment in the direction of phosphorus. This effect would appear to be substantially less in
Vla. It should be noted that the remaining lone pair on each oxygen under these conditions
is of the sp? type and its contribution is 25% less (from geometrical considerations) than
that of two sp® oxygens, assuming similar density distributions. Thus the PO; moment in the
direction of the oxygens should be increased instead of decreased in progressing from an sp®
to an sp® 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 the open-chain systems, the reasoning given above is not
applicable to their measured moments.

(iii) NMR pcrameters

Selected NMR parameters12:13,25727,29-35,43,44 of 5 wide variety of polycyclic tri-
valent phosphorus systems and their open-chain analogs are presented in Table 2. Except
for the assignment of a bonding environment (e.g. PC3, PO3, OPO3, etc.), it is presently
not feasible to interpret the §3! P shift values in terms of bonding parameters. From a
quantum mechanical viewpoint, changes in 3! P chemical shifts appear to be a function of
three parameters®® . For a series of trialkyl phosphites?®, these are the change in electro-
negativity of the alkoxy group(s) (A xOR) the change in d-orbital occupation number
(An,) and the change in the angle between the P—O bond and the phosphorus lone pair
(Ac). The equation is of the form*%? A = —~25AxOR~—382A#n_ + 21 Aa. Changes in xOR
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TABLE 2

NMR parameters of polycyclic systems

Compound s31p Ref. stybd J¢ Ref.
l_o -
P(OCH,),CH —105 44 3.59 0.29, 3.83 29, 44
P(OCH)3(CH2)s —137.7 33 4.3(0CH) +6.3 23, 33,43
3.0(0CH,y)
1.9(0CH.D
As(OCH)3(CH)3 4.2(0CH) 23
3.0(0CH,,)
1.8(0CH,,,
P(OCH2)3CR —92 27,32,33 4.0 +2 12, 23, 26, 33
P(OCH»)3CPh 4.4 2.0 d
P(OCH,)3CCH,Br 4.08 3.0 e
As(OCHZ)3CMe 4.0 23, 43
P(OCH,)3PO 31
P(OCH;)3PS 31
P(SCH,)3CR —33 27 2.9 2.1 27, 34
As(SCH3)3CMe 2.94 34
P(NMeCH,)3CR  —87 27 2.5(NCH3) 16CCJ/PNCH3) 23,27,35
2.6(NCH,) 3(3JPNCH,)
As(NMeCH,)3CMe 2.53(NCH3) 35
2.61(NCH,
P(OCH»)3P +67(P(CH2)3) 30, 32 45 +8.9CJPCH)  25,30,32
—90(P0O3) —~37.2¢3JPP)
+2.5(3JPOCH)
As(OCH3)3P 4.61 +9.4(3JPCH) 25
RC(OCH,)3sP +81 27,32 4.3 +8(2JPCH) 12, 23, 26, 27
MeSi(OCH3)3P 4.66 +8.9CGJPCH) 25
SP(OCH,)3P +71(P(CHz)3) 32 5.11 +7.6(3JPCH) 32
—52(PO3) +7.5CJPOCH)
P(OCH,)3PO —7.45(@(CHz)3) 31 4.60 —8.1(3JPCH) 31
—85.53(P03) +3.2(°JPOCH)
+140(JPP)
P(OCH,)3PS —6.30(P(CHz)3) 31 4.60 -5.8(3JPCH) 31
~90.49(PO3) +3.0CJPOCH)
+118CGJPP)
OP(OCH3)3P +69.98(P(CH2)3) 31 5.15 +7.5CGJPCH) 31
+14.25(P03) +7.5(CJPOCH)
+65(C°JPP)
P(OMe)3 -140 43 3.69 11.35 72€
P(CH,CH) 4.07 3.02/PCH) 25
P(SMe)3 —124.t to 45 2.2 10.0 72€
—_1256
P(NMez)3 —121.5 to 45 2.49 8.82 f
—123

The footnotes to this Table appear at the bottom of p. 10.
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brought about by stepwise substitution of two OEt groups in P(OEt); by various OR groups
lead to linear positive or negative changes in AS which range from < 1 to 6 p.p.m. Extend-
ing the above arguments, an upfield shift with respect to P(OEt)3(—137 p.p.m.)*? is ex-
pected in Ia (—91.5 p.p.m.) since « should be greater?® than in P(OEt); . Although the ob-
sgrLeq value would appear to confirm this hypothesis, the value of —105 p_p.m. for

P(OCH, ), CH is not consonant with the trend inasmuch as « is expected to be greater in
this compound thaa in Ia.

The decrease in n__ reinforces the effect of the concomitant increase in « in the above
equation and the 3! P chemical shift of P(OCH, ), CH should be more shielded than that of
Ia. Aithough the decrease in the number of carbons from P(OEt); (six) to Ia (five) to
P(OC 1), CH (thre‘g_hmw? expected to increase the xOR term and thus tend to deshield
the phosphorus in P( O(,Hq ). CH sufficiently to dominate the 2, and « terms, P(OMe); with
oniy three carbons has a chemical shift only 3 p.p.m. to lower ﬁeld than P(OEt)s. Thus the
reascn for the apparently anomalous trend in *! P chemical shift values is not clear and may
be, controlled by more subtle factors. The correlation of §3! P with AHNP values (see later)
for several series of phosphines reported recently#5? does not extend to the phosphites
discussed here.

The proton chemical shift assignments are all straightforward except for the axial and
equatorial protons on the CH, groups in II and IV. In the latter molecules greater coupling
of the OCH protons to the low-field rather than the high-field CH, absorption was observed
in decoupling experiments*>. In an unconstrained cyclohexane ring an equatorial hydrogen
should be gauche 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 the methine and equatorial methylene protons,
thereby increasing their predicted coupling. Thus the low-field CH, absorption was assigned
to the equatorial methylene hydrogen®3. This assignment is substantiated by the downfield
and upfield movemsnt of the axial and equatorial CH, protons, respectively, when the di-
electric constant of the solvent is increased **. This phenomenon stems from the reaction
field at the dipolar solute produced by the sclvent dipole while the opposite progression of
the shifts arises fitom the different angles between the solvent electric field and the C—H

Footnotes to Table 2:
2 31p chemical shifts are given with respect to external 85% H3PO4 while the lH values have internal
TMS as reference. Because the solvent dependence of the shifts is not mgmﬁcant except for protons
when aromatic solvenis are used 1 (see text), the solvents are not specified here. Values obtained in
various solvents were therefore rounded off. In most instances where more than one compound is re-

resented, the >!P shifts refer to the species where R is a methyl group.

Oniy values for the CH, ring protons are given unless otherwise specified. R group absorptions are
typical and show no coupling to the phosphoms or ring protons.
€ Unless otherwise specified, J refers to 3JPYCH couplings.
d R. Swain, J. Mosbo and J.G. Verkade, to be published.
€ S.C. Goodman and J.G. Verkade, unpublished resuits.

G. Martin and G. Mavel, C.R. 4cad. Sci., (1962) 2095.
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bond directions involved*?.

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 polycyclic systems in Table 1 came
from a systematic investigation of aromatic solvent induced shifts (ASIS) displayed by poly-
cyclic compounds?3. The generally accepted mode! of the ASIS effect is one in which the
aromatic solvent is preferentially oriented with its 7 electron cloud toward an electron-
deficient center on a solute molecule in a time-averagad collision complex which involves
one or more solvent molecules*®. Protons in the solute which are close to the center of the
ring of the aromatic solvent molecule are shielded while protons near the periphety of the
aromatic ring are deshielded. The orientation effect produced by the attraction of aromatic
7 clouds and positive ends of solute dipoles is enhanced by mutual repulsion of the = cloud
and the negative end of the sclute 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, )3 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 dipole 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
molecules with protons at the charged ends of dipolar bicyclic solutes.
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</
Fig. 2. Schematic representation of the interactions of the shielding and deshielding regions of hexa-
fluorobenzene molecules 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 axis of the caged
molecules 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 “waist™ of the dipole are nearly equally shifted) the assign-
ment of the axial and equatorial protons becomes unambiguous?3.

The 3JPOCH coupling constants listed in Table 2 are rather small in bicyclic phosphites
Ibut are three times as large in II. This is attributable to the POCH dihedral angle in II (180°)
being larger3? than 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 study #°.

There is a remarkably large difference in 3/PNCH;(16 Hz) and 3JPNCH, (3 Hz) in VIIa, b.
Constancy of the pair of doublets ebserved for these protons in a low temperature study 3°
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 phosphines*® have led to the conclusion that 3JPNCHj is larger when the methyl
group is cis to the phosphorus lone pair than when it is trans. This accords with our ob-
servation on VIIa, b in which the relationships of the NCH; and NCH, groups to the phos-
phorus lone pair are fixed cis and trans 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 *JPNCH coupling compared with the open-chain analogs studied 5°
wherein this restriction is lifted. The increased magnitude of 3JPNCH compared with 2JPCH
in analogous systems has been noted and the difference accounted for in terms of enhance-
ment of >JPNCH 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®!. Cau-
tion should be used with this type of reasoning, however, since 3JPNCH, in VIIa, b is about
three times smaller than 2JPCH, in cages of type V52,

Whereas *JPOCH, , 3JPSCH, and 3JPNCH, are seen to decrease significantly from open-
chain to caged systems, >JPCH, 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 molecules?? . 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 YPY angles upon constraint would decrease
the s character in the PY link anc account for the decrease in >/JPYCH. Although 2JPCH
would be predicted to behave similarly upon decrease of the CPC angle, Manatt et al, *3
have presented evidence which indicates that decreasing s character in P—C bonds results in
a more positive 2JPCH value.

The ligand 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 studies®”) and a comparison of their IR spectra in the P=0 and P—H stretch-
ing regions3®. 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. Tie only methylene
carbon possessing such single protons is the carbon below the PH bond. From our previous
work on long range coupling constants®? it was found that a favorable condition for cou-
pling (12 Hz) over a distance of five bonds is opposing collinear C—H links. Because the
P—H bond in Xb is collinear 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, although such interactions have not
yet been reported.

(iv) Structure

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 OP(OCH,; ); CMe derived from Ia is shown in
Fig. 3. If the OPO and POC bond angles in OP(OCH, Ph), (OH) (ca. 104° and 120°, respec-
tively®“}can be assumed to be representative of strainless angles of this type, some evidence
of strain is present in OP(OCH ); CMe in the 115° POC angles. Strain probably present
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Fig. 3. The molecular configuration of OP(OCH3 }aCMe.

in the hydrocarbon portion of the molecule since even adamantane possesses®S a strain

energy of 648 cal/mole. The decrease in POC angle from OP(OCH, Ph), (OH) to
OP(OCH,; ); CMe strongly suggests that the maximal pi bonding permitted by the sp? oxy-
gens 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 5® would have a bond order of
about 1.4. The bonding picture and strain considerations would similarly apply to
SP(OCH);(CH; )5 (Fig. 4) wherein the pertinent bond parameters®” very closely resemble
those in OP(OCH2 )3 CMe.

A comparison®® of the bond angles in the structure of OP(OCH;);CMe with those of
SP(OCH; )3 P (Fig. 5) indicates that the principal effect of changing the CCC and CCO
angles in the cage of the former to those represented by the CPC and PCO angles of the

Fig. 4. The molecular configuration of SP(OCH)3(CH,)s.
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Fig. 6. The molecular configuration of frans-Fe{CO)s [P(OCH, )aP] [P(CH; 0)aP](ref. 59).

15
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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 similarly affect the POC angle, The same observation can be made
on the ligated form of Vf in the structure®® of frans-P(OCH, ); PFe(CO); P(OCH, )3 P shown
in Fig. 6 wherein the POC angles are nearly 121°. One of the ligands in Fig. 6 is a polycyclic
phosphite (i.e. P(OCH; )3 Z, where Z = Fe(CO)3; P(OCH, )5 P) wherein the OPO angle is 101°.
The fact that this angle is 99° in the Ag[P(OCH, )3 CMe] ;* ion®° implies that the OPO
angle in the uncoordinated Ia molecule is very likely no larger than this value. Moreover the
POC angles in the [Ag(la)s]* cation are 122°, making it reasonable to suppose that it will
be similar in uncoordinated Ia. Thus the OPO and POC angles in Ia may resemble the OPO
and POP angles in P, O (99.8° and 127.5°)°? although the change in the OPO angle of Ia
on oxidation to OP(OCH, ); CMe would then be significantly larger than that which occurs
from P, O¢ to P30, (OPO = 101.6°, POP = 123.5° (ref. 56)). Structural data have been
reported for two open-chain phosphites in an electron diffraction study®22. The data ob-
tained for P(OCH=CH,); 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-
clude from the OPO angle (104+4°) and the POC angle (1183°) whether or not a caged
phosphite such as Ia is strained or not. The other compound studied®*? was P(OEt); for
which the electron diffraction data yielded OPO and POCbond angles which are inconclusive
for our purpose because they could vary (35—108° and 110—116°, respectively )even when

a skeletal model of “the basic rotational isomer”™ was assumed®?2. More accurate structural
data on the rrans-methyl mesohydrobenzoin phosphite MeOPOCHPhCHPhO obtained by
X-ray diffraction2? shows that the exocyclic POC angle is 117.5° with an average Ocyo-
POgpg40 2ngle of 101°. Assuming tetrahedral CCC angles, 120° POC angles and CO and OP
bond distances which are the same as in MeOPOCHPhCHPhO (1.5 A and 1.63 A, respective-
ly$2P), 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 justifiable to conclude for Ia, then,
that its geometrical reorganization on coordination results in an increase in the sp> charac-
ter of both the phosphorus and the oxygen atoms as manifested 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 phosphorus lone pair, the latter comes about as a **hinge” effect because of the
constraints in the molecule. This concept will be of considerable importance in the discus-
sion of metal phosphorus bonding.

Considering the molecules represented in Fig. S and 6 as polycyclic phosphine derivatives
of the type P(CH, Q)3 Z, it is noteworthy that the average of the CPC angles in both mole-
cules (97°) is not significantly different from those found in Mes P (98.6°, 99.1°)%. This
gives support to the idea that polycyclic phosphites of the bicyclo[2.2.2] octane type are
essentially strainless.

Structures of amino phosphines have proven worthwhile to determine because of the
possibility that nitrogen or phosphorus can function as the donor site in adducts and com-
plexes. An additional concern in our work has been the effect of constraint on the ligating
properties and structure of VIla. Because VIla is a liquid, an X-ray difraction study ** was
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Fig. 7. The molecular configuration of OP(NMeCH3)3CMe.

carried out on its oxide OP(NMeCH, }; CMe and the structure is depicted in Fig. 7. At first
glance it would appear that P—N pi bonding is chiefly responsible for the nearly complete
planarity of the nitrogens (the sum of the appropriate angles being 357°). Although pi
bonding is undoubtedly a factor, steric interactions of the nitrogen methyl groups with the
methylene hydrogens are also operative, viz.

Eclipsing the methyl carbons with the CH, protons would allow the protons to come within
van der Waals radii of one another. Although the 116° PNC(H, ) angles might 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 exception of that found®® for the exocyclic P—N bond in
P3N;3(NCS)s (1.58 A). Interestingly, in F, PNMe, the solid-state structure®® indicates
planarity about nitrogen and a rather short P--N bond distance (1.628 A) whereas the gas-
phase electron diffraction data®? are consistent with distortion from planarity (the sum of
the CNC and PNC angles being 348°) and a significantly longer P—N bond (1.684 A). 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 planarity in the solid
state.

The question of strain in VIla is not as easily answered as in the case of Ia. An indication
of strain stems from the 116° PNC(H, ) average angle but the NPN average angle of 103° is
rather close to the two NPN angles (100.6° and 102.8%) found® in OP(NH; ). The third
angle in OP(NH; ); appears to be distorted by the extensive intermolecular hydrogen bond-
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Fig. 8. The molecular configuration of isomer Xa obtained from the hydrolysis of P(CCH)3(CH>3)3.

ing present®®. 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 OP(NMeCH, )3 CMe is rendered fruitless. Similarly the less-than-tetrahedral angles
in the aziridine rings of SP(NCH, CH; ); undoubtedly influence the value®® of the PNC
angle (119°) and so it too must be disregarded as being representative of a typical value for
this angle. The average NPN angle of 100° in SP(NCH, CH, )3 is not sufficiently smaller
than that in OP(NMeCH; )5 CMe (within experimental error) to conclude that constraint is
responsible for the difference.

The last ligand structure to be discussed is that of Xa>®” which is represented in Fig. 8.
An unusual structural feature of this ligand is the boat form of the phosphorus-containing
ring. Earlier” 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 phosphoryl
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 7°. The POC
(122°) and OPO (108°) as weli as the P—O (1.56 A) and P=0 (1.43 &) 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 7!'3P_ In spite of the presence of 1—-3 interactions involving the bulky triphenylmethyl
group and the axial CH protons, the phosphoryl oxygen does not adopt an axial configura-
tion in the monocyclic phosphonate below, although the phosphorus end of the ring is al-

o
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P
-~
PhCH2
“ o
P—o Me
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most completely flattened to distort the ring from a chair to a *“‘chaise longue™ conforma-
tion 71€. 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 33719 raises the question of whether or not the structure shown for Xb
in eqn. (10) is correct since the disposition of the P=0 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.

(v} P=0 stretching frequencies

Despite the constancy of the phosphoryl oxygen bond lengths (ca. 1.45 A) in the trialkyl
phosphates OP(OCH; )3 CMe (ref. 37}, OP(OCH; ), (OMe) (ref. 37), OP(OCMe, ), (OMe)
(ref. 37) and (OXPhO)P(OCH, ), CH, (ref. 70a) whose structures are known, there does
seem to be a wide variation in P=0 stretching frequencies*?>29:38:72 From Table 3 it is
seen that open-chain phosphates generally absorb in the 1260—1275 cm! region except
for OP(OMe);, in which presumably a second conformer 72b,73,74 ;ontributes another
band at 1290 cmi”?. The six- and five-membered ring phosphates absorb f-om 1270—1310
cm ? while the bicyclic phosphates exhibit very high frequencies betweer 1310 and 1340
cm !. Although there seems to be no correlation of {P=0) with ring size in the monocyclic
compounds’?2, it is tempting to regard the rather sharp increase from ogen-chain phosphates
to the polycyclic derivatives as reflecting to some degree a change in the bonding in the
P=0 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 1(P=0) is the result of the smaller POC angle in
OP(OCH, )3 CMe, since the OPQ angle is not changed significantly. Thus the reduction in
P—0 pi bonding due to the decrease in POC angle requires the exocyclic P=C bond to in-
crease its pi bonding to compensate. This effect would be even stronger in OP(OCH, ), CH
because of the greater constraint, and the value of {(P=0) is indeed observed to rise notice-
ably.

A less conspicuous increase in »(P=0) is observed in polycyclizing OP(CH, OH); (1190,
1130 cm™) 7°to OP(CH, 0)3CH (1200 or 1210 cm™*, CHCl3)?® 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(CH, Q)3 CH as ex-
pected does not greatly alter the phosphine P=0 frequency (OP(CH, 0);PO, 1220 cm™,
KBr; OP(CH; 0)3PS, 1215 ci!, KBr)?! since the bridgehead angles are not changed by
more than a few degrees. It is also rather interesting in this respect that the P=0 frequency
of the phosphate phosphorus in OP(OCH, )3 P (1300 cm™, KBr)*! is not the same as that
in OP(OCH, )3 PO (1325 cm™!, KBr)3!. It js reasonable that the latter frequency is the same
as that observed for OP(OCH, )3 CMe (Nujol)* because the CPC angles (106° in MesP0O)%?
are not expected to be far from the virtually tetrahedral CCC angles observed®? in
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TABLE 3

Phosphoryl oxygen stretching frequencies for trialkyl phosphates in solution

Compound v(P:_=0) Ref.
(em't)
OP(O-n-Bu); 1260 i1
QP(OEt)3 1261 72a
1270, 1260 72b
QOP(CGMe)s 1290, 1275 72b
1290, 1274 38
s ——
OI;OCH;CH;CH:O 1312,1279 38
OMe
o ——eey
OEi’OCHz(Z‘H;CHgO 1290 72a
OEt 1308 72f
| A —
OII’OCH2CMe2CH20 1310, 1270 38
OMe
Of(OCMq)z 1290 e
OMe
-
()TOCH:CI'IzO 1302 72d
OMe 1302 72e
OPOCH,CH,0 1287 722
OEt 1301 72f
OP(OCH)3(CHz)s 13254 12e
OP(OCH3)3C-n-Pentyl 1336 or 1320 72e
Fr—
OP(OCH,).CH 13400 29

1355 0r 1346 72e

‘; Nujol nuil.
Solvent was not mentioned 2°.

OP(OCH,)3CMe. On the other hand, the CPC angle in OP(OCH, )3 P should be close to that
in SP(OCH, )1 P (98°, Fig. 5) and this reduction would permit the POC angles to open up
toward 120°, thereby obligating the P=0 link to participate less in pi bonding.

In contrast, the P=0 stretching frequency of OP(SCH, )3 CMe (1202 or 1214 cmi*, KBr)?*
compares reasonably well with that found for OP(SEt); (1200 cm™?, solution) ?”. This re-
sult is consonant with the conclusion based on dipole moment considerations®* (vide supra)
that little change occurs on polycyclizing OP(SR)s. The fact that the IR spectra were mea-
sured in different media because of solubility problems makes this conclusion somewhat



METAL-PHOSPHORUS BONDING IN COORDINATION COMPLEXES 21

tenuous, however.

The P=0 stretching frequency of OP(NMeCH, )sCMe (1280 cm™*, CCl;)7® is signifi-
cantly higher than that reported 7® for OP(NMe; )3 (1208 cm™, smear). It is attractive to
ascribe the higher frequency in the caged aminophosphine to the greater P=0 pi bonding
necessary to compensate for the loss incurred in the P—N links upon reducing the PNC
angle from 120 (zef. 80) to 116°.

(vi) Basicity studies

This section will be restricted to comparisons of the affinities of open-chain and poly-
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 affinity of water-insoluble bases can be obtained in water—
.nethanol 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 [a®22, The order of decreasing basicity (AHNP) is: P(OR); (520) > Ia (665) >
P(OPh); (875). This 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 streiching frequency of phenol
decreases upon hydrogen bonding with lone pair electrons, it is possible to order basicities
in a series of compounds of a similar nature. The basicity order of four phosphites represen-
tative of various degrees of constraint is®2® MeOP(OCH, ), CH, = P(OMe); = MeOP(OCH, ),
> P(OCH, ); 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 phesphorus atoms are potential protonation or hy-
drogen bonding sites in phosphites. Thus it is not unambiguously clear that phosphorus

TABLE 4
Phenol shifts of phosphorus compounds 4

Compound Av(OH) Compound Av(OH)

(cm'l) (cm!)
P(OMe)3 ’ 216 OP(OMe); 263
MeOP(OCH, ),CHj 225 OP(OCH;),CH,(OMe) 244
MeOP(OCH; ), 212 OP(OCH;)2(OMe) 243
P(OCH5,)3CEt 136 OP(OCH3)3C-n-Pent 232

2 The concentrations of phosphorus compound and PhOH aze 0.01 A and O.ISOM 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
sp® 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 sp? character) if the increase in positive charge on phosphorus due to loss in P—O
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
atom#2%¢ 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(OCH, )3 CMe (899 Hz)32P. This result not only attests to the possibility of protonation
of phosphorus in the phenol shift studies but also to the lowering of phosphite basicity on
constraint (increased lone-pair s character and phosphorus positive charge). A monotonic
change of A83! P (the change in >! P shift on protonation) with ! JPH was postulated®2¢ to
arise from inductive effects, since coupling increased in the order P(0O4-Pr); < P(OEt); <
PhOP(OCH, ), <P(OMe); < P(OPh);. The phosphorus atom in five-membered ring phos-
phites is apparently less nucleophilic than in open-chain systems as determined from several

organic reactions®32—¢,

It has been shown experimentally that the lone-pair availability on the phosphoryl oxy-
gen in caged phosphates is drasticaily reduced. By reversed phase chromatography tech-
niques®3¥ it was demonstrated ! that OP(OCH, )3 C-n-Pent does not function as an ex-
tractant for trivalent lanthanum, neodymium, samarium, gadolinium and ytterbium ions
under a variety of conditions, in striking contrast to the well known extractant OP(OBu);.
Thus in spite of the reduced steric requirements of the caged phosphite and its much higher
dipole moment (vide 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—~Q) values®“2, the origin of the effect in the caged phosphate has been
obscure until now. Piperidinium phosphate ester association constants®*¢ calculated from
conductivity measurements were also found to be consistent with a decrease in phosphoryl
oxygen basicity for phosphates in the order O=P (0-n-Bu); > (n-0ctO) (O=)P(OCH, ), CH,
> 0=P(0OCH;); CEt although no rationalization was given for the trend.

Phenol shift experiments in our laboratories have shown”¢ 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 basicity toward
the phosphoryl oxygen from the phosphorus would also explain the trend, the similarity
of OPQ angles among the series does not support this contention. The question of P=0 or
POC oxygen protonation again arises, however. Favoring phosphory!l oxygen involvement
are the substantially iu'gher phenol shifts encountered for phosphates than phosphites which
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would not be expected on inductive grounds if POC oxygens were involved in both cases.
It is interesting in this respect that phosphoryl oxygens are generally more basic than the

ester oxygens, which may indicate that stronger sigma polarization of phosphorus by the

former type results in a higher negative charge on the phosphoryl oxygen, as has been cal-
culated®*®,

Pi bonding in amino phosphines and amino phosphine oxides has frequently been cited
as the probable cause of the relatively low basicity of the nitrogen in these compounds®®
and it has also been invoked to rationalize the increased basicity of phosphorus in amino
phosphines® 7. Even in competition reactions it has been found that phosphines form more
stable “onium” salts than amines® 7? which would appear to reinforce the expectation that
phosphorus can generally be expected to function as the donor site. There does appear to
be an electronegativity effect in P(NR,); compounds, however, since the phosphorus in
aminophosphines is less nucleophilic than in phosphines® "b, despite the common notion
that the electron inductive effect of the Me, N group surpasses methy1®*® . Although phos-
phorus coordination is observed in the majority of cases, an additional Lewis acid can some-
times be coordinated to one of the nitrogens (see Sect. C).

(vii} UV photoelectron spectra

Photoelectron spectroscopy has proven very valuable for obtaining information on the
nature of through-bond and through-space orbital interactions in bicyclo[2.2.2}-octane
hydrocarbons3®, N(CH, CH, ); N (ref. 90) and also®! P,. A review has appeared recently
in which the natures of these interactions are analyzed®2.

Preliminary investigations on polycyclic phosphorus compounds®? indicate that useful
structural as well as electronic information can be extracted from their photoelectron
spectra. The pi bonding and antibonding MO ionization potentials in P(NMeNMe); P, for
instance, fall in a rather small range 3 eV), suggesting that the pi-type interactions are not
very strong. This may mean that the molecule does not have C3, symmetry with planar
nitrogens. Following this discovery it was learned that an X-ray diffraction study had been
carried out in which it was shown that indeed the Me groups on adjacent nitrogens are
staggered (the sum of the angles around the nitrogens being ca. 345°)°% and this configura-
tion is even preserved in SP(NMeNMe), PS (ref. 95a) and in OP(NMeNMe), PO (ref. 95b).
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 steric repulsions between
vicinal methyl groups, since they would come well within each other’s van der Waals radius
in an eclipsed configuration. In contrast, P(CCF3 CCF3 )3 P exhibits a photoelectron spec-
trum®2 which is similar to that®® of HC(CH=CH); CH except that the pi ionization poten-
tials are somewhat higher. The splitting in the low ionization potential region of the PE
spectra of P(OCH; ); CMe, P(CH, 0); CMe and MeC(OCH, ); CMe is consistent with through-
space interactions among the oxygens as shown schematically in a view down the 3, axis
(see over).



24 J.G. VERKADE

CO
R4
(viii) Conclusions

It is quite probable 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 = O 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. (1) An increase in the P=O stretcning 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 phosphorus 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 NMe, . The first deals with the
efficiency of PO or PN pi bonding as a function of the orientations of the oxygen or nitrogen
Ione-pair p orbitals with respect to one another. Thus if the POC angles were 120° in
OP(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 state®* at least. A self-consistent
molecular orbital calculation showed differences®’? in the P—O pi energies in OP(OCH, Ph), -
(OH) and MeO(O)P(OCH, ), and EBMO calculations revealed a smaller negative phosphoryl
oxygen negative charge for cyclic phosphates compared with an acyclic one®?®. A recent in-
dependent EHMO calculational comparison of P=0 oxygen charges shows that they are
roughly equal in OP(OMe); and OP(OCH; ), CH, (OPh) while they are also about the same
but smaller in magnitude®?’®? in OP(OCH, ), (OMe) and OP(OCH, )3CMec. 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 sp® 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 planar nitgom—p,
gen. Although it is not necessary to invoke this possibility to explain our results, it may
apply to the structure®* of P(NMeNMe), P in which the P—N distances are comparable with
those in OP(NH, )3 (ref. 68), F, PNMe, (refs. 66, 67) and {Cu[(Me, N),(0O)POP(0)-
(NMe, )2 13} (ClO4), (ref. 80) in spite of the non-planarity of the nitrogens.

C. COORDINATION COMPOUNDS
(i) Phosphoryl compounds

A substantial portion of Sect. B has already been devoted to this class cf 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=0 distances and high P=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=0 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 compcunds suspected of engaging in some degree of phosphorus—
acceptor pi bonding.

A detailed review ®® of the evidence for d_—p,, bonding in the P=0 bond appeared some
years ago in which thermodynamic, structural-énd 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=0 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??- 190,
Thus the dissociation energies for P=0 bonds lie in the 120—150 kcal/mole range, whereas
they occur from 50—70 kcal/mole for N=0O bonds. Weakening of the dissociation energies
for N--O systems, because of the greater ionization potential of amines or interelectronic
repulsions between first row elements, are considered to be of secondary importance. The
P=0 bond length tends to be about 0.2 A shorter than the sum of the covalent radii 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-Q
links. The surprisingly short NO bond length %! in F3NO of 1.15 &, however (which is
about 0.2 A shorter than an NO single bond), is strongly indicative of the presence of ap-
preciable p,—p, bonding°>. Dipole moment increments due to the oxidation of a phos-
phine to a phosphine oxide (Au =2 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-O, N~B and P-B bonds: Au(Me;PO)/Au(MesNO) =

Au(Me3 PBCl;3)/Au(Me3; NBCl;3)°% 193 The rationalization of this result on the basis of
d,—p, back-donation to phosphorus has been criticized, however, on the ground that even
such large differences could be due to polarizability differences of the P and N atoms %5,
Furthermore, the incremental value for Me; PO calculated from the proportionality (4.25 D),
thoupgh 30% larger than the increments involved in oxidizing PPh; (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 PMe;—OPMe; pair!®.

Optical and magnetic resonance spectral studies of phosphorus compounds by and large
point toward possible P=0 double-bonding. The increase in {(P=0) with increasing electro-
negativity of Z in OPZ3 systems'?7, with decreasing bond length 18 or with increasing
force constants calculated from spectral analyses'®® is consistent with increasing bond
order due to d,—p,, involvement but measured P=0 bond refractions are not''?. Although
the P=0 bond is transparent in the far uliraviolet, aryl group absorptions in phosphoryl
derivatives have been examined for evidence of conjugation with the P=0 group. Unfortu-
nately, conflicting interpretations of the importance of this interaction were put forth®°.
Strongly donating aromatic systems, however, greatly displace the p bands of aromatic
phosphine oxides®? and this effect seems to be asssociated with d,—p,, delocalization in-
volving only the phosphorus in the P=0 group®®:'!! since the orbitals on the phosphorus
used by the conjugating substituents are niot the same as those employed by the oxygen 2.
A plot of the nuclear quadrupole resonance frequencies of the 33Cl nucleus in a series of
OPCl, R compounds versus the effective electronegativity of R as calculated from »(P=0)
values ! 13 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 phosphory! oxygen. Further indirect evidence of phosphorus & orbital
participation in bonding stems from the weak interaction of the unpaired electron in anionic
radicals such as [OPPh3]~ with the 3! P nucleus as indicated by their ESR spectra®'®, This
was interpreted to arise from the placement of the electron in an orbital of high J character
with enough s component to make coupling observable. Further splitting due to orthio and
para protons on the phenyl groups was taken as evidence for the conjugation of the phenyl
moijeties with phosphorus d orbitals. The inclusion of pi bond occupation and
electronic distribution in the theoretical treatment of 3'P chemical shifts is ap-
parently an essential feature®S . Whereas sigma bonds are generally composed of s and p or-
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bitals, 4 orbitals exclusively make up the pi bonds and the two contributions to the chemi-
cal shift are then additive*® . *3C—'H coupling constant measurements have also been re-
lated to pi bonding in P=0 links'5.J '3C—! H increases from NMe; (131 Hz) to NMe,*
(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 PMej (127 Hz) to PMe,* (134 Hz), the value for OPMe; (129 Hz) is in-
dicative of only a small change in charge on the phosphorus, consistent with substantial

pi feedback!'S .

Calculations based on bonding theory have also been carried out and their validity tested
with experimental parameters in some cases. Ab initio computations 'S on PCl; and OPCl;
with Slater-type orbitals give orbital energies which compare favorably with vertical ioniza-
tion potentials measured from PE spectra when phosphorus 4 orbitals are included. Further-
more, when PCl3 complexes to oxygen, the phosphorus 3s and 3p, populations decrease
greatly, whereas a large increase in the 3p_ and 34 densities occurs, with the latter exceeding
the former. Substantial 3d_ bonding has also been calculated ' =%+ '® for OPF; by ab
initio **72-®:118 nop-empirical valence bond ' and CNDO!2°2:® methods. Although in-
clusion of such a component brings the calculated dipole moment closer to the experimental
value 1% *202.b SCE_] CAO'2! and CNDO'2°%P 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 ** 74 for the P=0 bond in OPF5 compared
with OPHj 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 OPF3 was interpreted as reflecting about
equal sigma donation and pi acceptance on the part of phosphorus. A problem arises in the
ab initio calculations*?? of OPMes, which indicate that the charge on phosphorus in PMe;
is unaltered on oxide formation, yet the calculated dipole moment increase (ca. 2 D) is
only half of the experimental 1% 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 1232-P_ Extended Hiickel MO calculations including d orbitals
reveal '°2 trends in P=0 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=0 pi bonding
which is chemically significant in that it rather severely affects electronic distributions and
energies102,1202:124_(Qp the other hand, the role of d orbitals in determining bond angles
seems minimal at best 192212021t is reasonable to conclude that whereas in many cases outer
d orbitals lie too high in energy and are too diffuse for efficient overlap !2%, there are valence
state configurations in which highly electronegative ligands can sufficiently contract the
phosphorus 3d orbitals for overlap with a pi electron base262~9, 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 will be compared with phosphoryl compounds in a number of instances.
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TABLE S
Boron adducts of phosphorus and arsenic ligands

Adduct @ Properties Ref.
Base Acid
P(OCH)a(CH2)3 BH3 M.p. 247—-251°, air stable 41
P(OCH)3(CH3)3 B3H, Dec. 270°, air stable 41
P(OCH)3(CH3)3 BMe3 Dissociable solid 41
P(OCH)3(CH3)3 BF3 Decomposes easily 41
P(OCH,)aCMe BH; M.p. 199°, air stable 127
P(CCH;)3CM= BDj Alr stable 127
P(OCH;)3CMe BiH, Dec. 167° 127
P(OCH,)3CM:= BMes Solid, dissociates 127
P(OCH2)3CM= BF3 Hydrolyzes easily 127
P‘(_O—C :);EH BH3 Decomposes easily 12e
As(OCH)z(CH3)3 BHj3 No reaction 85
As(OCH)a(CH2)3 BMes No reaction 85
P(NMeCH;)3CMe BH; 2 M.p. 74-76°, sublimes in
\ vacuum 35
P(NMeCH3)3CMe 2BH3 Dec. 120°, sublimes in vacuum 35, 85
OP(NMeCH5)3CMe BH3 Stable to dissociation at room
temp. 35
SP(NMeCH,)3CMe BH3; Stable to dissociation at room
~— temp. 35
As(NMeCH3)3CMe BH3 b Decomposes rapidly at room
temp. 85
As(NMeCH>)3CMe 2BH3 Decomposes slowly at room
temp. 85
As(NMeCH, }3CMe BMe3 Dissociates slowly 85
As(NMeCH;)3CMe 2BF3 Dissociates slowly 85
P(CH,0)3CMe BH3 Stable in air 26
P(CH,0)3CMe BMej No reaction 26
P(CH,0)3CMe 2BF3 Unstable to dissociation and
hydrolysis 26, 85
P(CH,0)aCMe BBr3 Decomposition prevents
isolation 85
P(OCH)3P BH, D Stable in air 31
P(OCH1)3P ' 2BH3 Hydrolyzes easily 31
MeOPOCH,CH, O BH3 Stable liquid 72e
MeOPOCH,CMe;CH, O BH, 4 Stable solid 72e
MeOPOCH,CH;CH, O BH3 Stable liquid T2e
(MeO)axl.r’OC!-I;C(Me}ax-(CHz Ci)eqCHz(') BH3 Stable liquid isomer mixture 128
(Me0),,,POCH,C(Me), -(CH,C), CH,0  BH3 Stable liquid isomer mixture 128
(MeO)axPOCH(Me)eq-CH2CH(Me)eq() BH3 M.p. 76—77.5°, stable 12e
(Me0),POCH(Me)-CH2CH(Me),,O  BHa Stable liquid, mixture with

preceding isomer T2e
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TABLE 5 (continued)

Adduct? Properties Ref.
Base Acid
P(OMe)3 BH; 4 Stable lig., b.p. 86°/23 mm 72e, 129
P(OMe)3 BMejy Dissociates 43
P(OEt)3 BH34 Stable lig., b.p. 39°/0.4 mm 129
P(O-i-Pr)3 BH. 4 Stable liq., b.p. 42-43°/0.1 mm 129
P(O-n-Bu)3 BH; 4 Stable lig., b.p. 83—55°/0.15 mm 129
P(OPh); BH3 4 M.p. 54° 130
P(OC¢H11)3 BH3 9 M.p. 69° 129
P(NH;)3 BH3 Solid 131
P(NMeH)3 BH3 M.p. 30.5-31.0 132
P(NMe3)3 BH; 9 M.p.32.5 35,133
BMej Dissociates 134
BEt;3 Dissociates 134
OP(NMe,); BH3 Dissociates ’ 35
SP(NMe3 )3 BH3 No reaction 35

2 The formulation of the adduct as shown is meant to imply nothing about the site(s) of attachment of
the acid. This will be discussed in the appropriate sections of the text. In all cases the base was teacted
with excess Lewis acid (B, Hg, B4Hjo, BX3 or BR3) at room temperature or below unless otherwise in-
dicated. It is noted under the properties column if no adduct formed. 4 B, Hg/Base = 0.5. € ByHg/Base =
1.0. 9 Base + BH; + CO,.

(ii) Boron adducts

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
laboratories?6-31,35,41,72€,85,127,128 (therg 129-134 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 B, He
or by replacing a hydride on the BH;™ anion®. In our syntheses listed in 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 BMe; adduct of Ia could be used as a superior source of pure
BMe3 when allowed to dissociate?®!.

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 BH; moiety to d orbitals on phosphorus, Although a more detailed discussion of this
problem will occur elsewhere' , results bearing on our work will be included in subsequent

paragraphs.

2. NMR spectral paramerers

31p 11Band ! H NMR spectral studies conducted on the polycyclic?®>31535:%1,728:85 554
acyclic ligand®? »722:135-138 poron adducts are most helpful in assigning the site(s) of co-
ordination on the ligand. Phosphorus coordination is expected only to shift the ligand 'H
spectra downfield by the inductive effect. It might also be expected that a change in the
phosphorus to ligand—proton coupling would be observed. Large ! B—2!P couplings are
also predicted if phosphorus is the basic site and these should register in the ' Pand *'B
spectra. Comparison of the relevant data in Tables 2 and 6 satisfactorily shows that phos-
phorus is bonded in the adduct. Coordination to oxygen would not give such large ! ! B—
31P 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 ** B—3'P
and 3! P--B—!H coupling. The reason for the equivalence in.'JBP and *JBH 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
phosphines. P, 1B and 'H NMR data similar to that presented in Table 6 for phosphites
have been interpreted in terms of P—B bonds in P(NMe, )3 adducts of BHs and HEt, B
(ref. 139) and in P;(NMe)s—BH; compounds *%°. The presence of »(BH) bands in the
2400—-2500 cm™ has been concluded to be characteristic of PBH; systems whereas NBH;
groups yield »(BH) frequencies in the 2230—2400 region 41,

Evidence gathered from 'H NMR spectra is summarized in Table 7 showing that a nitro-
gen atom in the polycyclic aminophosphine VlIla can behave as an electron pair donor after
prior occupation of the phosphorus by a borane, oxygen or sulfur. Thus the CH, proton
resonances become a complex multiplet while three doublets'*? are expected for the NCH;
hydrogens on the basis of the schematic structure shown here.

o .

H
Hy8 Me
L
H H

Contrastingly, OP(NMe, ); forms a 1:1 adduct in which preservation of the NCH; proton
NMR doublet suggests that either rapid exchange of the BH3 group is occurring among the
nitrogens or that the phosphoryl oxygen (which is more basic than in OP(NMeCH, ); CMe)
coordinates to the borane. The lack of a borane complex with SP(NMe, ); is explicable on
the Iatter 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{NMe, )Bu, could not be found %!, P(NMe, )Me, apparently forms
H; BP(NMe, BH;)Me, quite easily '*3. From infrared studies, B—N bonding is also indicated
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in the 1:1 adduct P(NMe, BF;)F, but in the BH; mono-adduct of this ligand B—P bonding
is likely 14%_ 19F NMR studies are consistent with di-adducts of the type 2BF3-OP(OMe);
and 2BF; OP(NMe, ); 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'*%.

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 OP(NMe, ); or SP(NMe, )5, with the resuit that one of the nitro-
gens becomes tetrahedral on coordination to a BH3 group. The easy formation of
H; BP(NMe, BH; )Me, 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 unambiguous conclusion on this point®>® 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 BHs and BF; adducts also show clear evidence for an N—B bond.
The lack of such behavior with BMes could well be sterically determined. The isolation of
the crystalline compound H3; BP(NMe. )5 ‘HCl is not inconsistent with the above reasoning
since the strongly Lewis acidic proton is evidently able to coordinate to a nitrogen but
another BH; group is not 33,

Borane coordination to phosphorus in H3 BP(CH, O); CMe is shown by the simple doublet
for the CH, protons and the 2JPCH coupling constant of 0.8 Hz typical for coordinated
phosphorus?®. Moreover, MeC(OCH, )3 CMe does not react®® with B, Hs. In contrast, both
P(CH; 0); CMe and HC(OCH; ); CMe reacted with at least two moles of BF3, but facile de-
composition prevented further characterization of the products®S.

The absence of consistent trends in the !*B and *' P chemical shifts and the constancy
of 'JBP and !JBH values in Table 6 preclude interpretation in terms of bonding arguments
A clue as to the nature of the boron—phosphorus bond in BH3 adducts of I and II does
present itself in a study 8- 147 of the variation of 3JPOCH with the chemical shift of the
OCH proton in a series of the type AP(OCH, ); CMe and AP(OCH)3(CH; ). 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 raticnalized 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 fall
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 oxygens. Since the BH3 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 BHj3 group is at least small compared with a chal-
conide.

A similar linear correlation is not observed® for P(OMe); or P(OEt); and 3*JPOCH varies
less than 1 Hz from 10 and 7 Hz, respectively. The reason for this is not apparent at this

146
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TABLE 7
NMR parameters of boron adducts of aminophosphine derivatives
Adduct. 8'H(CH;)? 8'H(NCH3)® 3JPNCH3 Ref.
H3BP(NMeCH; )3 CMe 2810 2,51 14 35
HgllS
rNMeCHz
H3;BP(NMeCH,; ), CMe 2.90-3.60°¢ 2.64 i3 35
2.74 12
2.78 12
H3l|3
|_1~nm=;cu2
OP(NMeCH2),CMe 3.10-3.80°¢ 2.76 12 35
2.79 11
H3Ii"
eCH»
SP(NMeCH3),CMe 3.14-390°¢ 2.74 14 35
2.85 14
2.87 13 .
H3BP(NMe2)3 2.63 9.2 137
Hg?
NMeCH3z
. 1
H3BAs(NMeCH),CMe 1.40-297°¢ 2.55 85
2.78
3.07
Me3BAs(NMeCH; )3CMe 2.6 2.54 85
F3?
NMeCH
r >
F3BAs(NMeCH;),CMe 2.7¢ 2.50 85
2.63
3.03

2 with respect to internal MesSi. b 3.IPNCH2 = 5.0 Hz. © 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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A group increases while in open-chain 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 7 in
AP(NMe, )3 where A = BH3, BH; Cl, BHCl,, BCl3, it is noteworthy that 1JBP and 'JBH
are curvilinear and nearly linear, respectively, with 8'H, §''B and §3!P (Fig. 11). 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 (

cant changes in s character registered in the rising !*B—3!P and !! 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 2! POC! H 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 BH; adducts®!»72¢:127:128 and phosphates39:#%: 72¢: 148 jeads to the firm
conclusion that the P—B link is substantially more polar than the P=0 link in comparable
compounds. In view of the larger electronegativity of oxygen and its higher lone-pair den-
sity compared with the BHj3 group, it is tempting to regard this result as a strong indication
that pi back-donation lowers the P=0 moment. Using the comparison Au(phosphate)/
Au(Me3; NO) = Au(H; B-phosphite)/Au(Me; NBH;) (where Ay is the increment in dipole
moment upon forming the oxide or BHj link) it is found that the experimental Au(phos-
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, O, BH3) in the derivatives from which the dipole
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TABLE 8
Dipole moments at 25° of borane and oxide compounds of phosphorus
Compound Dipole moment?  Solvent Ref.
(debye)
—O0——
HaBP(OCH,),CH 6.25 CeHs T2e
H3BP(OCH)3(CH»)a 8.82 O(CH,CH, )20 41
H3BP(OCH2)3CMe , 8.60 O(CH2CH2),0 127
(H3 B)eqli’OCHQC(CHgCi)ax(Me)eqCHg0 6.01 CeHe 72e
(OMe),,
(H3B)quII’OCHZC(CHZCI)eq(Me)axCHz6 s.21 CeHs 72e
(OMe),,
(H3B)eql"' OCH;C(Me,)CH20 6.07 CeHe 72
(OMe)ax
3
(H3B)eqll’OC H(I\'fe)eqCHZCH(ME)er 6.28 CgHg 72e
(OMB)ax
(H3B),;, POCH(Me) o CH; CH(Me) g0 5.89 CeHe 72
i
(OMe:)al
H3BP(OMe)3 4.07 CeHg 72e
OP(OCH)3(CH,)3 7.46 b
OP(OCH,)3CMe 7.10 O(CH,CH,),0 39
7.29 CgHg 146
OII)OCHzCHp_O 4.47 CGHG 72e
OMe
| —
01;0CH2CH2CH20 5.55 CeHe 72e
OMe
Oeq]iSOCHQCH(t-Bu)eqCHgé 5.63 CeHe 7T2e
(OMe),
OaxI;’OCHgCH(t-Bu)eqCHgd 5.08 CeHs 72e
(OMe)eq
OP(OMe)3 3.18 CeHg 40

2 Precision is + 0.05 debye unless otherwise specified. b Because of insolubility of the compound, this
value was estimated by adding the difference in moments for Ia and OP(OCH3)3CMe to 4.51, the mo-
ment for IL.
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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 open-chain < six-membered ring <
bicyclo-[2.2.2] octane =2 adamantane derivatives in both the phosp'_ha_te and BH; series.
Similarly “over-constraint™ in the highly strained ring sytems Hj BP(O(,;EZ ). CH and
(MeO){O)POCH,, 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 bicyclo-
[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 phosphites.

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=0 link. There is some evidence, however, that there
is a reduction in polarity in H; BPPh; (4.79 D) compared with Cl; BPPh; (7.03 D) beyond
that expected on sigma bonding alone 4% Using!5? a correction for the BH and BCl mo*
ments based on CH4 and HCCl3, zero and 1.18 D were subtracted from the moments of
the BH3 and BCl; adducts, respectively. The remainders are then crudely representative
of the BPPh; moments in both '*®. Assuming that the PPh; contribution in each is not
very different, it is clear that the BP moment is less polar in the BHs adduct and pi bonding
may be responsible 4%,

The melting points of the BH3 adducts span a rather wide range from H3z BP{OMe);
(liquid) to the five- and six-membered ring phosphite adducts (liquids or relatively low-
melting solids) to H3 BP(OCH, )s CMe (199°)!27 to H3BP(OCH)s(CH, )3 (247-251°)%1.
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 polarity *!. A
similar phenomenon can be noted for the parent phosphites I and II and the oxides* ¢
(Tables 1 and 5). The origin of the higher moment for H3 BP(OCH)3(CH,); is not clear.

A greater induction effect due to the larger number of cartbons compared with
H3BP(OCH, )3 CMe is not likely to be totally responsible since the difference in moment
between la and Ig (Table 1) is negligible. Small bonding changes in the two cages probably
play a role here.

4. Infrared data

Boron—phosphorus stretching frequencies have been assigned 42> 728+ 151,1523,0 45 5 rapnge
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 cmi ! region is quite rich in absorptions in the phosphite adducts. A similar conclusion
was reached 53 after assigning boron—phosphorus modes in borane adducts of PMe;,
P(NMe,)F, and P(NMe, ), F.

The trend in boron—hydrogen frequencies seems to correlate reasonably well with the
basicities of the phosphites as paralleled by the phenol shifts of the phosphates (vide supra).
Thus the higher asymmetric and lower symmetric?2> 154 »(BH) values increase as the basicities
decrease in the order'55 P(OMe)s > MeOPOCH, CH, O 22 MeOPOCH, CH, CH, 0 >
P(OCH;)s CMe > P(OCH; ), CH.
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TABLE 9
Infrared data for boron adducts of phosphorus compounds
»(BH), v(BD)?

Adduct v(BP)? Ref. Ref.

Asym. Sym. Weighted

average
—O0—

H3BP(OCH,),CH 2433 2380 2415 72e
HsBP(OCH)5(CH, )3 860 42 2400 23504 2383 42
D3 BP(OCH)3(CH>)3 848 42 1827 17199 1791 42
H,B3P(OCH)3(CH;)3 868 42 2470 23504 42
Me3BP(OCH)3(CH,)3 833 42
F3BP(OCH)3(CH3)3 854 42
HaBP(OCH,)3CMe 855 42 2400 23554 42

2415 2366 2399 72e
D3BP(OCH,)3CMe 844 42 1810 170542 1775 42
H;B3P(OCH,)3CMe 855 42 2510 24004 42
Me3zBP(OCH3)3CMe 811 42
F3BP(OCH;)3CMe 869 42
Ha BIE’OCHz CH,O ' 2410 2363 2394 72e

OMe
HsBP'[ OCH,CH,CH, O 2411 2364 2395 72e
OMe
H3BP(OMe)3 799 42 2402 2362 2389 72e
D3BP(OMe); 759 42 1795 16914 1760 42
H3BPH;3 572 149 2399 2392 2397 152b
H3BPF3 607 € 150 2455 2385 € 2432 152a
H3BPPhg 60849 149 2440 233044 2403 149
D3BPPh, 1820 175544 1798 149
HaBPMeH, 581°¢€ 152b 2386 2344 ¢ 2355 152b
D3BPMeH, §33€ 152b 1802 1730¢ 1778 152b
H3BMesH 575 ¢ 1520 2366 2346 ¢ 2359 152b
D3BMey E 518°¢ 152b 1795 1742 ¢ 1777 152b
H3BEtH, 562 € 152b 2385 2348 € 2373 152b
D3BEtH, 507 ¢ 152b 1802 1704 € 1769 152b
H3BEt, H 573 € 152b 2368 2341 € 2359 152b
D3BEt;H 511 ¢ 152b 1785 1733 € 1768 152b
H3BCO 2434 2380°¢ 2412 152a
b

2 Measured in solid state or polar solvents such as CHCl3, CH5Cl; and CH3CN.
Estimated from spectra shown in ref. 149. € Low tempera-

CsHe unless otherwise specified. € Liquid.

ture glass.

Measured in CCly or
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The BD frequencies are in agreement with this order in cases where they were measured.
The increase in »(BH) with decreasing basicity can be ascribed to the rise in s character of
the boron as it progresses from a more sp® configuration toward sp®. 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!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 adducts were present!5%_ Similarly the »(BH) data for H; BPH;
and H3 BPF; in Table 9 in conjunction with their ' B—! H coupling constants (103 Hz
(ref. 151) and 107 Hz (ref. 156)) help verify the correlation!S® 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 H3 BCO possesses the capability of BC pi bonding, it is extremely noteworthy
that the BH stretching frequencies for this compound and for H; BP(OE}-I?)z—('JH are the
same to within experimental error. It is also interesting in this regard that force field calcu-
lations on H3BPH; and H; BPF; give PB bond orders of 0.78 and 0.92, respectively '*”7.
Since the BH frequency increase from H3 BPH; to H3 BPF3 (Table 9) is in accord with the
expectation that PF; is less polarizable than PH3, the larger bond order in the PF; adduct
is consistent with the possibility that pi feedback from the BH; group is more pronounced
when electronegative phosphorus substituents are present.

5. Enthalpy data
Heats of association were measured *!*127 on Me; BP(OCH, )3 CMe (—14.4 kcal/mole)

and Me; BP(OCH)3(CH; )3 (—15.9 kcal/mole) for the reaction
Phosphite (solid) + BMe; (gas) = Me3 B.Phosphite (solid) (1)

These values are very close to that obtained for Me3 BPMe; (—16.47 kcal/mole 1°%2) and not
far from the one measured for F3BPMe3 (—18.9 kcal/mole 1%%), In spite of the weaker
basicity of bicyclic phosphites compared with phosphines, the comparable heats of associa-
tion with BMe; may reflect the reduction of steric requirements of the bicyclic phosphites
compared to PMe;.

The heat of association of H; BPF; has been evaluated at —24.9 kcal/mole 158, The
rather high value of this enthalpy could represent a partial stabilizing contribution from
BP pi bonding. Such a consideration gains merit from the fact that F3 BPHj is very highly
dissociated 1552,

Phosphite II appears to be somewhat stronger as a base than Ia but both are significantly
weaker than Me3 N in a reaction analogous to (11) for which AH, . = —25.1 kcal/mole
(ref. 127). From a normal coordinate analysis of I3BPI3, a best fit of the infrared spectrum
was obtained 158 assuming a force constant of 1.0 mdyne/A. Using a plot of force constant
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versus association energy for a variety of molecules, an extrapolated value of —16 kcal/
mole was predicted 52 for I3BPI; and the good agreement with those found for our caged
phosphite Me3B adducts is not unreasonable.

This rise in the heats of association for the borane adducts of PPhH, (—31.2 kcal;mole),
PPh, H (—34.1 kcal/mole) and PPh3 (—37.6 kcal/mole) according to

Base (soln) + BH; (gas) = H3B-Base (soln) (12)

has been ascribed '*° to less reorganization energy toward tetrahedrality for the base and
greater ease of phosphorus charge neutralization by mesomeric induction as the number of
phenyls increases. The latter is substantiated by a downfield chemical shift in the phenyl
proton NMR spectra along the series'*?, 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 BF; adducts!5?. Heats of association for the BF 5 adducts, viz.

Base (soln) + BF; (gas) == F3;B-Base (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 BH3 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 kcal/mole and is attributable to BP pi bonding originating from the BHj3
group %9,

6. Displacement reactions

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

H3B-Phosphite + Phosphite’ < H3B-Phosphite’ + Phosphite (14)

The following order of basicities toward BH3 was established: P(OMe); > P(OCH; );CMe >
HOCH,), CH and MeOPOCH, CMe, CH, O > B(OCH, ), CH. The observation that

P(OCH; )3 CMe is incapable of displacing BH3 from H3; BNMe; while P(OCH)3(CH,; ); is
partially able to do so**-127 shows that II is a stronger base than Ja. All of these results are
entirely in accord with conclusions drawn previougly in this review regarding the decrease
in phosphorus basicity upon augmenting the “hinge effect™ by greater constraint of the
alkoxy groups.

Displacement reactions in solution using the bifunctional phosphorus ligand P(OCH;);P
yield the order®! PBuy > P(OCH; )3 P > P(CH, Cl);. 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(CH, Cl);, which is opposite to elec-
tronegativity arguments in both cases. It was also found?3! that P(CH, 0);CMe >
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P(CH, 0)3PBH; and P(CH, 0)3 As > P(CH, O);PBH;. Here the large dipole moment of
P(CH, O);PBH3, estimated %? 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
dipolar-inductive effect is weaker for the bases with which the borane bicyclic base is com-
pared; their moments are almost five times smaller (Table 1).

7. Structural data

Phosphorus—boron bonding occurs in all the BH; adduct structures thus far analyzed
and the separation of these atoms decreases in the series HyBP,Me;BH3 (1.951 A)6!,
H;BPH; (1.93 A)'%%22, H, BPH, Me (1.906 A)'%2° H,BPMe, (1.901 A)'%2°, H, BP(NH, ),
(1.887 A)'¢, F3PBH, BH, PF3 (1.848 &)'%* H;3BPF, H (1.832 A)'%2® and H, BPF,
(1.836 A)'58€_ In the adduct shown in Fig. 12, the BP distance (1.879 &)!65 falls close to
that in H; BP(NH, ); and it appears that electronegativity effects strongly influence the BP
bond lengths.

Fig. 12. The molecular configuration of BH3(MeO)P(OCHMe),CH,.

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 72— ¢
might be taken as weak evidence that some pi bonding must occur in the BP link.

Me
o o o Me
Ox T'/’ow 0\\_?_,0>7 o&T{_OV
OPh OoH OH
CHyBr Me
o] t-Bu (o] Me o] Me
Otpéov 0%,:_/,_0§7L OQ?ﬁoy
U
Me Br Ph

An interesting feature of the structure in Fig. 12 is that the precursor phosphite can
exist! as the two isomers
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o Me MeQ o be
o, R N4
t Me - Me
X1l

For the structural study, the H3 B adduct was formed from the thermodynamically stable
isomer '®5 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.

8. Ab initio calculations

Photoelectron spectra in conjunction with ab initio calculations show that the major
changes in orbital populations on forming the H3BPF; complex are a decrease in the phos-
phorus 3s by 0.32 electron and an increase in the 3d by 0.18 electron!®?. The total contri-
bution to the BP pi population (2p,—3d,. and 2p_—3p, ) is much smaller *¢7 (0.08) than
that of the sigma (0.57). Similarly, it has been calculated '8 that phosphorus 3d orbital
participation in overlap population in the hypothetical OPHj is much greater (0.272) than
in H3 BPH; (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!? . It does seem,
however, that the pi contribution to the BP coordinate link is small compared with that in
a phosphoryl bond.

{iii) Metal complexes

1. Nature of the complexes

A compilation of all of the P(OR); and P(NMe; )3 complexes which have been reported
in the literature would comprise well over a thousand compounds®. Even if the list were re-
stricted to polycyclic phosphite complexes, over three hundred compounds would have to
be included?. 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?, 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(CO)4 L, (where M = Cr, Mo or W), Fe(CO), L, trans-Fe(CO)3 L, and
Ni(CO)a _xLy (x =1 to 4) were employed ?®-! 79175 _ Also investigated were zero through
trivalent species such as PdL, (ref. 173), PtL, (ref. 173), MnL4?* (refs. 36, 176), FeL42*
(refs. 36, 176), CoLs" (refs. 15, 177—180), [CoL(NOs), ]~ (ref. 179), CoL¢3* (refs. 177—
180), NiLs*" (refs. 177—180), trans-NiL3(CN), (ref. 181), cis- and trans-MX, L, (where
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M =Pd or Pt)175:182:183 'CyL ;* (refs. 179, 182), AgL," (ref. 182), ZnL4?* (ref. 176) and
CdL,*" (ref. 176). Some highlights concerning the stereochemical features are discussed
in the following paragraphs.

The metal carbonyl phosphite complexes are colorless but the phosphine analogs are
pale yellow?®:!75 _ Some rather subtle steric and electronic factors appear to govern formation of
cis and trans isomers. Whereas frans isomers of II are made with all three Group VIB met-
als!7!'+172 the only trans isomer of Iz which could be isolated was that of chromium!7¢-172
while molybdenum and tungsten gave cis isomers. Models indicate that Ia is slightly less
bulky than II (Fig. 13) but it may be that the difference in steric requirement is sufficient
to force a frans configuration for Ia only in the case of the smallest metal. Cis isomers can
be made for all three metals with both Ia and II' 72 . By merely substituting a propyl chain
for the methyl group in Ia, cis complexes of tetracarbonyl molybdenum and tungsten can
be formed but now the cis chromium analog seems to be synthetically forbidden'7?. A
bizarre illustration of the questionability of steric arguments is the ease of the isomeriza-
tion of cis-Mo(CO), [P(NMe; ); ] to the zrans form in striking contrast to the remarkable
stability of the cis P(NMePh); analog!®*,

Fig. 13. Models showing the geometrical properties of P(OCH3)3CMe, P(OCH)3{CH3 )3 and P(OMe);.

Carbonyl complexes containing two different monodentate ligands are relatively rare.
As was observed earlier 1% the synthesis of such compounds can be complicated by forma-
tion of several other products. Thus the preparation of cis- and frans-Mo(CO)4 LL' (L = Ib,
L' = P(OMe);) involved the isolation (by column chromatography) of cis- and trans-
Mo(CO)4L; and trans-Mo(CO)4 L, as well '#¢. Other mixed complexes made were cis- and
trans-Mo(C0O)s LL" and trans-Fe(CO); LL"” where 1" = P(NMe, ) (ref. 186).

The difunctional ligand P(OCH; ); P possesses two donor sites and its geometry permits
linkage isomerism and metal bridging. Complexes of the type (OC); MP(OCH; )3 P and
(OC)s MP(OCH, )s PM(CO)s (M = Cr, Mo and W) 32, (OC)4FeP(OCH, )3 P (ref. 32),
(OC)4 FeP(CH; O)3 P (ref. 32), (OC)4FeP(OCH, )3 PFe(CO); (ref. 32), trans-
P(OCH, ); PFe(CO)3 P(OCH, )3 P (ref. 59) and cis-P(OCH; )3 PMo(CO)4 P(CH, O)3 P (zef. 174)
have been characterized. The complex [(0C)s WP(OCH, );PMe] BF, containing a quater-
nized ligand has also been reported? and preliminary results! 74 indicate the existence of the
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L=P(OCHp),P

square molybdenum polymer shown below. Polymers of iron and nickel also occur!?4.

When Xa is allowed to react with hydrated divalent Mn, Fe, Ni, Zn or Cd ions, com-
plexes of the type ML, ?* are formed in which the PH and P=O0 stretching bands of the free
ligand have disappeared ' 7¢. These results suggest the formation of an MP bond. Of the two
structures below, XIII seems more reasonable 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 ruled out but XVI would
appear to be sterically crowded.

— 2+ -2+
OH HO
—— —
M--P OO OH
; % o, o
- X1 4 MR o
-t q
XIv
H
8 o
HO M
! P
M——-P\ HO/I\
\ b
o o
- 4 -4
Xv xvi

In surprising contrast, isomer Xb does not react with metal ions, Both isomers dehydrate in
the presence of Cu?* and reduce it to give Cu(Il),*; the green Ni(Xa),2* easily dispropor-
tionates on heating to give! 76 the yellow Ni(II); 2*. Whether the differences in behavior of
Xa and Xb are premarily steric or electronic in origin is not certain at this time. Contrary toa
recent statement in the literature '®7, however, phosphorus—metal bonds do exist between
H(O)P(OR), ligands and class (a) metals, in our case divalent manganese and iron.
Electronic factors are certainly responsible for the lack of isolable complexes of
H(O)P(OMe), with these ions'®2_ Other reported examples of metal complexation of
H(O)P(OR). or H(O)P(OFh), in the “enol” form via the phosphorus are thus far confined
to zerovalent metal carbonyl derivatives, monovalent copper and divalent platinum?. While
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B;oH;; also coordinates H{O)P(OEt), in the enol form, apparently BCl; does so via the
phosphoryl oxygen in the keto form3.

Cobalt(II) ions undergo dismutation! 77"'8% to a monovalent and trivalent species in the
presence of phosphites according to eqn. (15).

2 Co™ + 11 L"COL5++C0L53+ (15)

The yellow cobalt(l) and pale yellow to colorless cobalt(IIT) complexes are best isolated as
the BF,~ salts since one of the trivalent cobalt perchlorate derivatives is explosive?: 7%,
When cobalt{II) nitrate is allowed to react with P(OMe);, [CoLs] [CoL(NO3);] can be
isolated and the novei cobali(I) anion can also be obtained as the azure blue tetraphenyl-
arsonium salt 7. In view of the marked proclivity of the coordinated nitrate ion 1o behave
in a bidentate fashion'7°, the complex anion is probably a five-coordinate species. Nitrates
of the CoL¢¥" species tend to be unstable with respect to decomposition while {CoLs]NO;
compounds are not!7?,

Phosphites react with nickel(II) to give five-coordinate compounds which are isoelectronic
with the monovalent cobalt systems'777139- 182 and presumably are also isostructural (vide
infra). The nickel complexes of the caged phosphites can be reduced to zerovalent Nil,

complexes in aqueous base 3%,
NiLs > + 2 HCO;™ > NiLg + H, 0 + O=L + €O, (16)

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

Square-planar palladium(II) complexes of easily solvolyzed phosphorus ligands can be
made conveniently by a metathetical reaction using frans-dichlorobis(benzonitrile)palla-
dium(iI)* 75183,

The somewhat strange ability of nitrate to complete with P(OMe); for metal coordina-
tion sites, made evident in the [CoL(NO;);] " ion, isagain observed'™ in [AgL,NO;]. The
lack of such competitive behavior in the case of polycyclic phosphites may be related to
their stronger ligand fields'”® (see next section).

2. Ultraviolet spectral studies

Calculation of Dq values from the UV —visible spectra of complexes is relatively straight-
forward in the case of highly symmetrical complexes'®* and the diamagnetic CoL¢>" phos-
phite complexes of O;, 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 ! (€22 10%), two bands at lower energy {ca. 30,500 cm !, € 22 10® and 35,500 cmi !,
€22 10?) can be assigned ' *7'39 to the spin-allowed 'A ;g > ' Tyg and '4 g > ' Tpg 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 F, [F; in the simulta-
neous equations (17) and (18) for the strong-field case was taken'®? to be 10 on the reason-
able assumption that it would be between that of Co(en);3* {9.3) and Co(CN)s3™ (11)
(refs. 193, 194).
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Fig. 14. Energy levels for a d®ionina strong octahedral field.

AE(*Tyg — 'A1g) = —35F, + 10Dg an
AE(1Tyg — 'Ayg) = 16F; — 115F, + 10Dg (18)

The results in Table 10 imply that the ligand field splitting decrease from Ia to P(OMe);
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
amines which have very much lower Dgq values even if they can chelate (e.g.'®® 2,320 cmmi’!
for Co(en)s 3*). Metal-to-phosphorus pi bonding is very attractive to postulate as the maim

source of extra stability of the '4 . level as is predicted by ligand field theory !°5.

TABLE 10

Ligand field parameters for octahedral cobalt(11f) complexes

Ligand Dg? g NNy ng—lrlg)
(e’ ) cm )

CN 3480 % 0372 64102

P(OCH3)3CMe 3290 0.28 5000

P(OCH»)3CEt 3270 0.22 5800

P(OCH)3(CH3)3 3225 0.13 2300

P(OMe)3 3080 0.19 3300

9 The values quoted here for the phosphites differ slightly from those given in previous }_Jublications178—189

because the value F; /F,; was assigned a more conservative value rather than using the one for Co(CN)g
(see 1ext)““s°. The spectra and the band positions were obtained by Gaussian analysis. bus. Gray
and N.A. Beach, J. Amer. Chem. Soc., 85 (1963) 2922.
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While negative evidence must be viewed with caution, the absence of CoLg3* complexes
where L is PR3 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;)s>* 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 phosphites may thus be responsible for their very
high position in the spectrochemical series for cobalt(IIl) complexes, viz.

CN™>P(OR); >en>NH; >H,0>C03*

The decline in Dgq in the order Ia =2 Ib > II > P(OMe); 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). It is tempting to ascribe part of the decrease in Dg from caged phosphites
to P(OMe); 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
1atio § = (F; —5F4)/B;,;, where By, is 1100 cm! for cobalt(III)*3. Although no consistent
trends are found among the § values or the differences in energy between the ' T, and ' T,
excited states (Fig. 14)'7® for the phosphites, both nephelauxetic criteria suggest that the
cyano complex entails more electronic repulsion on the metal (less covalent binding) than
the phosphite complexes.

Stable cobalt(I) complexes containing monodentate ligands are rare. Besides the pentakis-
phosphite cobalt(I) cations described in the previous section, only the Co(CNMe)s* and
Co(CNPh)s* species have been characterized'?62?, In contrast, the pentacyanocobaltate(l)
anion has only been detected in solution'?72:®_ The pentakis-phosphite nickel(II) cations! 7°
and the pentacyano nickelate(II) anion!®® are isoelectronic with the cobalt(l) complexes
and presumably isostructural. The similarity of the UV—visible spectra of the cobalt(I) and
nickel(II) phosphite compounds (Table 11) is consistent with this idea as are the trigonal
bipyramidal configurations found for Co(CNMe);s™ (ref. 196b) and Ni(II)s** (ref. 199)

(see Sect. 9).

The one-electron spin-allowed ligand field transition of lowest energy in a d® complex
of D3 symmetry is (€”)*(e')* - (e")*(e")?a; (see Fig. 15)2°°. I all the complexes for
which assignments have been made 29, the extinction coefficients of the observed spectral
band of lowest energy are relatively large (ca. 10%). A significant number of spectral data
on trigonal bipyramidal nickel(IT) phosphine complexes is most consistently interpreted,
however, if the lowest energy band in their spectra is assigned to the ¢’ - a’ d—d transition2°!.
The high intensity of this band has been ascribed to a Iarge admixture of higher confignra-
tions by odd crystal field components2®! and to covalency effects2°2,

If the data in Table 11 are regarded with the above considerations in mind, the low en-
ergy bands (24,800—27,400 cm?, € =2 10%) of the nickel complexes (assigned to the e'—q’

ligand field transition) lic considerably higher in energy than those found for complexes
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Fig. 15. Enesgy levelsfora d® complex in D3j and C3p symmetry.

of the type [NIiLX]*, where L is a tetradentate phosphine tripod ligand2°! (ca. 17,000 cmi' ).
This is not unreasonable in view of the higher ligand field expected for five phosphites than
for four phosphines and a halogen. Comparing the relative energies of the cobalt(I) and
nickel(II) complexes of the same phosphite indicates that the cobalt(I) 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 be expected to be slightly larger for a smaller positive
charge on the metal 23, It is also seen from the low-energy transitions in Table 11 that the
ligand field strength of P(OMe); is smaller than those of the caged phosphites and this ac-
cords with the conclusion reached earlier for the octahedral cobalt(IIf) complexes.

TABLE 11
Spectral parameters of pentakis-phosphite cobalt(I) and nickel(II) complexes

Band maxima € Ref.
em 'y (/mole.cm)
Co[P(OCH2)3CMel] 5" 28,600 1.1x 10° 180
43,500 1.0x 10%
Co[P(OCH,)3CEt}s* 28,600 1.4 x 103 180
45,400 1.3x 10%
Co[P(OCH)3(CH2)a] 5" 29,300 14x 10° 180
43,500 1.5 x 10%
Co[P(OMe)s]s* 26,200 1 x10° 179
39,600 1.6 x 10%
43,500 1.3x 10°%
Ni[P(OCH,)sC(CH;)sMe] s2* 27,300 2.6 % 103 179
Ni[P(OCH)3(CH2)3ls%" 27,400 2.1x% 10° 179
NijP(OMe)3]s*" 24,800 25x%x 103 179

40,200 i.6x 104
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Inasmuch as only one spin-permitted band is expected in D3y symmetry 2°! | the more
intense bands at higher energy observed in the nickel(Il) phosphite complexes are probably
of the charge-transfer type.

When nickel(II) cyanide is treated with phosphorus ligands, both four- and five-coordinate
complexes of the type NiL;(CN), and NiL,(CN), are formed '8!:292,2047208 Tyjggonal-
bipyramidal structures of D3 symmetry generally have been assigned on the basis of the
single observed cyanide stretching frequency !8:202:2842_ Ajthough the solid-state molecular
structures obtained for the compounds

(L=F'F'h(OEt)2) (R=Me,Et)
Ref. 209 a Ref. 209 b Ref 210

support the frans 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 2°7 dipole moment of Ni(PBus)s(CN), (2.44 D) is inconsistent with D3 symmetry
as are the two low-energy maxima observed 2°? in the electronic spectrum of Ni(PPh, Me);(CN),.
Despite the above difficulties, the low-energy band in NiL3(CN), has been assigned to
the ¢’ - a’ d—d transition in D3 symmetry 2°2:2%%_ 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); (ref. 181), P(OR); (refs. 181, 204a), PPh;_(x = 1 or 2)?%¢2 PPhMe,
(ref. 202) and P(CsFs)Me, (ref. 202)) yield a low-energy band between 22,500 and 24,600
cm ! with that of Ni(CN)s 3™ being?%%? at 23,800. Because of solubility problems, only a
broad band at 27,400 cmi! could be seen 8! in trans-Ni{P(OCH, )3 CMe] 3(CN),, which
could possibly have a low-energy component in the 24,000 cmi ! region. Thus the low-
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 equilibria

of the typezoz-zo“ﬂ,zns,zus

are not understood 3.

The lowest-energy band in Ni[P(OEt);]4 (42,000 cmi?, e = 2.2 x 10%), Ni[PPh(OEt), ],
(30,000 cmi!, € = 1.8 x 10%), PA[PPh(OEt),}4 (32,300 cmit, e= 1.7 x 10%) and
Cu[PPh(OEt),; ] 4" (36,800 cm !, ¢ = 0.8 x 10%) have been assigned to a combination of
two transitions emanating from two metal 3d states ((2e)* and (3£,)%) to a n* state (41,)
on the ligand?'*. 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)3; complex is ascribed to electronic
repulsions in the d? (a*)! state which would be more intense with lone pairs on three oxy-
gens. Equilibrium studies show that PPh(OEt), replaces P(OEt); in the nickel complex to
give Ni[PPR{(OEt), 14 and it was concluded?'! 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 aralogous ultraviolet spectiral data obtained earlier in our
laboratories for Ni[P(OCH; );CMe] 4 (34,500 cm !, e = 1.9 x 10%*), Ni[P(OCH,);CEt] 4
(41,00 cmi’!, e = 2.4 x 10°) and Ni[P(OCH)3(CH;)3] & (45,000 cmi™?, e = 2.7 x 10%) since
the variation in this charge-transfer energy is so large for such a structurally similar trad of
ligands. Consistent with 3d - n* charge transfer, however, is the 47,000 cm™! band (e =
103) observed in Cu[P{OCH, )3CMe] ;© and the absence of an observable absorption for the
silver(I) analog®”7 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 ligand exchange equilibria studies®*? are consistent
with a dominance of steric size, rather than electronic factors, in determining the stabilities
of Nil,; complexes.

It was noted years ago that substitution of a piperidine in frans-Pt(piperidine), Cl, by PPr;
or P(OMe); resulted in an increase in energy of the d - 4 spin-allowed transition from 31,750 cm™!
(e = 78) to 32,600 cmi’! (e=303) and 33,400 c™! (e = 319), respectively 2!3. These bands
were assigned t0 d,, >d, 2 _ 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)s compared with PPr; was postulated?'3:21% to
be the stabilizing effect of the pi acidity of the ligand on the d,, orbital which is greater in
the case of P(OMe);. The drastic increase in energy in the lowest transition observed for
cis-Pt[P(OCH, }3CMe] , Cl, (40,000 cmi’®, 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 of pure d orbitals, the fact'”® that the bicyclic phosphite complex
is cis is not relevant. The d—d band in cis-Pd(1a); Cl, occurs at 43,500 cm™ (e = 3400)'77.

3. 31 P chemical shifts

While the nature of 3! P chemical shifts has been elucidated theoretically 2'®, the interplay
of factors (e.g. the imbalance of the g-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*'¢. Recent
efforts to correlate ** P chemical shifts upon coordination, with 83*P of the free ligand have
met with success for a variety of complexes, however2!72.

Because of the formidable barriers to interpreting 3! P trends, our activity in the area
has been restricted to establishing some caveats on generalizing too broadly regarding the
origins of such trends in a limited number of coordination compounds of varying geometry.
It had been postulated 2! that the increasing upfield shift in several metal complexes with
respect to free ligand (P(OEt); and P(OMe);) 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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Fig. 16. Plot of 31p chemical shift of complexes of P(OCH>)3CR (a}, P(OCH)3(CH3 }3 (w) and P(OMe)3
(®) against charge on the metal. The points in brackets represent the chemical shifts of the free ligands.

charged increased. There are several serious limitations on this postulate in attempting to
extend it to polycyclic phosphite complexes or even other complexes of P(OMe)s. From
the data in Table 11 (depicted graphically in Fig. 16) it is seen that on the basis of the
above postulate, several inconsistencies occur®'®. (1) It is unexpected that the ** P shift of
[Co(P(OMe)s)s ] NO; is found at lower field than the ligand. (2) It is unexpected that with-
out exception all 3! P shifts for complexes of P(OCH; )3 CR are found downfield of the free
ligand. Even a formally dipositive metal charge seems incapable of producing a net upfield
shift. (3) The shifts for Agl," and NiLs ** (L = P(OCH, )3 CR) are reversed. (¢) The shifts
for NiL, and CoLs* (L = P(OCH, ); CR) are reversed. (5) The 3! P resonance of CoL;" is
downfield of the free ligand P(OCH);(CH, )s.

It is apparent 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 >! P shifts
for variously charged complexes can be more meaningfully made in systems which are both
isostructural and isoelectronic ?!8. In such complexes all other variations which alter >!P
shifts (phosphorus hybridization changes from one complex to another, ligand—ligand
interactions and magnetic anisotropies, etc.) are minimized.

4. C-0 stretching frequencies

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); PY 3, 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?!°.
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Correlation of »(CO) values or their associated force constants with o* polarity constants
has led to the alternate explanation that the falling o basicity of the phosphorus ligand (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 bonds??°. In yet another study ??', it
was concluded from a comparison of the dipole moment derivatives of the E and Ty, modes
that there is the same or less M to CO pi electron transfer in M(CO); 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
bonding ligand 22! . In further contrast to the conclusion cited earlier2!?, it was also noted
that increases in p(CO) 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 by an increase in the MC pi bond 22!,

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 metal—phosphorus pi bonding. The data in Tables 12—17 do demonstrate,
however, that as expected: (&) caged ligands produce higher r(CO) values than open-chain
analogs in analogous complexes; (&) 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 »(CO) values than caged aminophosphines; (¢) statement (&) also applies
to the open-chain analogs; (d) P(OCH);(CH; ); complexes possess somewhat lower CO
frequencies than P(OCH, )3 CR analogs; and (¢) As(OCH, )s CMe raises the CO frequencies
above P(OCH, ); CMe. Although comparison of force constants is more valid than a fre-
quency trend *!?, these conclusions accord well with the expected differences in either
basicity or pi bonding among the ligands. Force constant calculations?” based on a simpie
force field model 2'? also corroborate these conclusions for W(CO)s L complexes but the
total ranges of the two CO force constants are only 0.3 and 0.4 mdyne/A. Since the errors
are at least2!® #0.1 mdyne/A, more precise ordering of the ligands considered here is un-
warranted. Statement (@) above implies that the hinge effect is operative not only in caged
phosphites but also in caged thiophosphites and aminophosphines. The origin of the exaited
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 will be recalled that both changes are
expected to result from the “hinge” effect.

The caged ligands P(CH, 0)2CR and P(CH; O)3 P each possess a P(CH; O); 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(CH; 0)3CMe are less than those of P(OCH, )3 CR, they are rather close to those of
P(SCH, )sCMe and P(OMe);. This implies that the oxygens in the P(CH; O); system are
capable of exerting a sizeable electron-withdrawing effect which renders the phosphorus
effectively the same as that in the latter two ligands. Although the iron complexes in Table
15 exhibit higher frequencies for P(OMe); than P(CH; O); CMe as perhaps expected, those
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TABLE 12
»(CO) assignments in M(CO)s L complexes
4,®  p, 4,0 E EC(3C) Medium Ref.
Cr(CO)sP(OCH, )3CMe 2082 ¢ 1995 1960 ¢ CHCl3 170
P(NMeCH,)sCMe 2066 ¢ 1980 1942 ¢ cucl,; %
Mo(CO)5P(OCH;)3CMe 2085 ¢ 2001 1962 “ CHClz 170
As(OCH;)3CMe 2090 2060 ¢ 1965 ¢ CeHg 85
W(CO)sP(OCH;)3CMe 2084 4 1993 1958 4 CHCiz3 170
P(OCH3)3C-n-Pent 2085.5 1989.0 19635 1958.0 1928.0 CsHia 27
P(SCH3)3C-n-Pent 2081.0 1990.5 1965.0 1959.5 19305 CeHyz 27
P(CH,0)3C-n-Bu 2079.0 1983.0 19655 1951.5 1921.5 CgHyp 27
P(NMeCHj,)3C-n-Pent 20715 7 1949.0 1943.0 1914.0 CgHy;a 27

R

Cr(CO)sP(OCH)3(CHz)3 2077 ¢ 1995 1955 CH,Cl, 171
Mo{C0)sP(OCH)3(CH2)3 2076 ¢ 1995 1955 ¢ CH.Cl, 171
W(CO)sP(OCH)3(CH,)3 2084 ¢ 1991 1953 ¢ CHsCl, 171
C1(CO)sP(OCH;)3P 2077 ¢ a 1951 ¢ CH,Cly 32
(0OC)sCrP(OCH, )3PCI(CO)s 2073 e a 1956 4 CHaCl; 32
Mo(CO)sP(OCH; )3P 2077 @ a 1948 ¢ CH,Cl, 32
(OC)sMoP(OCH,)3PMo(CO)s 2078 ¢ a 1951 ¢ CH;Cl, 32
W(CO)sP(OCH,)3P 2085 ¢ a 1948 1907  CHaCl, 32
(OC)s WP(OCH3 )3PW(CO)s 2077 ¢ a 1948 2 CHyCl; 32
[W(CO)sP(OCH,)sPMe]BF, 2085  ° 4 1947 1912 CHaCl, 32
Cr(CO)sP(OMe)3 2073.4 1985.2 1963.0 19480 ¢ CicH3za ©
N{CH2CH2)3CH 2062 “ 1905 1925 ¢ CsHiz 172
P(NMe,)s3 2055 ¢ 1978 1932 ¢ d €
Mo(CO)sP(OMe); 2082 ¢ 1997 1970 ¢ CeHja 221
P(NMe3)s 2066 ¢ 1983 1938 ¢ a e
N(CH2CH3)zCH 2067 ¢ 1901 1925 a CgHyp 172
W(CO)sPF3 2103 ¢ 2007.0 1983.0 1952.0 CgHya 27
P(OPh)3 2083.0 “ 1965.0 19575 ¢ CsHpp 27
P(OMe)3 2080.5 1988.0 1951.1 19362 Z C-¢Hag €
P(OEY)3 20780 ¢ 1959.0 19445 ¢ CeHiz 27
P(SMe)3 2062.0 ¢ 1946.0 19395 ¢ CeHyz 27
P(NMey)s 2070.0 19710 4 1940.57 19026 CegH;z 27
19315 ¢
PPh3 20720 ¢ 1947.5 19420 ¢ CeHyz 27
PBu3 2067.5 ¢ 1941.0 19340 ¢ CeHiz 27
NH,CgHy1 20710 ¢ 1916.5 1929.0 < CeHyz 27
N(CH,CH2)3CH 2062 ¢ 1900 1912 ¢ CeHiz 172

2 Not observed. P J.R. Pipal and J.G. Verkade, to be published. ¢ R. Mathieu, M. Lenzi and R. Poilblanc,
Inorg. Chem., 9 (1970) 2030. € Halocarbon. € See footnote e of Table 14.7 Split £ mode.



54 J.G. VERKADE

TABLE 13
»{CQ) assignments in cis-M{CO)3L, complexes

4,® 4,0 g Ba Medium Ref.
Cr{C0)4[P(OCH;)3CMe] 5 2043 1950 1925 a CH,Cl; 172
[P(SCH3)3CMe] 2 2033 1957 1931 a CHCl; #
[AS(OCH3)3CMe] » 2065 1962 1955 a CH,Cl, 172
Mo(CO)4 [P(SCH3)3CMe] 2 2045 1965 1945 a cHCl, &
{P(SCH;)3C-n-Pent] » 2045 1965 1945 a cucly
[P(OCH,)3CMe] 2 2038 1945 1923 a CH,Cl, 172
[P(NM=CH3)3CMe] 2 2028 1934 1912 1890 CHCl3 ¢
W(C0)4[P(OCH;)3CMe] » 2045 1950 1924 a CH.Cl, 172
[P(SCH3)3CMe] 5 2041 1976 1927 a CHCl; &
Cr(CO)4 [P(OCH)3(CH3)3] 2 2043 1950 1929 @ CH,Cl, 172
Mo(CO)g [P(OCH)3(CH2 )31 2 2050 1957 1934 a CH,Cly, 172
W(CO)4[P(OCH)3(CH2)3] 2 2053 1950 1927 a CHaCl, 172
Cr(CO)4[P(OCH,)3P] 2 2037 1946 1924 a CH,Ci, 32
Mo(C0)4 [P(OCH;)3P] 2 2048 1954 1938 a CHyCl, 174
[P(OCH2)3P] [P(CH,O)3P] 2644 1955 1938 a CH,Cl, 174
Mo(CO)4 [P(OCH»)3CEt] [P(NMe;)3] 2031 1930 1913 a CHCl3; 186

{P(OCH2)3CEt] [P(OMe)3] 2048 1961 1944 1935 CeHy2 186

C1(CO)4 [P(OMe)3] 2 2026 1947 1939 1913  CjeHzs @
[P(NMez)s ] 5 2015 1945 1930 1900 4 f
(PMe3), 2000 1890 1876 1858 CeHia 175
Mo(CO)4 [P(SMe)3] 2 2045 1955 2045 a CHClz @&
[P(OMe)3] 2037 1945 1926 1921 e g
[P(CH2CD3] 2 2032 1952 1932 1928  CgH;2 175
(PMe3)s 2024 1930 1901 1879  CgHya 175
[P(NMePh)3] 2 2125 1933 1911 a CHCl; 184
[P(NMe3)al2 2012 1908 1804 1880 CHCl; 186,°€
W(CO)3[P(OMe)s] 2 2034.6 1947.2 19393 19145 CjeHzs [
(PMe3), 2012 1912 1893 1865 CeHin 175
[P(NMe,)s3]2 2004 1876 1866 1690 e f

% The B; and B, bands are unresolved and both modes probably contribute to the band listed under B; -
b F.B. Ogilvie and J.G. Verkade, to be published.

€ See footnote b of Table 12.

d See footnote ¢ of Table 12.

¢ Hydrocarbon.

f R. Mathieu and R. Pailblanc, C.R. Acad. Sci, Ser. C, 264 (1967) 1053.

£ R. Poilblanc and M. Bigorgne, Bull. Soc. Chim. Fr., (1962) 1301.
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TABLE 14
©#(CO) assigcnments in trans-M(CO)4L2 complexes
Arg Big E, Medium Ref.
Cr(C0O)4 [P(SCH2)3C-n-Pr] 2 a a 1935 CHCl3 b
[P(CCH2)3CMe] 2 2 a 1915 CH,Cly 172
[P(NMeCH; )3CMe] » a 1938 1887 CHCl3 c
[P(OCH)3(CH2)3]2 a a 1926 CH.Cl, 172
Mo(CO)4 [P(NMeCH,)3CMe] » a 1949 1905 CHCl; £
[P(CCH)3(CH2)3] 2 a 2 1932 CH,Cl, 172
W(CO)4 [P(NMeCH3)3CMe] o a 1938 1894 CHCl3 €
[P(OCH)3(CH3)3]2 a a 1924 CH,Cl, 172
Mo(CO)4 {P(OCH,)3CEt] [P(NMe3)3] ¢ a 1910 CHCl3 186
{P(OCH;,)3CEt] [P(OMe)3] 2 a 1932 CHCl3 186
Cx(CO)4 [P(OMe)3] 2 a 1967 1918 d e
[P(SMe)3] 2 a a 1925 CHCI3 b
[PMes], a a 1876 CeHia 175
[P(NMe3)s]2 a “ 1868 f g
Mo(CO)4[P(OMe)3] 2 2045 1973 1923 CeHia 221
[P(NMe3)s] 2 a e 1885 f g
W(CO)4[P(OMe)a], a a 1915 CicHaz 7
[P(NMe2)3]2 a 4 1870 f £

4 Not observed. ? See footnote b of Table 13. € See footnote b of Table 12. 4 Hydrocarbon. € G.C.
Faber and G.R. Dobson, fnorg. Chem., 7 (1968) 584.S Halocarbon. & R B. King, Inorg. Chem., 2 (1963}
936. h See footnote ¢ of Table 12.

recorded in Table 16 for nickel carbonyl derivatives tend to be larger for P(CH, 0);CMe
with respect to P(OMe); and variable for P(CH, O); As and P(CH, 0);SiMe. These obser-
vations, coupled with the fact that P(CH; O)3; CMe does not react with BMe; (Table 5)
whereas P(OMe); forms a stable adduct®® with this sigma acceptor, strongly suggest that

(a) the sigma basicity of the phosphorus in P{OMe); may be significantly enhanced by pi
donation from the oxygens, and (b) that since P(CH, O); CMe is an even weaker base than
P(OMe)a, its pi acid character is at least as great as that of P(OMe)a and perhaps even greater
in view of the fact that carbon cannot pi bond. Triphenyl phosphine is widely held to be a
good pi acid and it is interesting that the »{CQ) values in W(CQO); P(CH, O); C-n-Bu are
higher than those of the PPh; analog.

The PC3 and PO3 phosphorus atoms in P(OCH, ); P are unexpectedly similar in their
effect on the CO frequencies in Group VI metal carbonyls. Thus only three bands were ob-
served in bridged complexes of the type (OC)s MP(OCH; )3 PM(CO); and furthermore these
bands were close to those observed for the corresponding M(CO)s P(OCH, )P complex
(Table 12). Similarly the linkage isomers cis-Mo{CQO)4 [P(OCH, )3 P}, and cis-Mo{CQO),-
[P(OCH;)3P] possess spectra which resemble one another closely (Table 13). In iron com-
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TABLE 15
p(CO) assignments in Fe(CO)4L and frans-Fe(CO)3L; complexes
4, 4, E Medium  Ref.
Fe(C0)4P(OCH;)3CMe 2065 1996 1965 CHCl3 170
P(NMeCH; )3CMe 2053 1976 1942 CHCl3 a
As(OCH3)3CMe 2125 2005 1980 CCly 85
P(OCH)3(CH3)3 2065 1993 1962 CH,Cl, 171
P(OCH;)aP 2068 1991 1954 CH,Cl, 32
P(CH,0)3P 2065 1993 1946 CH,Cl, 32
(OC);FeP(OCH,)3PFe(CO); 2068 1999 1963 CH,Cl, 32
Fe(CO)4P(CH, G)3CMe 2059 1988 1949 CH>Cl> 26
P(OMe)3 2063 1994 1964 CeHiz b
P(NMe3)3 2041 1969 1930 ¢ d
E' Medium Ref.
trans-Fe(CQ)3[P(OCH;)3CMe] » 1933 CHCl3 170
[P(CH;O)3CMe] » 1904 CH»Cl, 26
[P(NMeCH2)3CMe] , 1890 CHCl3 a
{P(OCH)3(CH3)3]» 1926 CH,Cla 171
[P(OCH;)3P] [P(CH,0)3P] 1927 CHCl3 59
[P(OMe)3] 2 1923 CgHys b
1914
[P(NMe,)3] 2 1871 € a
[P(OCH;)3C-n-Pr] [P(NMe3)3] 1899 CsHiz 186

2 See footnote b of Talgle 12.% 5.D. Cotton and R.L. Heazlewood, Aust. J. Chem., 22 (1969) 2673.
Splitting of the e and e modes in the mon- and bis-trimethyl phosphite compounds is observed. ¢ Halo-
carbon. 4 See footnote g of Table 14.

plexes (Table 15) decreased resemblances are noted since the linkage isomers Fe(CO),-
P(OCH; )3 P and Fe(CO)4 P(CH, O);P and the bridged complex (OC),FeP(OCH; ); PFe(CO),
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 (Tables
13—16) possess CO frequencies which lie between those of the analogous complexes con-
taining two identical ligands. Quinuclidine (N(CH, CH, ); CH) seems to be a better base
than NH, C¢H;, in W(CO)s L (Table 12) and P(NMe; )3 a better one than P(NMePh); in
cis-Mo(CO), L, (Table 13). Finally, the increase in positive charge on the metal in trans-
Co(CO); [P(OCH, )3 CMe] .* (2063 cm ')?22 probably serves to depopulate the CO anti-
bonding pi orbitals and raise »(CO) compared with the neutral ¢rans iron analog (Table
15).
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TABLE 16
v(CO) assignments in Ni(CO)4_Ly complexes

Aq E Medium Ref.

Ni(CO)3P(OCH3)3CMe 2090 2021 CHCl3 170

P(OCH)3(CHz)3 2086 2018 CH,Cl, 171
P(CH,0)3As 2082 2005 CHCl3 a
P(CH,0)3SiMe 2079 2002 CHCl; a
P(OMe)3 2079 2010 b ¢

2003

Ay B Medium Ref.

Ni(CO); [P(OCH3)3CMe] 2 2048 1994 CHCl3 170

[P(OCH)3(CH2)3] 2 2044 1896 CH,Cl, 171

[P(CH,O)3CMe] » 2030 1978 CH,Cl, 26
(P(CH,0)38iMe} » 2030 1975 CHCl3 a
[P(CH20)3As] 2 2022 1970 CHCl3 a
[P(CH,0)3As] [P(OCH,)sCMe] 2039 1973 CHCl3 a
[P(OMe)s] 2 2024 1976 Ci6H3a d

Ag Medium Ref. *

NiCO{P(OCH3)3CMe] 3 1997 CHCl3 170

[P(OCH)3(CH2)3] 3 1979 CH,Cl, 171

[P(CH,0)3CMe] 3 1971 CH,Cl; 26
(P(OMe)3] 3 1963 CigHaa ¢

2 J_ Rathke and J.G. Verkade, to be published. b Hydrocarbon. € M. Bigorgne and H. Zelwer, Bull Soc.
Chim. Fr., (1960) 1986. The e mode is split. d G.R. Van Hecke and W. de W. Horrocks, fnorg. Chem.,
5 (1966) 1960.

5. M—P stretching frequencies

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 ! 7%
173,2237239 and the values are generally in the low end of the range. Prior to the extensive
study 172 of the far IR region of fifteen metal complexes of caged phosphites in 1968, the
only other »(MP) assignment reported for a metal—phosphite complex (Ni[P(OMe);]4)
was based on the presence of a strongly polarized Raman band at 178 cm ! attributed to
the completely symmetric A, mode in T; symmetry 223:225_ The assignments of »(MP)
bands in the caged phosphite complexes were arrived at from the arguments!72- 173,230
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TABLE 17
v(CO) assignments for Mn{CO)4—x L X complexes 2
A‘(Z) Al(l),Bl Bz Ref.
¢is-Mn(CO)4 [ P(OCH, )3C-n-Pr] Cl 2110 2028 1972 b
[P(OCHa)3C-n-Pr] Br 2105 2020 1980 b
[P(OCH3)sCMe] Br 2110 2029 1985 b
{P(O-n-Bu)3]Br 2105 2016 1972 ¢
[P(OPh)3] Br 2101 2020 1972 d
[P(OCH3)3C-n-Pr] I 2105 2020 1984 b
[P(OCH;)3CMe] I 2103 2023 1993 b
[P(NMe3)3] Br 2083 2000 1942 b
2076 2013 1961
2000 1953 €
1946
[P(NMe, )3 11 2083 2000 1942 b
2080 2017 1975
2006 1968 €
1962
Ay B Az Ref.
symf-mer-Mn(C0)3[P(OCH,)3C-n-Pr],Br 2061 2000 1946 4
[P(O-n-Bu)3] 2 Br 2049 1969 1927 &
[P(OMe)3] 2 Br 2058 1976 1890 b
[P(OPh)3}, Br 2070 2000 1949 4
[P(OMe)3] 51 2045 1965 1942 b
[P(OPh)3] I 2056 1991 1948 h
[P(NMe,)3],Cl 2024 1946 1887 b
[P(OPh)3]2Cl 2051 1973 1931 £
[P(NMe,)3] 2 Br 2020 1938 1901 5
Aa, A" Ab Ref.
faci-Mn(CO)3[P(QCH;)3CMe] 2C1 2060, 2005 1921 b
{P(OCH;)3C-n-Pr] 2 Br 2061, 2000 1946 b
[P(OMe)3] 2 Br 2052, 1975 1939 k
[P(O-n-Bu)3],Br 2037, 1969 1927 £
[P(OPh)3] 2 Br 2053, 2000 1949 8;

[P(OCH3)3CMe] 5 I 2054, 2000 1959
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TABLE 17 (continued)

2 Al spectra were obtained in CHCl3 except where indicated otherwise. The assignments for the cis

complexes are based on the approximation that they are of Cyp symmetry.

b See footnote b of Table 13.

€ R.J. Angelici and F. Basolo, Inorg. Chem., 2 (1963) 728.

4R.J. Angelici and F. Basolo, J. Amer. Chem. Soc., 84 (1962) 2495.

€ R.B. King and T.F. Korenowski, J. Organometal. Chem., 17 (1969) 95. The splitting of the low-field

band could arise from conformational isomers of the ligand. The spectrum was obtained in cyclohexane.
The mutually frans phosphites are symmetrically related (i.e. cis) to the halide.

& R_J. Angelici, F. Basolo and A.J. Po§, J. Amer. Chem. Soc., 85 (1963) 2215. The spectra were obtained

in ClyCo HaCls-

{' R. Ugo and F. Bonati, J. Organometal. Chem., 8 (1967) 189. The spectrum was obtained in CH,Cl,.

! B.L. Booth and R.N. Haszeldine, J. Chern. Soc. 4, (1966) 157.

7 The phosphorus ligands and X are mutually cis.

k P.M. Treichel and J.J. Benedict, J. Organometal. Chem., 17 (1969) P37.

which follow taken in toto. (@) The far IR spectrum of Ni[P(OCH,);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 cmi ' to the F, mode in Ty symmetry. (b)

The observance of a strong Raman band at 146 cm™ in Ni[P(OCH, ); CMe] 4 assignable to
the A, mode. (¢) The five expected M—C and M—C—O bands for Ni(CO), [P(OCH;); CMe],
could be observed in the 656—377 cm * region allowing the bands at 155 and 144 cm™! to
be ascribed to the infrared-active A; and B, modes in C;, symmetry. (d) A comparison of
the far IR spectra of cis-Co{CO), [P(OCH. );CMe] , with that of the As(OCH, );CMe analog
showed that a band at 181 cmi™* assigned to overlapped 4, and B, M—P modes in the phos-
phite complex was conspicuously absent in the arsenite analog. (e) The assignment of the
single IR-active M—P asymmetric stretch in frans-Co(CO)4 [P(OCH)3(CH; )31 » is substan-
tiated by the appearance at higher energy of the expected three M—C and M—C—O modes.
(f) As expected, two bands are observed for cis-W(CO)4 [P(OCH, )3CMe] ; in the 180 cm™?
region which can be assigned to the 4; and B, IR-active v(MP) modes. The small separation
between these bands (3 cmi ') 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 observable 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 the complex and it be-
comes reasonable to examine trends as a potential source of metal—phosphorus bonding

information.

Previously'7? it was concluded that from the available infrared data on Ni(CO), . -
[P(OCH; )3 CMel] . 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
where x = 4, however, this conclusion becomes somewhat less tenable (143, x = 1; 155.
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TABLE 18
v(MP) assignments for metal phosphite complexes a

Compound v(MP) Mode No. of bands Ref.
(cm™!) Expected Observed
Cr(CO)sP(OCH;)3CMe 164 Az (Cap) 1 1 172
Mo(CO)s 195 Ay (Cap) 1 1 172
W(CO)s 180 Ay (Cap) 1 1 172
cis-Cr(CO)4 [P(OCH,)3CMe] 2 181 Ay1,By (Cap) 2 1 172
cis-Mo(CO)4 201 Ay, B2 (Cay) 2 1 172
198b.¢  4,,B, () 2 1 229
cis-W(CO)s 185 Ay,By (Cap) 2 1 172
¢is-Cr(CO)4 [P(OCH)3(CH3)3] 2 182 A3,By (Cap) 2 1 172
cis-Mo(CO)a 200 A1, B2 (Cay) 2 1 172
cis-W(CO)4 181,178  Ay,B; (C3p) 2 2 172
trans-C1(CO)4 [P(OCH, )sCMel » 190 Asy Dap) 1 1 172
trans-Mo(COQ)4 [P(OCH; )3C-n-Pr] 2 226 Ay Dap) 1 1 172
trans-W(CO)4 204 Aay (Dap) 1 1 172
trans-Cr(CO)4 [P(OCH)3(CH3)3] 2 198 Azy (Dap) 1 1 172
trans-Mo(CO)a 237 Azy Dap) 1 1 172
trans-W(CO)a 202 Ay (Dap) 1 1 172
Fe(CO)4P(OCH,)sCMe 168 Ay (Cap) 1 1 172
trans-Fe(CO)3 [P(OCH2)3CMe] 2 192 A3 D3 1 1 172
Ni(CO)3P(OCH, )3CMe 143 Ay (Cap) 1 1 172
Ni(CO)2 [P(OCH,)3CMe] 155,144  A4,B> (Cay) 2 2 172
Ni(CO){P(OCH2)3CMe] 3 157,151 A, E(C3y) 2 2 172
Ni[P(OCH,)3CMe] 4 157 b Fy (T 1 1 172, 173
157 b 2 2 Tg) } 2 2 229
146 o Ay (TP
Pd 192 E (C3p)
142 A (Cap)} 3 2 173
Pt 191 E (C3y)
160 A, (Cav)} 3 2 173
191 b ¢ E (C3p)
1588 ¢ 44 (CSv)} 3 3 229
148bh.c 4, )
Ni[P(OCH)3(CH;)3} 4 162 Fy (TP 1 1 172,173
Pd 193 E (C3yp) } s ) 73
145 Ay (C3p)
Pt 194 E (C3p)
170 A3 (Cap) 3 2 173
Ni(CO)3P(OMe)3 2404 Aq (C3p) 1 1 224
242¢€ Ay (C3p) 1 1 228
2420. 7 4, (C3y) 1 1 228



METAL-PHOSPHORUS BONDING IN COORDINATION COMPLEXES

TABLE 18 (continued)
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Compound v(MP) Mode No. of bands Ref.
(cm }) Expected Observed
Ni(CO)3 [P{OMe)3] 2 243 ¢ Ay (Cyp) 2 1 228
242607 4, () 2 1 228
Ni(CO)[P(OMe)1] 5 2395 F 4,3 2 1 228
Ni[P(OMe)3] 171858 4, @p 2 1 223,225
1808:¢ 4, (1y 2 1 229
Ni[P(OEt)3] 4 335 F, T (Cs))
305 Fh (cs,,)} 3 2i 227
210 A, (C3)
1695 ¢ 4, (T 2 1 229
3357 F2 1 (Csp)
3027 Fa 7t (C3p) } 3 27 227
2267 Ay (C3p)
Pd 335 Fy P (Cap)
290 F B sy } 3 2f 227
200 Aj (C3p)
Pt 332 Fp 1 (C3)
290 Fp (Csv)} 3 2f 7 227
215 Ay (C3y)
335/ F, 11 (C3))
300/ F Bt (c3,,)} 3 2 227
2127 A4, (C3)
trans-PtyCla [P(OED)3] 2 361 B, (Cap) 1 1 226
trans-Pd;Clg 364 By, (C2p) 1 1 226
trans-Pd>Brg 354 B, (C2p) 1 1 226
{Ag[P(OCH2)3CMel 4}C1O, 112 Fp (T 1 1 173
{Cu[P(OCH;)3CM=] 3}CIO4 132 Fy (T 1 1 173

2 All spectra were obtained in Nujol using an infrared spectrometer unless otherwise indicated.

Raman data.
€ Spectrum taken on crystals.
e Medium not specified.
! Liquid phase.
Hexadecane solution.
. Assigned as split 7> mode.

!. One of the modes (F53) is split.

Benzene solution.

Solution (solvent not specified).
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144, x =2:157,151,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 = 1),
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 ligands 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 augmenting electron density on the metal on CO
substitution is also reflected in the lowering of the force constants for the CO stretching
mode ' 72-228 _ Supporting the idea that phosphorus—nickel pi rather than sigma effects are
dominating the rise in »(NiP) as x increases is the expectation that »(NiP) 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, modes
for the Ni{CQ)4_, [P{OMe)s] . are available no trends can be discussed. It is worthy of
observation, however, that in the analogous P(OCH, ); CMe complexes, the 4, 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(OCH, )3 CR (Table 18). In all cases, this increase is greater in the trans than
in the cis compounds and the same trend occurs in the P(OCH);(CH, )3 analogs. The same
reasoning given for the rise in »(NiP) on CO substitution is felt to zpply here. Because car-
bonyl groups are undoubtedly more strongly pi bonding ligands than phosphites, their de-
pleting effect on the pi density available to the phosphite is expect:d to be greater when
oriented frans to a phosphite than in a cis orientation. This stems from the fact that frans
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 frans isomers.
Pi effects of phosphorus ligands are “‘symmetry factored” from sigma influences®'® and so
force constant calculations on the CO modes in these compounds should complement the
(MP) data. Although allthe CO modes are not available!?? | the bands which have been ob-
served are quite close to those of the analogous molybdenum P(OMe)s complexes?!?. As
expected, the latter possess k; and k, values, both of which are larger in the monosubsti-
tuted derivative than k, and k, in the cis, and &k, in the cis is larger than &, 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 solely on sigma-donor preperties of phosphorus ligands. If the
latter effect were dominant, a decrease in (MP) would have been expected from mono-
to disubstitution and no significant change in #(MP) from the cis to the frans isomer would
have been predicted.

In 1969, an infrared examination of the series M[P(OEt)3] s (M = Ni, Pd, Pt) resulted
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in a report227 in which it was concluded that the two bands in the 340—290 cmi™! region
belonged to a split F, mode and a band in the 220—190 cmi™* range could be assigned to
an A4, species due to deviation from 7; symmetry (Table 18). In a later study carried out
in our laboratories ! 72 it was pointed out that at least one of the bands in the 340290
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 earlier??7
for Ni[P(OEt); ] 4 could not be observed in the infrared!?3 or in the Raman?3? spectrum.
However, the Raman spectrum did reveal>3® a strong band at 169 cm™! which seems likely
to arise from the A4, 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(OCH, )3 CMe (146 cmi )23° and P(OMe); analogs (178 cmi )?23:225 [t is interesting
that this symmetric mode increases for the NiL, series in the order P(OCH; )3 CMe <
P(OEt); < P(OMe); and for the Ni(CO); L series in the order P(OCH;)sCMe (143 cm!)
< P(OMe)3 (240 cmi ') (Table 18). Although a mass effect would certainly explain the in-
crease in frequency from a P(OEt)3 or a P(OCH; );CMe to a P(OMe)3 complex, the sub-
stantial increase from a P(OCH, )3 CMe (mol.wt. 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(OCH, )3 CMe 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(OCH, )3CMe] ; 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 74
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
spectrum®?3. If all of these absorptions are associated with M—P modes, the spectra are
consistent with the idea that the platinum complex is distorted from T, toward C3, 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 Cs, symmetry could then be represented by the 191 cm™! band which

P P P! P
X X
P P
P P
(a) (b)
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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 suiggesting that three of the M—P bonds may be different from the fourth
in Pt® complexes?®! The fact that a very similar IR spectrum is also obtained for the
Pt[P{OCH)3(CH.);] 4+ complex seems fortuitous if only a solid-state site symmeiry effect
obtains in the Pt and Pd(caged phosphite), complexes.

The M—P F, species in the Cu[P(OCH, )3CMe] 4" and silver(I) analog appears at a dis-
tinctly lower energy than the F, mode in the nickel(0) complexes or for any of the modes’
in the palladium(0) complexes, respectively, in spite of the nearly identical masses involved
in the third- and fourth-row metal pairs'7>. Moreover, the positive charge on the Group I
metals might have been expected to increase rather than decrease ¥(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. Ligand atom chemical shifts and intraligand coupling

Since 3! P chemical shifts of coordinated phosphorus nuclei have been discussed in Sect.
C(iii)3 we will consider here shifts of ligand ! Hand !3C atoms as well as the NMR behavior
of the uncoordinated 3! P nucleus in complexes of P(OCH, )3 P.

Although the available proton chemical shift data® are not always consistent with the
idea that downfield shifts on coordination are expected on inductive grounds for organo-
phosphorus ligands, the general order !3% of the §!H values is: L < zerovalent metal com-
plexes of L < divalent Pd and Pt complexes of L < L-sulfide < L-oxide < RL*, where L =
PMej, P(CH, Cl)s, P(NMe, ); and P(OMe)s . 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 discrepancies!3?
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 < divalent metal
complexes of L < L-chalconides < RL*, where L = P(OCH; ); CR (ref. 184), P(OCH);(CH,);
(ref. 171), P(CH, 0)3 CMe (ref. 184), P(OCH, )3 P (ref. 32) and P(NMeCH, )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 '3C 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); systems is not unreasonable except that the order in the
ligand and the zerovalent molybdenum complexes seems reversed. The 3! P chemical shift
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TABLE 19
13¢ chemical shifts and couplings

s13ca JeC JPH lrscH Ref.
Mo(CO)sP(OMe)s -31.24 - 23 + 11.6, +146.8 242
¢is-Mo(CO)4 [P(OMe)3] 2 —31.29 ~ 3.1€  +116° +1449 242
trans-Mo(CO)4 [P(OMe)3] 2 —31.44 — 1.7¢ +11.6°¢ +1444 242
P(OMe); -33.0 + 10.0 + 10.0 +146.0 b
cis-PACly [P(OMe)3 ] 2 —35.05 - 37¢  + 129 +148.5 242
OP(OMe)3 -39.0 — 58 + 10.5 +147.0 b
SP(OMe)s -39.5 - 56 +12.9 +148.1 b
[MeP(OMe)3] BF 3 —4847°¢ — 17.8°¢ +114°¢ +153.0¢ 242

+14.59d 113244  _ 1789 314009 242
SePMes —8.0 + 485 - i3.0 +130.5 5
SPMe3 -7.6 + 56.1 - 130 +129.3 4
cis-Mo(CO)4(PMe3 ), —5.58 € - 63 +129 242
PMes _18 - 136 + 2.7 +1269 b
trans-Pdl, (PMe3)s —-0.25 € ~—-10.0 *+130.4 242
[MePMes]I +3.9 + 55.5 — 154 +132.5 b
OP(NMe,)3 -16.82 + 22 + 930  +136.2 242
P(NMe,); —26.94 + 194 + 28 +133.5 242

2 Chemical shifts with respect to glacial l:J'CI-I3COOH as an external standard. b W. McFarlane, Proc.

Roy. Soc., Ser. A, 306 (1968) 185. These values given with respect to CH313COOH in this reference were
corrected by subtracting 158 p.p.m. to obtain them relative to *>CH3COOH. € PO'3C carbon. 4 PY3C
carbon. € See Sect. C(iii)8.

of the uncoordinated phosphorus in P(OCH, ); P (Table 20) seems to be fairly insensitive
to coordination of the other phosphorus except in the case of [MeP(OCH, );P] BF,, where
the PC; phosphorus is rather strongly deshielded.

The intraligand coupling constants are in many cases amenable to interpretation in terms
of hybridization changes induced by coordination of phosphorus. >JPOC for P(OMe); is
seen from Table 19 to decrease from a positive value in the free ligand 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 2JPCH for PMe; , which also
becomes negative upon coordination in the order L > cis-Mo(CO), L, > trans-PdI, L, >
L-chalconide > MeL'. Evidence for this type of behavior of 2JPCH has also been discussed
by others?33-235 _ Although no 2JPNC coupling constants were actually measured for
P(NMe, ); complexes, it is probable?3° 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 2JPOC 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 PR,

- - ~
derivatives237_
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TABLE 20
NMR data for P(OCH;)3P Herivatives
27pH 37pH 37pp 531p0, s31pC,
P(OCH;)3P +8.9 +2.5 - 372 — 89.78  +66.99
(OC)5CrP(OCH, )3P +8.5 +5.3 - 3.0 —154.47  +68.57
(OC)sCiP(OCH;)3PCr(CO)s  (+)2.0 +)5.6 + 66.1 —155.52 - 8.21
(OC)sMoP(OCH;)3P +8.8 +5.0 - 46 -130.82  +68.60
(OC)sMoP(OCH2)3PMo(CO)s  +2.1 +5.2 + 63.7 -130.97  +18.94
(OC)s WP(OCH,)3P +8.5 +5.3 — 04 —109.09  +68.75
(OC)sWP(OCH; )3PW(CO)s +) +5.5 + 73.8 —108.37 +36.34
{(OC)s WP(OCH, )3Me] BF, —-5.6 +6.1 +143.2 —113.00 — 298
¢is-(0C)4Cr[P(OCH3)3P] 2 *)8.4 *)5.3 ~ 24 ~157.21  +68.52
cis-(0C)sMo[P(OCH2)3]- +8.5 +5.2 - 6.0 —133.3 +69.3
[P(CH,0)3P1 2 426 +2.6 + 20.0 — 88.0 +13.1
(OC)4FeP(OCH)sP +8.5 +6.1 + 8.6 —15744  +71.38
(QC)4FeP(CH, 0)3P *+)0.4 +)2.8 + 471 - 8737 -2242
(OC)4FeP(OCH,)3PFe(CO)s  (+)0.4 +6.2 + 953 -160.40 —22.06
trans{OC)3Fe[P(OCH2)3P- +8.7 +6.2 + 9.0 —161.3 +68.0
[P(CH,0)3P] ¢ 0.9 2.8 ¢ € €
[MeP(OCH,)3P] BF, +8.5 +6.6 + 46.2 — 5103  +59.80
[P(OCH,)3PMe] BF,; 54 +3.1 +114.6 — 8958 — 256
OP(OCH;)3PO _82 +8.3 +139.1 + 1817 — 548
SP(OCH,)3PO -9.0 +8.2 +151.3 — 4928 -~ 5.50
SP(OCH;)3P +7.6 +71.5 + 48.1 — 5206  +70.89
OP(OCH,)3P 2 +7.5 +7.5 + 65 + 1425  +69.98
P(OCH,)sPS -5.8 +3.0 +118 — 9049 — 6.30
P(OCH,)sPO? —8.1 +3.2 +140 — 85.53 — 745
SP(OCH;)3PS 2 -5.4 +8.6 +150 — 4928 _ 391

b See ref. 31. € See ref. 59.

4 All data taken from ref. 32.
The increase in *JCH values generally parallels the decreases in the 2JPC and 2JPH

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 accompanying increase in C—H bond s character. An increase in

1JCH is also seen for a given compound as the substituent on carbon is changed from P to

N to O since the electronegativity increases in this order also. The idea that hybridization is

solely responsible for the observed trends has been criticized?3®, however, and the importance

of the effective nuclear charge on carbon in considering C—H coupling has been pointed

out. A molecular orbital treatment?3°2 also takes into account both the effects of changes

in s character and nuclear charge on carbon, and sign changes in *JPC and 2JPH 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 bonding23°®,

As noted previously (Sect. C(ii)2) increases in >JPOCH are not significant upon coordi-
nation of P(OMe); to BH3 or carbonium ions which is also true in the case of transition
metal complexes (Table 19). Caged phosphites, however, have been observed to exhibit
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
term 216232 however, the proton chemical shifts and POCH coupling in complexes 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 2JPOCH with the proton
chemical shifts in the adducts AP(OCH, ); CMe and AP(OCH)3(CH,); (Figs. 9 and 10)
were accounted for® by the variation in strength of the Lewis acid A which proportionately
polarized the phosphorus lone pair toward an sp® state by increasing its s character. If in-
deed the coupling interaction involves 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 the 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 (i.e. greater upfield proton NMR shifts relative to non-pi-
bonding acids) than the transition metal moieties. A similar plot for AP(OCH, );P deriva-
tives shown in Fig. 17 also shows a linear correlation for the pi bonding acids. The only
non-pi-bonding acids (H3C" and Ph3C") are seen to lie off the line in the expected direction.

90r AP(OCHIzP
A
8ot =
7O
Phzc’
s.o- H3C', (0C)4Fe
3 H3B
(POCH
v (Hz) ! (OC)5W, cis-(OCKCr, (OClsCr
50 (OC)x Mo
40}
30t
fone pair
2 . ;
%.o 50 40

'H CHEMICAL SHIFT (ppm)

Fig. 17. Plot of >JPH vs. the CH, proton chemical shift for AP(OCH;3)3P compounds.
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Fig. 18. Plot of 2JPH vs. the CH; proton chemical shift for AP(CH; O)3CMe compounds (data taken
from ref. 26).

There is ample evidence from internuclear double resonance experiments3%184,236,241,242
that, as in P(OMe); derivatives, the sign of 3JPH in caged phosphite systems is positive.

An examination of the points on the graph shown in Fig. 18 reveals that although the
range of 2JPH values for AP{CH, 0); CMe systems is quite large (16 Hz), the chemical shift
range is quite small (~0.5 p.p.m.). 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 AP(CH,O); P
derivatives shown 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 CH," lies away from the trend of the pi-
bonding acids.

The variation in the 2JPH, 3/PH and 3JPP coupling constants in P(OCH, ); P as a func-
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(GCH,; )3 P; class B,
P(OCH,; ); PY, 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 *JPP vs.
3JPH (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 (OC)s WP(OCH; ); P*Me and SP(OCH,, ); PO.
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From Fig. 20 it is seen that 3JPH increases substantially (~5 Hz) in positive magnitude
for classes 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—O bonds of the ligand and the rise in effective
positive charge on the nuclei of the cage (particularly the coordinated PO; phosphorus),
which would accompany an increase in Lewis acidity of Y. The very much smaller rise in
3JPH in the class B compounds might stem from the fact that the PC; phosphoraus is co-
ordinated fo Y and this donor site is more remote from the POCH 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 reveals that over a range of about 15 Hz 2JPH 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(CH, O); CMe, but absolute signs could not be determined. The data ob-
tained for the P(OCH, )3 P systems firmly support the postulate of a sign change in > JPH.

Values of 2JPH for all the memebers of class A fall between +7.6 and +8.9 Hz. It has
been found?*? that there is a correlation which can be made in a large variety of phosphines
between 2JPH 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 PC; bond system. The
expected value of 2JPH for the class A compounds and P(CH, 0); CCH; according to such
a plot, is +5 Hz, which is somewhat below the +7.6 to +8.9 Hz we observe for the former and
the +8.0 Hz for the latter??4. 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 2JPH 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 >JPP is more sensitive to coordina-
tion of the PC3 phosphorus than the PO3 phosphorus. This may arise from the greater
polarizability 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 *' P—>* P couplings has been put forth, the data suggest that >JPP values become
more positive with increasing s character and effective nuclear charge in the ligand.

For carbonyl complexes of P(OCH, )3 P, experimental values of 3JPP can be used to



METAL-PHOSPHORUS BONDING IN COORDINATION COMPLEXES 71

predict *JPP interactions in new compounds because of their additivity *!. Hence 3JPP

for (OC), FeP(OCH, );P is +8.6 Hz which is an increase of 45.8 Hz over that of the ligand.
For the linkage isomer (OC),FeP(CH,0);3P, 3JPP is +47.1 Hz and A®JPP = +84.3 Hz.
A3JPP for (OC),FeP(OCH, )sPFe(CQ), is +132.5 Hz, which is close to the sum of the
A3JPP values of the linkage isomers (130.1 Hz). Similarly A3JPP calculated for
[(OC);WP(OCH,; );PMe]* is 188.6 Hz compared with the experimentally obtained value
of 180.4 Hz. The additivity of A®JPP seems to hold reasonably for SP(OCH; );PS (166 Hz
calculated compared with 150 Hz experimental) but the calculated values increasingly ex-
ceed the experimental ones in proceeding from SP(OCH, ); PO to OP(OCH, ); PO 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, )5 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 3>JPP. It is perhaps more likely that
molecular constraints for some reason prevent both phosphorus atoms in YP(OCH, )3 PY
from achieving the bond angle configurations (and hence the same degree of s character)
which they can in YP(OCH, );P and P(OCH, ); PY.

It remains to consider the possibility of a “through-space” 3! P—3!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)s 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 calculations?®:%2 on N(CH, CH, )3 N strongly
suggests that the interaction of the nitrogen lone pairs occurs through three sets of bonds
rather than through space. The uncommonly large®? *JPP values for P(OCH; )3 P and its
derivatives also indicate a through-bond mechanism involving the three sets of bridge bonds32.

7. Tungsten—phosphorus coupling constants

Although metal—phosphorus coupling constants have been measured for a variety of
metals2®, the present discussion will be restricted to those results which are germane to
our investigations27°243:246 Coupling constants are most conveniently discussed using MO
theory 2392 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 ap are the magnetogyric ratios of the nuclei, § is the Bohr
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magneton, S and Sg are the valence state s orbitals of the atoms, the |S'(0)| termns are the
magnitudes of these orbitals, A3E ;7 are the triplet excitation energies and c is the coeffi-
cient of an occupied or unoccupied molecular orbital.

A 256%% , 2 2
1JAB=aAaBE-"§“B 1S, (0)1* 155 (0)1

I Ta o o)
WainA.

7

’)
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Because of the low symmetry of the (OC)s WL (Cs,) complexes of concern here, the
mixing of other metal orbitals with the s becomes more complicated. Since the energies of
the molecular orbitals are not known for these complexes, the precise form of the coupling
theory cannot be utilized and we must be content for the present to seek trends among
complexes containing a variety of ligands.

Table 21 is a tabulation of the (OC)s WL complexes and their 'JWP coupling constants
which form the basis for the conclusions given in the folowing paragraphs. The trend in
coupling constants parallels the electronegativity changes of the phosphorus substituents,
as illustrated in the plots in Fig. 22. The electronegativities used were those of the atom
bound to phosphorus with no correction being made for atoms beta, gamma, etc. to phos-
phorus. It is remarkable that the correlation coefficients for the Pauling, Sanderson and
Allred—Rochow electronegativity scales for both sets of ligands depicted in Fig. 22 exceed
TABLE 21
L JWP coupling constants in (OC)SWL complexes

L JWP Ref. L 1JWP  Ref.
(Hz) (Hz)
(1) PF3 485 27 (14) P(NEt2)3 296 247
(2) PCl3 426 245 (15) P(OMe)Ph, 280 247
(3) PBr3 398 245 (16) P(SCH, )3C-n-Pent 276 27
(4)PI3 334 245 (17) PPh3 280 247
(5) P(OPh)3 415 248 (18) PBuPh, 250 247
(6) P(OMe)3 398 247 (19) PMePh, 245 247
(7) P(OCH3)3C-n-Pert 393 27 (20) PEtPh, 240 247
(8) P(OE1)3 391 247 (21) P(i-Pr)Ph, 240 247
(9) P(O-n-Bu)z 390 247 (22) P(+-Bu)Ph, 240 247
(10) P(C-i-Pr)4 378 247 (23) PBu, Ph 235 247
(11) P(OMe)sPh 323 247 (24) P(CH20)3C-n-Bu 234 27
(12) P(NMeCH; )3C-n-Pent 318 27 (25) PBus 227 248

(13) P(NMe3)3 297 247
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Fig. 22. Plot of 1y83w_31p ys. the Sanderson electronegativity of the ligand (see text) in a series of
W(CO)sL complexes where L is the compound correspondingly numbered in Table 21. The circled
points were used to draw the least-squares lines.

TABLE 22

Correlation coefficients of ' JWP vs. electronegativity for (OC)s WL complexes®*®

L Electronegativity Correlation
scale coefficient

PBuj, P(CH20)3C-n-Bu Sanderson 0.996

PO3Y, PS3Y, P(NMe)a Y, PF3 Pauling 0.983

(Y = (CH3)3C-n-Pr or (CH3)3C-n-Pent) Allred—Rochow 0.961

Pls, PBr3, PCl;, PF3 Sanderson 0.995
Pauling 0.941

Allred—Rochow 0.949
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0.941 (Tables 22)2*%. The four caged ligands and PF; 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 slightly different from P(CH; 0)3C-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
ligands?7-247,2982 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 asthose for fluorine, 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 bond?*°. It has been further pointed out 25° that atomic s character is
concentrated in orbitals which are directed toward the most electropositive substituents.
For our LW(CO);s 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 will 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 4, mode which
stem from the CO group trans to L. As A, ! stretching frequency values increase for a given
series of ligands, the C—O bond order should increase as a result of increased pi-bonding in
the metal—phosphorus link. Other workers?*7 have plotted the £ mode stretching frequen-
cies of a pumber of LW(CO)s complexes vs. ! JWP values and have observed a straight-line
correlation between these two parameters. As they were unable to assign the 4,' mode for
all of the complexes because of overlap with the £ mode, the £ mode was used as a reason-
able approximation, since the 4, and the £ modes have very similar siretching frequen-
cies. Although there is a general increase in the £ 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 (CsHg);P and (CsHs);P complexes was much smaller for the
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much better linear correlation observed by other workers???. The A, 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 the 4,1
mode against ! JWP did not represent any improvement. Although force constants

are more reliable than raw frequency data for bonding interpretations, values of £, (CO
stretching force constant frans to L) plotted vs. ***W—2'P coupling constants revealed a
large decrease in the correlation coefficient {0.51). This result suggests that the increase of
183W_31P coupling at best only roughly parallels the rising pi-acceptor properties of the
phosphorus ligand.

Correlations of 'JWP with Ao and Aw (parameters representing the sigma and pi bonding
capacities of a ligand which are calculated?>! from carbonyl force constant data) were at-
tempted?”. The low correlation coefficient for the Am parameter (0.35) strongly suggested
that 183W_31P coupling is not dependent on pi bonding. The order of decreasing sigma-
donating capacity (Ao) of the complexed phosphorus compounds is: P(CsHg)s >
P(SCH3)a > P(OC,H:); > P(CH,0)3CC4Hs > P(CsHs )3 > P(N(CH3)CH, )sCCsHy 4 >
P(OCsH;5): > P(SCH,)sCCsH,; > PF; > P(OCH, )3 CCsHj; . 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 complexec to a transition metal?S? .
If indeed '®3W—3! P coupling occurs through orbitals having s character, a better correla-
tion with Ao than with Aw 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 coefficient?? of '83W-3!P coupling with Ao (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 error®®!
(0.12) in the Ao evaluation.

The following tentative conclusions are drawn from these studies. (@) Increases in the
electronegativity of the phosphorus ligand account very well for the rise in 133W—2!P
coupling constants in W(CO)s L complexes. (&) Although greater ligand electronegativity
is expected to raise the pi-acceptor capacity of the ligand, the rise in '**W—?*P coupling
can be explained quite well without invoking pi bonding as a coupling mechanism.

More recently?*3? _the increase in ' JWP with decreasing WP distance from (PhO);-
PW(CO)s (411 Hz, 2.309 A) to rrans-[(PhO); 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 phosphite relative to CO.

Unfortunately the only copper—phosphorus coupling constants published are those re-
ported by us2%6 on the Cu[P(OMe);] 4" and CufP(OEt);] 4" cations (/63 Cu3!P=1190
30 Hz and 1210 % 30 Hz, respectively) and so a comparison of trends is not yet possible.
Although the published spectrum ?4% did not show complete resolution of the two four-
line spectra expected for the ®3Cu and %° Cu isotopes each having spin 3/2, more recent ef-
forts?#? have shown that all eight lines can be seen and the observed ratio of the %°Cu—3'P
couplings is 1.07,in agreement with the value of 1.071 calculated from magnetogyric ratios.
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8. Interligand couplings, particularly > JIPMP'

Ever since it was discovered?5? that identical proton-bearing phesphorus ligands, when
mutually zrans 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 adopted>. Because the spin—spin interaction of the chemically equivalent
but magnetically non-equivalent 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 the metal—
phosphorus bond. The solution of these spectra in most cases is not trivial and it would
seem that 2JPP’ 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 3P NMR spectra. There are several reasons why
complexes of identical phosphorus ligar:ds are more useful. (/) 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 >' P spectroscopy are
higher than for ' H 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 the data only become useful for interpreta-
tion when 2JPP’ 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 equations®** 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 interligand interactions JPH' (JAX'),
JPP' (JAA'). The general features of the X spectrum which appear in Fig. 23 include a sharp
doublet of separation /V centered at the proton chemical shift as well as 2n pairs of lines
occurring symmetrically about §'H with spacings S given by:

S=[W2L? +JAA]V? £ [(W—1)2L2 + JAA"2]Y/? (20)

5

where L = [JAX —JAX'] and W is an integer>*> between 1 and n. The intensity of this
portion of the spectrum is evenly divided between the NV doublet and the 27 pairs of lines.
These 2n pairs of lines may be divided into two sets, the so-called “inner” and the “outer”
lires given by the difference and sum, respectively, in eqn. (20). For the typical case in which
values of L/JAA' < 1, 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?33 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 N and L, the frequency dist-ibu-
tion of the inner and outer lines changes. The separation between the first inner line and the
first outer line remains JAA', 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 directly bound to phosphorus.
As JAA' increases, the separations of the inner lines becomes smaller until for JAA'> L the
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Fig. 23. Schematic diagram showing the apparent triplet for the X part of an XgAA'X¢' system arising
from overlap of the inner lines when JAA' > L. The intensity of the first pair of outer lines has been ex-

ageerated.

(A

spectrum appears as an apparent triplet. The distribution of the frequencies and intensiiies
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
organophosphorus ligand sytems, and so only the envelope of these resonances is generally
observed,

Although it is in principle possible to calculate 2JAA' (i.e. 2JPP") from the 3'P spectra
using equations developed for the AA' portion of the spectrum?%?, 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 of JAA' directly (3JPP'
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 '®%. In one case (Fig. 24) sufficient fine structure has been observed to allow
calculation of JAA' from inner line separations and the agreement with that calculated from
the outer line positions was good 236, Although direct observation of the outer pair is not
rare among the PR3, P(OMe); and P(NR; )3 complexes we have studied '®4, it is more pre-
valent in PH; and PF5; metal compounds 184:216:255 [p 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)4(PMe3), showing the resolved fine structure. The low-intensity
outer bands which were observed are not shown.



78 J.G. VERKADE

The first attempt to obtain 2JPP’ from 'H NMR spectra which did not exhibit the outer
pair of lines was an effort at computer simulation of experimental spectra consisting only
of the deceptively simple triplet whose middle member had a fair range in width*7% 71,
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
studied 84236 Using *JPH, a line-width parameter estimated from the doublet peaks and
estimates of 2JPP' as input data in a computer program, a best fit could be obtained visually.
Independent measurements of 2JPP’ in complexes show, however, that results based on line-
shape analysis alone are to be viewed with suspicion *®*. The assumption made in computer
fitting that the line shapes are pure Lorentzian is probably invalid in most cases because:

(@) slow passage conditions are not obtained; (b) paramagnetic impurities could be present
which broaden the lines; (¢) intermolecular exchange could be taking place?°¢; (d) each
transition in theory can have its own transverse relaxation time 257 ; (¢) off-diagonal elements
of the relaxation matrix can cause overlapping lines to give band shapes which are not simply
sums of Lorentzian lines?*72, and (f) some form of intramolecular motion may result in in-
complete averaging of 2JPP'184-258  Although factors (@)—(c) can be ruled out with some
assurance in the complexes studied !3%, (d) and (e) cannot, and indeed temperature studies
indicate '8? that (f) may apply in several complexes of P(NMe, );.

When feasible, the method of choice for obtaining 2JPP’ is that of spin-tickling in which
the '3C satellite resonances of the proton spectrum are observed while irradiating in the 3'P
region. In such an experiment2%? the 3! P resonance for the molecules containing one *3C
nucleus appears as two AB patterns because of the two spin states of *3C. Because of the
presence of the !®C nucleus in one of the phosphorus-containing moieties, the two phos-
phorus nuclei are no longer chemically equivalent and so the AB coupling (*JPP’ in this
case) may be determined from the AB spectrum. If for either of the spin states of *°C,
the higher frequency weak intensity band is shown to be connected to the higher frequency
line of the appropriate '3C satellite, then 2JPP’ has the same sign as V; otherwise their signs
are opposite. Thus if the sign of JPH is known and JPH' is small, the sign of 2JPP' is deter-
mined 3%, By an additional spin-tickling experiment®3® the sign of N can be related to that
of LJCH, which is known to be positive.

2JPP’ values in mixed ligand complexes are obtained directly from the AB or nearly AX
31P spectra!®®. For each proton-bearing ligand, the proton region displays a doublet which
is simple or perturbed, depending upon the size of 2JPP' and the chemical shift difference
of the phosphorus nuclei. If >JAB < (v, —vg), then no perturbation is observed, as is the
case for trans-Mo(CO)4 [P(OCH; )3 CEt] [P(OMe);]. If >JAB = (v, —vg), then a perturba-
tion occurs; and if 2JAB > (v, —vg), apparent triplets would be produced in the proton
spectrum. The observation that the proton doublets are not split by the phosphorus on the
other ligand 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 2JPP’ values collected in Tables 23—25 along with the
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TABLE 23

27pp’ values in cis-disubstituted complexes
2pp' Method 2 Ref.
(Hz)

Cr(CO)4(PH3), -26.2 A 255, 0
{P(SCH3)3CMe] ~0 F 242
(PMes), -36+1 A 236
(PH3)(PPh3)z 33.0 E 255
(PBu3)(PH3) 38.5 B ¢
[P(OCH2)3CMe] > 70 = 10 D 170, 171, 184
[P(NMe3)F, 12 62+2 B d
[P(CCI2H)F315 67 0.5 B m
[P(CCl3)F2 ] 67+1 B d
(PF3)2 78+ 1,77.0 B, B 262, €
[EtN(PF,), ] 78.5 + 0.5 B 260

Mo(CO)4{PH3)2 18.3, --18.9 A, C ¢ m
(PMes), -29.7 0.1 A 236
(PBuy Ph)(PPhs) 21 E r
(PPhaH), ~19 A g
(PNMej )2 12.4 0.2 A 236

[P(NMePh)ala 182+ 0.2 A A
{P(SCH;)3CMe] » 30+ 10 D 242
[P(SMe)3]» 35+ 10 D 242
{P(NMe;)3] [P(OCH3)sCEt] 39:3 E 186
[P(OMe)s] 2 —40.5+ 1 A 236
[P(OMe)3] [P(OCH,)3CEt 48+ 3 E 186
{P(OCH,)3C-n-Pr] 2 5010 D 170, 171, 184
[P(NMe,)F, ]2 38+2 B 261
[P(NEt,)F,] 2 38+2 B 261
[P(CF3);F], 4101 B 261
{P(CH2C)F2 12 42505 B 261
[P(CCl;H)F3] 2 475+ 0.5 B m
[PCCCl3)F, ]2 —48.0+0.5 B 261
[P(CF3)Fz12 4851 B 261
(PF3) 55.0+02 B 262
{EtN(PF3)2] +121.0 B 260

W(CO)3(PH3a)2 13.4 A 255
[P(SCH;)3CMel ~ 0 F 242
[P(SMe)3]2 ~ 0 F 242
[PMes], ~25.0 = 0.1 A 184
[P(OCH;)3C-n-Pr] 2 35=+5 D 170,171,184
[P(NMe3)F3]2 211+ 1.0 B d

B

[P(CH2CDF2al2 346+ 0.8

d
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TABLE 22 (continued)
2P’ Method @ Ref.
(Hz)
W(CO), [P(CCl3H)F;] > 37.0x 0.5 B m
[P(CCla)F2]2 37.6+ 0.8 B d
(PF3), 38+1,41 B,B 262,49
[EtN(PF2),] 155.3 = 0.6 B 260
PdCl, (PMe3), 8 A i
Bry (PMe3)s 1.0x1 A i
Cl (PMes H) 0=x1 A 263
Brs (PMes H)z 2 A 263
Cl, [P(OMe)s] 2 +79.9+ 0.2 A 236
Clp [P(OCH3)3C-n-Pent] 2 65 = 10 D 170, 171, 184
PICly (PMes H), 01 A 263
Bry(PMey H)o 0 A 263
I, (PMe,H), ) A 263
Cl; [P(NMe3)3]2 ~0 F 184
CL, (PMe,), < 5,189 G, A Lj
Br, (PMes), 16.2 A i
I (PMe3)s 14.0 A i
Cl, [P(OMe)3] 2 102,183+ 0.1 D,A 184, 258
Bry [P(OMe)3] 2 8.8+ 0.1 A 258
I [P(OMe)3] 2 ~ 0,5.0%0.1 F,A 184, 258
Clz [F{OCH2)3C-n-Pent] 2 35+ 10 D 184
I, [P(OCH3 )3C-n-Pent] 5 145 D 184
Cl; [P(OPh)3] {PBu3s} 20.0 E 266
CL, [P(NR,),F], 25-37 A K
Me, [P(OPh)3] [PBu3] 1 E 266
MeCI[P(OPh)3] [PBus] 23.3 E 266

2 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 °F spectrum (B); doutle resonance techniques (C); computer
simulation of the band shape {D); direct observation of the 31y spectrum (E); perturbation of main
doublet was not observed, thus 2JPP’ must be undetectably small (F); estimated from line width (G),
and solution of spectrum from theoretical considerations (H).

byg. Nixon, private communication.

€ E. Moser, E.O. Fischer, W. Bathelt, W. Gretner, L. Knauss and E. Louis, J. Organometal. Chem., 19
(1969) 377.

d Unpublished results cited in ref. 216.

€ T.R. Johnson, R.M. Lynden-Bell and J.F. Nixon, J. Organometal. Chem., 21 (1970) P15 Jso. Grim,
D.A. Wheatland and P.R. McAllister, fnorg. Chem., 7 (1968) 161. & Calculated from spectrum in J.G.
Smith and D.J. Thompson, J. Chem. Soc. A, (1967) 1694. #RD. Bertrand, private communication.

! R. Goodfellow, J. Chem. Soc. D, (1968) 114.7 D.A. Duddell, J.G. Evans, P.L. Goggin, R.J. Goodfellow,
A.J. Rest and J.G. Smith, J. Chem. Soc. 4, (1969) 2134. k 3 F. Nixon and M.D. Sexton, J. Chem. Soc.
D, (1969) 827. I'Not resolved in 1P spectrum. ™ R.M. Lynden-Bell, J.F. Nixon, J. Roberts and L.R.
Swain, fnorg. Nucl. Chem. Letr., 1 (1971) 1187.
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TABLE 24

2 JPP' values in trans-disubstituted complexes

JPP’ Method 2 Ref.
(tz)

Cr(CO)4[P(SCH2)3CMe] 2 ~0 F 242
[P(SMe)3) 2 ~0 F 242
(PMe3) —285=:1 A 236
(PBu3}(PPh3) 25 E b
(PBu3)[P(OPh)3] 30 E - b
[P(NMe2)3]2 —-17zx5 C 236
{P(OMe)al2 —15.0+0.1 A 236
{P(OCH,)sCEt] 2 9+3 D 170, 171, 184
(PF3); 34+1,34.0+05 B,B 262.€

Mo(CO)4 (PBu3)(PPh3) 50 E b
(PBu,Ph)(PPh3) 49 E 5
(PBu3)[P(OPh)3] 112 E b

[P(NMze2)3]2 +101 =1 A 236
[P(NMe,)3] [P(OCH;)3CEt] 14123 E 186
[P(OMe)3] 2 +162+ 5 C 236
[P(OMe)3] [P(OCH2)3CEt] 185 + 3 E 186
[P(OCH3)3C-n-Pr] 2 210 = 30 D 170, 171, 184
(PFa); 312+ 1 B 262
W(CO)4(PBu3)(PPh3) 65 E b
(PBu3)[P(OPh)3} 120 E &
(PBuyPh)[P(OPh)3} 112 E b
[P(NMe5)3]2 +81:5 C 236
[P(OCH_)3C-n-Pri 140 = 25 >} 170, 171, 184
(PF3), 3151 B 262

Fe(CO)3 [P(NMe2)3] 2 +65 10 C 236
{P(NMe3)3] 2 [P(OCH2)3C-n-Px] 183+ 1 E 186
{P(OCH,)3CEt] 2 300 + 40 D 170, 171, 184

PACly (PMe2H)o 515 A 263

Bry (FMes H)2 516 A 263

Pdi;(PMe3z), +572 <5 C 238

I, (PMe3 )} (PEt3) 565 E d
I3 (PBus)(PMe, Ph) 551 E e
I;(PBu3)}{P(OPh)s3] 758 E €
I, (PMe,; Ph){P(OPh)3] 829 E e
Cl, [PPh2(CF3)] 2 1100 + 50 D 257,50
PtClz(PMegﬂ)g 515 A 263
Bry (PMezH), 462 A 263
Iz (PMGZ H)z 447 A 263
Cla(PEts)s 90 G r
[P(OPh)3] [PBus] 709 E 266
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TABLE 24 (continued)

JPP’' Method?  Ref.
(Hz)
Pt{OP(OR)2 ]2 (PR3)2 37.2-38.1¢ E 266
PtCI[OP(OR),21(PR3)2 18.0-28.9¢8 E 266

2 gee footnote a of Table 23. P See footnote fof Table 23. € See footnote e of Table 23. < A. Pidcock,
Chem. Commun., (1968) 92. € See footnote i of Table 23. fW McFarslane, J. Chem. Soc. A, (1967) 1922.
This value is considered to be too low 216,263 & 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> 186-216,236,260-266 The magnitude
of 2JPP' will be shown to depend on four factors which are discussed sequentially: (a) the
stereochemistry of the complex; (p) the metal atom; (¢) the ligands present other than phos-
phorus, and (d) the nature of the phosphorus ligand.

The repeated observation in a variety of systems that >! P—>!P coupling constants of
trans-oriented 3* P nuclei are large and are characterized by apparent triplets in the * H spec-
trum while cis coupling constants are small, leaving the JAX doublet unperturbed, has served
as a criterion for determining the geometrical relationships of phosphorus ligands in many
complexes®>2%2:267_ However, considerable caution should be taken in using this crite-
rion in assigning such stereochemistries. Many cis complexes have appreciable phospho-
rus—phosphorus coupling and from preliminary data®?? it appears that the magnitudes
of 2JPP' in cis and trans manganese complexes of the type Mn(C0O); L, X (X=H, Cl, Br, I)
are not very differenc (Table 25). Indeed, in chromium complexes the magnitude of /PP’
is even greater in ¢is compounds than in frans (Tables 23 and 24). It should be pointed out
that weak 3! P—3!P coupling can lead to apparent triplets when JAX is small. Thus the con-
clusion that there is “strong” 3! P—3!P coupling in fzc-Mn(CO)3 [P(OCH, ); CMe] (MeCO)
(ref. 268), -Cs Hs Rh[P(OCH, ); CMe] » (ref. 269) and in 7-Cs Hs Rh[P(OMe); ] ; (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 fac-Mn(CO);-
(PhCO)[P(OCH, )sCMe} . and the intermediate coupling found in 7-Cs Hs Mn(CO)[P(OCH; )s-
CMe],, both of which also display proton “triplets” (Table 25). Qualitative evidence for
unusually small 3 P—?!P coupling between trans phosphorus ligands in manganese com-
plexes is found in sym-mer-MnX(CO)s(PMe, Ph), systems27%%:® (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 portion of the “triplet™ is much broader in the former despite very
similar separations of the main doublet in all cases. It is reasonable that 2JPP' for
7-CsHs Mn(CC) [P(OCH; )3 CEt] » 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

2 .
JPP’ values for miscellaneous complexes

a

2JPp’ Method Ref.
#Hz)
mer-Mo(CO)3(PEt3)3 <i5? E b
[P(OMe)31 3 a7P E b
[P(OEY)s]3 51P E b
Jac-Mo(CO)3(PPhF;)3 —43.0+ 1.0 H 264
P(OPh), F ~51.0% 1.6 H 264
P(OPh)F, —55.2: 1.0 H 264
(PF3)3 -56.0 = 0.5 H 264
fac-Mn(PhCO)(CO)3 [P(OCH )3CEt] » 52 D ¢
H(CO)3(PF3)3 125+ 1 B 242
Br{CQ)3[{P(OMe)3] 2 140 = 20 D 242
BK(CO)3[P(OCH3)3C-n-Pr} 110 = 20 D 242
sym-mer-MnI(CO)3 [P(OMe)s] 170 + 307 D 242
H(CO)3(PF3)2 15517 B 242
-CsHsMn(CO)[P(OCH,)3CMe] 2 120 = 20 D 242
Fe(CO)3(PF3); 98+ 1 B d
RuCl, (CO), (PMe; H),F 308+ 1 A 263
RuCl, (CO), (PMe; H)» 229 : 1 A 263
trans-RhC1(CO)(PMes H)p 3211 A 263
Br(CO)(PMe,H)» 329+ 1 A 263
I(CO)(PMez H), 33721 A 263
RhCl3(CO)(PMea H), & 495+ 1 A 263
mer-RhCl3(PPr3)3 22+3 E 4
(PBus)s 23 E h
[PEt;Ph] 3 308 E h
sym-mer-RhCl3(PBus), [P(OPh)3] 30.37 E !
trans-IrCl3 (CO)(PMez H)» 386+ 1 A 263
Br3(CO)(PMe, H), 390+ 1 A 263
trans-Nila (PMe, H)2 355 A 263
Ni(COj); [P(NMe2)s ]2 ~0 F 184
Ni(CO), [P(OMe)3] 2 10+3 A i
Ni(CO), [P(OCH3)3CMe] » ~0 F 184
Ni(CO), [P(CF3)3] 2 ~0 F k
Ni(CO); [P(NMe2)F2 | 2 ~0 F g
Ni(CO); [PONEtz)Fz] 2 ~0 F !
Ni(CO),(PF3), 38x1 B 262
Ni[P(CF3),F]4 <5 B 265
Ni(CgH40,PF)4 17.7 £ 0.2 B 265
Ni{P(CH2CD)F3 14 12+5 B 265
Ni[P(CCl3)F2]4 21+1 B 265
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TABLE 25 (continued)

JPP' Method?  Ref.
(Hz)
Ni[P(NMe2)F2 14 <10 B 265
Ni[P(CF3)F2]4 <5 B 265
Ni(PF3)s 3x1 B 265
PAC1{OP(OPh), | [HOP(OPh), ] Pr3 600-630"" E 266
PtCI[OP(OPh), ] [HOP(OPh), Pr3 539-547™ E 266
33.0-358"
23.4-23.9°
[PtCL[P(OPh)3] (PBu3)]Cl 24.0 E 266

2 See footnote ¢ of Table 23. b M. Lenzi and R. Poilblanc, C. R. Acad. Sci., Ser. C, 263 (1966) 674.

€ B.L. Booth, M. Green, R.N. Haszeldine and N.P. Woffenden, J. Chem. Sac. 4, (1969) 920. ¢ This

value apparently represents a time-average-value coupling from intramolecular exchange *°2. € All pairs
of identical ligands are mutually cis 263 f Al pairs of identical ligands are mutually trans 263 £ The
phosphorus ligands are trans as well as two of the halides ":63. % 5.0. Grim and R.A. Ference, Inorg. Nucl.
Chem. Lett., 2 (1966) 205. ! See footnote d of Table 24.7 Calculated from the spectrum given in R.
Mathieu and R. Poilblanc, C. R. Acad. Sci., Ser. C, 265 (1967) 388. K See footnote i of Table 23. / See
footnote d of Table 23. 7 Coupling between PR3 and HOP(OR),. ? Coupling between HOP(OR), and
OP(OR)». € Coupling between PR3 and OP(OR);. P Cis coupling.

With the exception of some chromium and manganese compounds, ! P—*'P coupling
constants are generally larger in frans compounds than in their cis 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
trans coupling there appears to be no order other than that the 2JPP’ 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 limited data available, the other ligands in a given complex appear to affect
the value of 2JPP' 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 ' P—>' P coupling appears to be the electronegati-
vity of the substituents on phosphorus. Figures 25 and 26 are plots of the ZJPP' values
found in Tables 23 and 24 vs. a crude estimate of the overall Pauling electronegativity of
the substituent groups on the phosphorus ligands (see Sect. C(iii)7). Where ligands con-
tained two different substituents (e.g. PNMe, F, or P(CF3)F3), the overall electronegativity
was estimated by taking a weighted mean of the electronegativities of the three atoms bound
to phosphorus. For mixed ligand complexes (e.g. frans-Mo(CO)4 [P(OCH;3), CC, Hs -
[P(NMe,)3]), the average of the electronegativities of the two ligands was used®”!. Although
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Fig. 25. A plot showing the progression of 2 pp Fig. 26. A plot showing the progression of 2spp’
for cis-M{CO)4 L, (where M = Cr (a), Mo (e} or for trans-Mo(CO)4L> (where M = Cz (4), Mo (e) or
W (=)) as a function of the electronegativity of W (=)) as a function of the electronegativity of

the ligand. The left ordinate applies to the Crand the ligand. The left ordinate applies to the Cr and
Mo complexes and the right to W systems. 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 2JPP' with electronegativity in the frans chromium
complexes parallels that of the molybdenum and tungsten systems. Secondly, 2JPP’ appears
to increase positively with electronegativity in the frans complexes while in the cis systems
it is seen to increase negatively. 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 NR, 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 2/PP’ in the mixed ligand 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(OCH, )3 CR and
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Fig. 27. A plot showing the progression of 2JPP’ with ligand electronegativity for Ni(CO), L, (o) and
NiL4 (e) complexes. The left and right ordinates apply to the NiL4 and Ni(CO); L, systems, respectively.

P(NMe, ); or P(OMe); were occurring, the magnitudes of 2JPP’ in the mixed ligand com-
plexes should be less than those in complexes in which both ligands are the same. Since the
values of the mixed complexes lie between those of the latter, our assignment is probably
correct.

The trends in the cis > P—3!P coupling in the mer and fzc molybdenum complexes
(Table 25) are also in line with electronegativity arguments, and not unexpectedly the mag-
nitudes of 2*JPP' are in the same range as that for cis disubstituted molybdenum analogs.
The negative sign of 2JPP’ in the fac complexes is also in accord with that found for the
cis disubstituted systems and it is likely that the cis 3! P—2! P 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(CQ), L, systems seems to parallel to some extent that for zrans
or cis Group VI complexes although the sign of 2JPP' here is not known. The tendency
for Ni(CO), L, complexes to exhibit near-zero 2JPP' values over a range of electronegativi-
ties is preserved in the NiL; complexes (Fig. 27) although no overall trend is apparent at
this time. While *JPP’ for cis-PdX, L, systems seems to rise sharoly to more positive values
with electronegativity, the presence of a maximum is suggested in the cis-PtX, L, series
for which 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 frans-PdX, L,
complexes, *! P—*'P coupling is larger for the more highly electronegative ligand (Fig. 28).

Assuming that the Fermi contact effect dominates 3!P—3!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 35 orbital, and/or (b) a decrease
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Fig. 28. A plot showing the progression of 2JPP' in cis-PACly Ly (8), PdBryLy (0), PICl Ly (9),
PtBraLa (%) and PtI; Ly (=) complexes with ligand electronegativity. The left and right scales apply to
the Pd and Pt complexes, respectively. The circled point is a complex for which the sign of 2JPP' is
known.

in the mutual polarizability of the lone pair on the phosphorus atoms. The first factor con-
tributes 2392 to the magnitude of 2JPP' (but not its sign) via the (Sp {8(rp) 1Sp) terms in ex-
pression {21) since they represent the square of the s electron density at a phosphorus nu-
cleus.

OocC unoce

2JPP’ « (S, 16(rp) ISp) (Sp- 15(rp.)1sP.)Zk} 22 (B ~E)' CplppCrpCpr 21

The second factor arises?3°2 from the change in the triplet excitation energy term in the
summation or from variations in the LCAO coefficients (C) in expression (21). In valence
bond terms, the polarizability of the phosphorus 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 electronic excitation. An excitation from one osbital to another
of the same symmetry (i.e. sym~ssym or antisym—antisym) contributes a negative sign to
2JPP' while a transition involving orbitals of opposite symmetry confers a positive sign on
2JPP'.

Without detailed Mo calculations on the prohibitively complicated coordination com-
plexes studied here, prediction of the sign and magnitude of 2JPP' is not possible. It is
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Fig. 29. Molecular orbital energy level diagrams of M(CO)4(PR3)2 complexes in the trans (a) and cis (b)
configurations. Circled points on the Cartesian axes represent the phosphorus atom locations.
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Fig. 30. Molecular orbital level arrangements and fractional phosphorus character in the appropriate or-
bitals for M(CO)4(PR3)> complexes in the trans (a) and cis (b) configurations. The signs refer to the
contributions of the transitions to the overall sign of ZJPP'.

worthwhile, however, to consider the possible origins of the signs and the trends of 2JPP’
in the trans and cis Group VI complexes for which the greatest range of values has been
obtained??2, In Fig. 29a is depicted an MO diagram for a trans complex in which only the
phosphorus orbitals having o character are considered and in which the ordering of the MO
levels is the same as that which is commonly accepted for complexes of O symmetry 193
Because it is not known with certainty how the phosphorus “sp®” lone-pair hybrid compares
in energy with the “sp” 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 ¢ orbital (Ep) changes with respect to that of the CO o hybrid (E¢q),
the phosphorus character (orbital coefficient) is altered in the manner shown in Fig. 30.
Experiment shows that the sign of 2JPP' in the frans complex is generally positive, which
would be consistent with the case where Ep < E¢q since the transition of lowest energy
(A2, > A1g*(2)) contributes positively to the coupling. Alternately, the case where Ep =
Eco might equally apply if the higher energy transition (42, — 4 1g*(2)) dominates by
virtue of the greater phosphorus character in the 4, level. The cbservation that some frans
chromium complexes possess negative 2JPP’ values suggests that Ep approaches or exceeds
E¢q so that the 4;4(2) >4 ;g%(2) or A;g*(1) 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 Ep should drop relative to Eqg 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 orbitals affords an increased number of possible transitions. Of
the four possible transitions among the 4 ,(3), B;(2), 4, *(3) and B, *(2) levels in the case
where Ep = Eq, however, the B,(2) = B, *(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 /PP’ values for this configuration is —12.4 to
—78 Hz. The 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
Ep > Eg. From the diagram in Fig. 30(b), an upper limit of zero would be predicted
owing to canceliation (Ep > Eq) 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 if £p becomes appreciably less than Eq, this may
be precluded from occurring if in all of these complexes E'p remains approximately equal
to or larger than .?¢q. In both the ¢is and the trans 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 trans-oriented phosphorus ligands exceed those for their
cis 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 trans square-planar Ru!, Rh!, Ir!, Nill, Pd" and Pt complexes
(Table 25) have recently been rationalized assuming that variations in the singlet-to-triplet
excitation energy term in expression (21) is mainly responsible263 It is felt263 that the
dominant transition is By, ~ 4,*(2) (Fig. 31) which would give 2JPP’ a positive sign.
Moreover, since the B,,, MO contains metal d character while the 4,%(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 + 1)p atomic orbitals among the metals. This is indeed the case
as the order of 2JPP' in the rrans square-planar compounds is Nill <PtII < PdIl; Irl < Rhl;
and Rhl < Pd!! (Table 25)?63. In extending this idea to the octahedral Rull, Rh!!! and IrIH
complexes in which the phosphorus nuclei are trans, a similar transition is postulated and
the observed order IrH! < Rh!! is as expected®®3.

A rationale for the absence of a steady trend in 2JPP’ with electronegativity in NiL,
complexes has been put forth 255, 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 orbita! on one phosphorus is transmitted to the s orbital of the other. From Fig.
32 the expected transitions involving phosphorus nuclei are T’ = T, * andfor T, > 4, *,
depending on how close in energy the lower and upper states are. Because the molecular
orbitals are not identifiable as gerade or ungerade in T,; symmetry, it is necessary to examine
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more closely the source of the sign of 2JPP’. 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 ligand-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 T, , a positive sign is obtained and the expression for >JPP’' becomes more negative. The
same procedure for any of the T’ linear combinations and that of the 4, * contributes a
positive sign to 2JPP’. The overall result would be the same even if the lowest occupied MO
were the 4. Although calculations do not consistently agree on the relative order of these
orbitals273, they are probably close, which suggests that 2JPP’ generally will not be large.

A similar situation appears to be the case for the Ni(CO), L, complexes in which the A s

B, and B, *, A,'* pairs may be rather close in energy (Fig. 33). Because B, B * or 4, —>
A, * transitions would lead to signs which are opposite to those forB; >A4;*ord, + B, *
excitations, small values of 2JPP’ could arise, as is seen in Table 25 for all but Ni(CO), (PF3),,
which possesses an exceptionally high coupling.

While 2JPP’ values do seem on the whole to be interpretable in a rather general way in
terms of the parameters given in expression (21), 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 274:275 on 2JPP’ 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-

o4 -0‘2
Ty+Tp-03-04
Q'., *0’2“‘0'3‘0’4
METAL TETRAHEDRAL PHOSPHORUS
ORBITALS COMPLEX ORBITALS

Coy

Fig. 33. Molecular orbital energy level diagram for Ni(CO)2(PR3 )2 complexes assutning that EP = ECO‘
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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 3! P~-M—21P coupling is susceptible to ap-
preciable orbital contributions, present indications are that it acts in the same direction as
the contact term.

9. Structural studies

In Table 26 are collected structural data obtained from X-ray and electron diffraction
experiments®®-6°-277 -293 gp complexes which contain electronegative phosphorus ligands
Of particular relevance to the foregoing discussions are the caged ligand coordination com-
pounds of Fe®, Nil and Agx; the P(OEt), Ph complex of Ni(CN), ; and the chromium com-
plex of P(OPh);.

Our observation that the Fe—P distance for the PO; bound ligand in trans-Fe(CO)s-
[P(OCH, )s P} [P(CH, O)sP] (Fig. 6) is shorter by 0.074 (4) A than the PC; coordinated
bicyclic could be construed to reflect the somewhat larger steric bulk of the latter ligand.
There is good reason to suppose, however, that the possibly better pi-acceptor properties
of the PO; bound donor may be partially responsible. In this regard it has been shown that
the shorter Cr—P distance in (OC)s CrL when L is P(OPh); (2.309 A) compared with PPhs
(2.422 R) is accompanied by longer Cr—C bonds trans and cis to the phosphite and shorter
C—0 lengths in the zrans and cis carbonyls as expected if the phosphite is the better pi acid*®*.
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 PCO 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 PO; bound ligand (2.116 A) is appreciably shorter than
that found in the other iron phosphite complexes in Table 26 for which structural data are
available. The difference could be ascribed to the greater steric requirements of P(OPh);
and P(OEt), Ph compared to P(OCH, )3 P. However, differences in the nature of the FeP
bond cannot be ruled out since P(OPh), is apparently a poorer Lewis base toward a proton
than is P(OCH, )3 CCH3, which is closely related to P(OCH;)aP (see Sect. B (vi)). The Fe—P
bond distance for the PC3 bound ligand (2.190 A) is also short compared with those found
for Fe(CO)sPMe, PMe; (2.260 A)2°% and (OC);Fe(H; CCCH;) Fe(CO);PPh; (2.25 A)?°%°.
Again the low steric requirements of the PC3 bound P(OCH; )3 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

294



J.G. VERKADE

94

F9ETT

67 52 axe §dnoad 1 pue Eyqq oyy, Js1T fYdd U MAN Id)IoN
067 paFprg-o10[ys st xojduio) pI'e U0 [wa[€(yd0)d](**HED)]
ELT
L8T a3 0 papuoq-1d sy sdnoid (Auoyd aip jo suQ S81'C Yy [E(NO)d Yy
208 v uo Ajqeqoxd uadorpAy ypm Leie
98¢ [eIpaye1e) papiolstp € uf suioje snxoydsoyq 50T (€ 44)00H
swoje stuoydsoyd jo Aeue ferpoyena)
LLT dunsorpur ¥[€(4JO)d]IN upim snoydrourosy Y{€(1d0)d1o0H
[eIxe Xe gz1e
8LT uaBo1pAy yum pruresAdiq reuofiy patioisiq bagire ¥ [ya®0a0)d]o0H
sup4y a1e suaforpAy pue
08¢ UoIpaye1a) pajIolsip e sy Aexse snroydsotyy Y [yd (10 d] CHu-suny
uoqieo
o0 [Auayd e via Suu [Auaipejuadorpho o
$8¢ 03 papuoq s spuedyj sroydsoud ays jo suQ LA%4 [€(4yd0)d] Efow?mewga_u&q: 5o
§82 uoyeIndiyuod [001s Oueld S1'T *[S(ud0)]10ASHS D¢
s12 o1¢ suaforpAy pue
182 uoIpayenal parrosip e s1 Lexre snroydsoyy Y[EQT0)d] CHad S50
812 918 suafoxpAy pue ,08T'T
087 ‘6LT UOIpAYeIIa) PajIolsip € st Aerre snioydsoyq P 8I1'C ¥ [4d*(+a0)d] EHod 510
. 2 061°C
68 6 3005 208 PRI [45(*HD0)d] [dE(0*HD)d] E(QD)od-suss
12:14 asauefueuI pUNOIE [E1PayLId0 p LTT [(Cudd)nv] [E(4d0)d] (OD)um 512
p 90¢ [eIpayEI00 69€'C €4d5(0D)ON
8¢ [espayed0 60€'C £(140)d S(00)1D
(v) souegsip
BEN| syreutay d-I o9eroay

spuedy snroydsoyd aanedounnoaje Jo soxaduwos [BI3UL UO UONBLIICHUI [BINJONNS

99T H14VL



95

METAL-PHOSPHORUS BONDING IN COORDINATION COMPLEXES

QIULISIp a9vIoAy y i)

0) SuD4) 1040 w.m:& 01 suvay J 104 i "H 03 suply § 104 ,"H 01812 104 P) sntoydsoyd €04 10,5 5 'snroydsoyd €] 104 q ‘snroydsoyd E(ygo)d 104 0

16¢

09
167 ‘88T
€62
©60T

661

68T
€8¢

JeIpatjenayt,
eIpayena},

[BIpaENa],

epayenay,

prueridiq reuofin pallolsiq

(ba){IN ump 13018

(Xe)d-IN Pm prurerAdiq [euodin repndsy
uoneInSyuos Ipay

-2100 ue oA1% 03 uoqied Auayd o410 ue A
[elout ay) 03 papuoq 91e spuedl] o1 Jo om),
[eapayrIa0

XA
9E¥'T
9112 '660'C

y 82T
61'
b

y SUT
56617

Y(Edand

Y1 {¥ [snat(*Ho0)d18v}
Y(EJDIN
Y[CAS(CHOINAIIN

€ [4d%(F0)d] ¢(NOIIN

YYOID)S [E(THDYE(HDO) IN

[€(ud0)di% | Z(ud0)(YHO 0N 1O

[FnEtmtrat

[E(oW0)d] % | E(ng-)d] E1D Y otur-wids



96 J.G. VERKADE

Fig. 34. The molecular configuration of the NiPs portion of the Ni[P(OCH)3(CH; )3]2" cation.

sigma basicity of the coordinated phosphorus but increase its pi acidity. Infrared data have
already been presented (Sect. C(iii}4) which show that carbonyl stretching frequencies are
not appreciably altered in a given complex by changing the site of phosphorus coordination
in P(OCHj, )3 P. 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)3(CH, )3] s** cation (Fig.
34) is very nearly a perfect trigonal bipyramid and it is of singular interest that thereisa
compression of the Ni—P bond distance along the three-fold direction. The average nickel—
phosphorus axial bond distance is 2.14 + 0.01 A 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 " ions2%8. The axial contraction in the latter case was rationalized %2 in
terms of electron pair repuisions, and stronger pi bonding along the axis arising from sym-
metry considerations?°°. The Ni—P bond lengths are within the range of values reported
for similar bonds in other compounds, such as 2.18 A in Ni(HPPh; ); 1, (zef. 300), 2.22 A
in Ni(PPh3)s (C=CC¢H;), (ref. 301), 2.21 A in Ni(TAP)CN(CIO,) (TAP =
P(CH, CH, CH, AsMe, )3) (ref. 302), and 2.19 and 2.21 A in Ni(CN), (PPh(OEt),); (ref.
209a). In contrast to the pentakis caged phosphite complex, the last compound is a very
distorted trigonal bipyramid. Supporting evidence for the earlier conclusion (Sect. C(jif)2)
that the Co[P(OCH;)3CMe] s* cation is isostructural with the Ni[P(OCH)3(CH;)3]s**
complex comes from an X-ray diffraction study of the Co(CNMe);s" ion which was shown:
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to be a slightly distorted trigonal bipyramid 1969,

The Ag[P(OCH, )sCMej 4" cation has the expected tetrahedral configuration. The Ag-P
bond distance of 2.436 & is somewhat smatler than that for Ag(SCN)[P(n-Pr);] (2.48 3)%°>
which also is four-coordinate owing to bridging by SCN groups.

The decrease in M—P bond lengths in Table 26 over the sum of their covalent radii ranges
from about 0.05 to 0.2 & with an average difference of approximaztely 0.15 A for phosphites
and P(OEt), Ph. For PF; and PF, NEt, 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 tne M—P bonds from
phosphites to trifluorophosphine is due to increased pi bonding which results from increased
ligand elecironegativity. There are two difficulties associated with this reasoning. (g) Com-
plexes of trialkyl phosphines possess MP bond shortenings®2:394:3%5 which range from abcut
0.05 to 0.3 A with an average of approximately 0.15 A 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 conceivably 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), [P(OEt),Ph} 3
(2.228 R)2°92 and the PMe, Ph analog (2.24 A)2°°P. 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. [t 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 PEt; or PPhy complexes since evidence has been presented3°¢ that the steric
requirements of the latter ligands are larger than P(OMe);, P(OEt); and P(OPh);. Indeed
even PMe; appears2!? to be comparable in bulk to P(OPh);.

In the previous two sections increases in the absolute magnitude of **3W—3!P and 3! P--
M—>'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); <
PF; 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, 306a—c); in 7-C¢Hs Fel{P(OPh);] » and
[(CsH,2)[P(OPh)s] 2 Rh] ,Cl, the OPO bond angles are 100° (ref. 285) and 99.5° (ref.
290), respectively; and in Ni(PF3);, (OC)s MoPF; and Pt(PF;), the FPF angles are 99.3°
(ref. 288) or 98.4° (ref. 291), 99.5° and 98.9° (ref. 291), respectively. Although the sug-
gestion of a trend toward smaller angles is rather slight in metal complexes, it is significantly
stronger in the chalconide derivatives ChPR; (106—108°) (ref. 63), O=P(OCH, Ph), (OH)
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(104°) (ref. 54) and ChPF; (100.3—102.5°) (ref. 250) (where Ch is S, Se or O). It should
be recalled, however, that the increase in phosphorus nuclear charge (i.e. s density) with
electronegativity is also an important factor?>3® 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 ills” 37 and as a
“noumenological””3%® 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 Dgq in the CoLg3* systems and »(MP) in the
bicyclic 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 UV 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.

ACKNOWLEDGMENTS

The author takes great pleasure in acknowledging the reasearch contributions of the past
and present members of his research group. He also thanks the National Science Founda-
tion and the Petroleum Research Foundation for grant support and the Alfred P. Sloan
Foundation for a fellowship.

REFERENCES

1 J.G. Verkade, in E.J. Griffith and M. Grayson (Eds.) Topics in Phosphorus Chemistry, to be published.

2 G. Booth, in G. Kosolapoff and L. Maier (Eds.), Organophosphorus Compounds, in press.

3 J.G. Verkade and K.J. Coskran, in G. Kosolapoff and L. Maier (Eds.), Organophosphorus Compounds,
in press.

4 3.G. Verkade and L.T. Reynolds, J. Org. Chem., 25 (1960) 663.

* *Ashes to ashes and dust to dust, if sigma bonding won't do it, pi bonding must!”’: R.W. Panry, private
communication to the authors of ref. 204a.



METAL—-PHOSPHORUS BONDING IN COORDINATION COMPLEXES 99

5 ¥.G. Verkade and T.S. Piper, in S. Kirschner (Ed.), Advances in the Chemistry of the Coordination
Compounds, Macmillan, New York, 1961, p. 635.
6 H. Stetter and K. Steinacker, Chem. Ber., 85 (1952) 451.
7 The “oxa-aza’ nomenclature for these systems is unambiguous. Thus Ia, for example, is named 2,-
6, 7-trioxa-4-methyl-1-phosphabicyclo-[2.2.2] octane.
8 1.G. Verkade, T.J). Hutteman, M.K. Fung and R.W. King, Inorg, Chem., 4 (1965) 83.
9 W.S. Wadsworth and W.D. Emmons, J. Amer. Chem. Soc., 84 (1962) 610.
10 D.G. Hendricker, J. Heterocycl. Chem., 4 (1967) 385.
11 S.C. Goodman and J.G. Verkade, Inorg. Chem., 5 (1966) 498.
12 E.1. Boros, K.J. Coskran, R.W. King and J.G. Verkade, J. Amer. Chem. Soc., 88 (1966) 1140.
13 Wen-Hsuan Chang, J. Org. Chem., 29 (1964) 3711.
14 R.A. Barns and J.A. Hoffman, private communication.
15 S.C. Goodman and J.G. Verkade, unpublished results.
16 1.R. Swain and J.G. Verkade, to be published.
17 Hooker Chemical Corporation, Brit. Pat. No. 889, 338; Chem. Abstr., 58 (1963) 8906e.
18 C.F. Baranauckas and I. Gordon, U.S. Pat. No. 3,310,609; Chem. Abstr., 67 (1967) 73144,
19 C.F. Baranauckas and L. Gordon, U.S. Pat. No. 3,412,051 ; Chem. Abstr., 70 (1969) 38509f.
20 E.E. Nifantev and I.M. Petrova, Zh. Obshch. Khim., 38 (1968) 2341; Chem. Abstr., 70 (1969) 19505k.
21 R.D. Bertrand, T.J. Kistenmacher, R.L. Kolpa, G.K. McEwen and J.G. Verkade, 162nd American
Chemical Society Meeting, Abstracts, Washington D.C., 1971, p. ORGN 71.
22 L.H. Slaugh and R.D. Mullineaux, U.S. Pat. No. 3,448,158; Chem. Abstr., 70 (1969) 11240€j.
23 R.D. Bertrand, R.D. Compton and J.G. Verkade, J. Amer. Chem. Soc., 92 (1970) 2702.
24 M. Worsley, B.N. Wilson and B.O. Schoepfle, U.S. Pat. No. 3,109,853; Chem. Abstr., 60 (1964)
2768f.
25 J.W. Rathke, J.W. Guyer and J.G. Verkade, J. Org. Cher., 35 (1970) 2310.
26 E.J. Boros, R.D. Compton and J.G. Verkade, Inorg. Chem., 7 (1968) 165.
27 R.L. Keiter and 1.G. Verkade, Inorg. Chem., 8 (1969) 2115.
28 J.F. Deffner, E.R. Tucci, J.V. Ward, H. Thayer and H.J. Elder, Fr. Pat. No. 1,534,510; Chem. Abstr.,
71 (1970) 101314b.
29 D.B. Denney and S.L. Varga, Tetrahedron Lett., (1966) 4935.
30 K.JI. Coskran and J.G. Verkade, Inorg. Chem., 4 (1965) 1655.
31 D.A. Allison and J.G. Verkade, to be published.
32 R.D. Bertrand, D.A. Allison and J.G. Verkade, J. Amer. Chem. Soc., 92 (1970) 71.
33 J.G. Verkade and R.W. King, Inorg. Chem., 1 (1962) 948.
34 A.C. Vandenbroucke, E.J. Boros and J.G. Verkade, Inorg. Chem., 7 (1968) 1469.
35 B.L. Laube, R.D. Bertrand, G.A. Casedy, R.D. Compton and J.G. Verkade, Inorg. Chem., 6 (1967)
173.
36 J.M. Jenkins, T.J. Hutteman and J.G. Verkade, Advan. Chem. Ser., 62 (1966) 604.
37 D.M. Nimrod, D.R. Fitzwater and J.G. Verkade, Inorg. Chim. Acta., 2 (1968) 149.
38 D.W. White, G.K. McEwen, R.D. Bertrand and J.G. Verkade, J. Chem. Soc. B, (1971) 1454.
39 T.L. Brown, J.G. Verkade and T.S. Piper, J. Phys. Chem., 65 (1961) 2051.
40 A.L. McClellan, Tables of Experimental Dipole Moments, W.H. Freeman, San Francisco, 1963.
41 1.G. Verkade and C.W. Heitsch, Inorg. Chem., 2 (1963) 512.
42 C.W. Heitsch and J.G. Verkade, Inorg. Chem., 1 (1962) 392.
43 J.G. Verkade, R.W. King and C.W. Heitsch, frnorg. Chem., 3 (1964) 884.
44 R.D. Bertrand, J.G. Verkade, D.W. White, D. Gagnaire, ¥.B. Robert and J. Verrier, J. Magn. Res., 3
(1970) 494.
45 J.H. Letcher and J.R. Van Wazer, in M. Grayson and J.E. Griffith (Eds.), Topics in Phosphorus
Chemistry, Vol. 5, Wiley-Interscience, New York, 1967.
46 (a) V. Mark and J.R. Van Wazer, J. Org. Chem., 32 (1967) 1187; (b) F. Calderazzo, S.A. Losi and
B.P. Susz, Helv. Chim. Acta., 54 (1971) 1156.
47 A.D. Buckingham, Can. J. Chem., 38 (1960) 300.
48 J. Ronayne and D.H. Williams, Annu. Rev. NMR Spectrosc., 2 (1969) 83.
49 D.W. White and J.G. Verkade, J. Magn. Res., 1 (1970) 111.



100 J.G. VERKADE

50 A_H. Cowley, M.J.S. Dewar, W.R. Jackson and W.B. Jennings, J. Amer. Chem. Soc., 92 (1970)
108s.

51 A.H. Cowley and R.P. Pumell J. Amer. Chem. Soc., 87 (1965) 4454.

52 It might be argued that 2JPCH is rather high in V because of the presence of oxygen which enhances
the s character in ﬂle C—H bond. It appears, however, that cage formanon is the main cause of the
enhancement, for 2JPCH is only 3.0 Hz in P(CH, OH)3; whereas JPNCH; is stifl much larger (8.8
HZ) m P(Mez )3 (see Table 2)

53 S.L. Manatt, G.L. Juvinall, R.I. Wagnér and D.D. Elleman, J. Amer. Chem. Soc., 88 (1966) 2689,
and references therein.

54 1.D. Dunitz and 1.S. Rollett, Acta Crystallogr., 9 (1956) 327.

55 P.v.R. Schleyer, J.E. Williams and K.L. Blanchard, J. Amer. Chem. Soc., 92 (1970) 2377.

56 B. Beagley, D.W.J. Cruikshank and T.G. Hewitt, Trans. Faraday Soc., 63 (1967) 836.

57 P. Anderson and K.E. Hjortaas, Acfa. Chem. Scand., 14 (1960) 829.

58 1.C. Clazdy, D.C. Dow and J.G. Verkade, to be published.

59 J.C. Clardy, D.A. Allison and J.G. Verkade, Inorg. Chem., in press.

60 J.V. Ugro and R.A. Jacobson, to be published.

61 G.C. Hampson and A.J. Stosick, J. Amer. Chen. Soc., 79 (1957) 757.

62 (a) L.V. Vilkov, D.A. Akishin and G.E. Salova, Zh Strukt. Khim., 6 (1965) 355; Chem. Abstr., 63
(1965) 11308f; (b) M.G. Newton, private communication.

63 D.E.C. Corbridge, in M. Grayson and E.J. Griffith (Eds.), Topics in Phosphorus Chemistry, Interscience,
New York, 1966, p. 57.

64 R. Kopal, J.C, Clardy and J.G. Verkade, 160th American Chemical Society Meeting, Abstracts, Chi-
cago, Sept. 1970, INOR 70.

65 I.B. Faught, T. Moeller and 1.C. Paul, fnorg. Chem., 9 (1970) 1656.

66 E.D. Morris and C.E. Nordman, Inorg. Chem., 8 (1969) 1673.

67 G.C. Holywell, D.W.H. Rankin, B. Beagley and J.M. Freeman, J. Chem. Soc. 4, (1971) 785.

68 G.J. Bullen, F.S. Stephens and R.J. Wade, J. Chem. Soc. A, (1969) 1804.

69 E. Subramanian and J. Trotter, J. Chem. Soc. A, (1969) 2309.

70 (a) H.J. Geise, Rec. Trav. Chim. Pays-Bas, 86 (1967) 362; (b) Mazhar-ul-Haque, C.N. Caughlan and
W.L. Moats, J. Org. Chem., 35 (1970) 1446; (c) W. Murayama and M. Kainosho, Bull. Chem. Soc.
Jap., 42 (1969) 1819; (d) T.A. Beineke, Acta Crystallogr., Sect. B, 25 (1969) 413; (e) R.C.G. Kil-
lean, J.I. Lawrence and T.M. Mogennis, Acta Crystallogr., Sect. B, 27 (1971) 189.

71 (a) K.D. Berlin, C. Hildebrand, J.G. Verkade and O.C. Dermer, Chem. Ind. {London}, (1963) 291;
(b) K.D. Berlin, C. Hildebrand, A. South, D.M. Hellwege, M. Peterson, E.A. Pier and J.G. Verkade,
Tetrahedron, 20 (1964) 323; (c) M.G.B. Drew, J. Rodgers, D.W. White and I.G. Verkade, J. Chem.
Soc. D, (1971) 227; (d) D.W. White, G.K. McEwen, R.D. Bertrand and J.G. Verkade, J. Magn. Res.,
4 (1971) 123.

72 (a) R.A.Y. Jones and A.R. Katritzky, /. Chem. Soc., (1960) 4376; (b) F.S. Mortimer, Spectrochim.
Acta,, 9 (1957) 257; (c) M.G. Newton, private communication; (d) F.H. Westheimer, private com-
munication; (e) D.W. White and J.G. Verkade, unpublished results; (f) G. Aksnes and P. Albriktsen,
Acta Chem. Scand., 22 (1968) 1866.

73 L.S. Mayants, E.M. Popov and M.I. Kabachnik, Opr. Spectrosc. (USSR, (English Transl.), 7 (1959)
108.

74 B.C. Herail, CR. Acad. Sei, 261 (1965) 3375.

75 M. Anteunis, M. Verzele and G. Dacremont, Bull. Soc. Chim. Belg., 74 (1965) 622.

76 E.J. Boros and J.G. Verkade, unpublished results.

77 M.W. Hanson and J.B. Bouck, J. Amer. Chem, Soc., 79 (1957) 5631.

78 R. Kolpa and J.G. Verkade, to be published.

79 1.T. Donoghue and R.S. Drago, Inorg. Chem., 2 (1963) 572.

80 That 120° is a reasonable expectation value for this angle in OP(NR3 )3 systems is supported by the
molecuiar structure of {Cu[MezN); (C)POP(O)(NMes ), 13}1(CI03), determined by X-ray diffrac-
tion (M.D. Joesten, M.S. Hussain, P.G. Lehnert and J.H. Venable, J. Amer. Chem. Soc., 90 (1968)
5623) in which the sum of the angles zround nitrogen is 356° and the average PNC is 121°.



METAL-PHOSPHORUS BONDING IN COORDINATION COMPLEXES 101

81 C.A. Streuli, Anal. Chem., 32 (1960) 985.

82 (a) E.M. Thorsteinson and F. Basolo, J. Amer. Chem. Soc., 88 (1966) 3929; (b) L.J. Vande Griend
and J.G. Verkade, to be published; (c) W.M. McFarlane and R.F.M. White, Chem. Commun., (1969)
744; (d) G.A. Olah and C.W. McFarland, J. Grg. Chem., 36 (1971) 1374.

83 (a) C. Brown and R.F. Hudson, Tetrahedron Lett., 34 (1971) 3191;(b) J. Mikolajezyk, 3. Michalski
and A. Zwierzak, Chem. Commun., (1971) 1257; (¢) C. Brown, R.F. Hudson, V.T. Rice and A.R.
Thompson, Chem. Commun., {(1971) 1255; (d) C.V. Banks and J.W. O’Laughlin, Anal Chem., 36
(1964) 1222.

84 (a) J.L. Burdett and L.L. Burger, Can. J. Chem,, 44 (1966) 111; (b) D. Boyd, J. Amer. Chem. Soc.,
91 (1969) 1200; (c) A.L. Mixon and W.R. Gilkerson, J. Phys. Chem., 75 (1971) 3309.

85 R.D. Compton and J.G. Verkade, unpublished results.

86 (a) 1.I.G. Cadogan, J. Chem. Soc., (1957) 1079; (b) R.R. Holmes and R.P. Carter, Inorg. Chem., 2
(1963) 1146; (c) A.B. Burg and P.J. Slota, J. Amer. Chem. Soc., 80 (1958) 1107; (d) G. Ewart,
D.S. Payne, A.L. Port and A.P. Lane, J. Chemn. Soc., (1962) 3984; (e) W.A. Hart and H.H. Sisler,
Inorg. Chem., 3 {1964) 617.

87 (a) S. Fleming and R.W, Pamry, fnorg. Chem., 11 (1972) 1;(b) R.M. Kren and H.H. Sisler, Inorg.
Chem., 9 (1970) 836.

88 C.R. Noller, Textbook of Organic Chemistry, W.B. Saunders, Philadelphia, 1966, p. 380.

89 (a) P. Bischof, J.A. Hashmall, E. Heilbronner and V. Hornung, Helv. Chim. Acta, 52 (1969) 1745;
(b) R. Hoffman, E. Heilbronner and R. Gleiter, J. Amer. Chem. Soc., 92 (1970) 706; (c) N. Bodor,
M.J.S. Dewar and S.D. Worley, J. Amer. Chem. Soc., 92 (1970) 19.

90 (a) M.1.8. Dewar and 1.S. Wasson, J. Amer. Chem. Soc., 92 (1970) 3506; (b) P. Bischof, J.A. Hash-
mal, E. Hellbronner and V. Homung, Tefrahedron Lett., (1969) 4025; (¢) E. Heilbronner and K.A.
Muszkat, J. Amer. Chem. Soc., 92 (1970) 3818.

91 C.R. Brundle, N.A. Kuebler, M.B. Robin and H. Basch, Inorg. Chemn., 11 (1972) 20.

92 R. Hofmann, Accounts Chem. Res., 4 (1971) 1.

93 M.B. Robin and J.G. Verkade, unpublished results.

94 W. Van Doorne, G.W. Hunt, R.W. Perry and A.W. Cordes, Inorg. Chem., 10 (1971) 2591.

95 (a) A.-W. Cordes, private communication; (b) I.W. Gilje and K. Seff, Inorg. Chiem., 11 (1972) 1643.

96 E. Haselbach, E. Heilbronner, G. Schréder and M.J.S. Dewar, submitted for publication.

97 (a) R.L. Collin, J. Amer. Chem. Soc., 88 (1966) 3281; (b) 1.C. Clardy, D. Truesdale and J.G. Ver-
kade, unpublished result.

98 M.J.S. Dewar and P. Rono, J. Amer. Chem. Soc., 91 (1969) 2259.

99 R.F. Hudson, Advan. Inorg. Chem. Radiochem., 5 (1963) 347; Structure and Mechanism in Organo-
phosphorus Chemistry, Academic Press, New York, 1965, p- 67.

100 F.A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 2nd edn., Interscience, New York,
1966, p. 488.

101 K. Hedberg, V. Plato and W. Hartford, private communication to L.S. Bartell, quoted in ref. 102.

102 L.S. Bartell, L.S. Su and H. Yow, fnorg. Chem., 9 (1970) 1903.

103 G.M. Phillips, J.S. Hunter and L.E. Sutton, J. Chem. Soc., (1945) 146.

104 C.W.N. Cumper, A.A. Foxton and A.L Vogel, J. Chem. Soc., (1964) 430.

105 A.F. Wells, J. Chem. Soc., (1949) 55.

106 R.S. Ammstrong, M.J. Aroney, R.J.W. Le Févre and R.K. Pierens, J. Chem. Soc. 4, (1969) 2735.

107 1.V. Bel, J. Heisler, H. Tannenbaum and H. Goldenson, J. Amer. Chiem. Soc., 76 (1954) 5185.

108 E.A. Robinson, Can. J. Chent., 41 (1963) 3021.

109 H. Siebert, Z. Anorg. Allg. Chem., 275 {(1954) 210, 225.

110 R.G. Gillis, J.F. Horwood and G.L. White, J. Amer. Chem. Soc., 80 (1958) 2999; A1. Vogel, W.T.
Cresswell, G.H. Jeffery and J. Leicester, J. Chem. Soc.,(1952) 514.

111 C.E. Griffin, R.P. Peller, K.R. Martin and J.A. Peters, J. Org. Chem., 30 (1965) 97.

112 E.A.C. Lucken and M.A. Whitchead, J. Chem. Soc., (1961) 2459.

113 Such an electronegativity presumably reflects only the inductive part of the electronegativity which
influences »(P=0) by the induction of a positive charge on the phosphorus and not by conjugation
with the P=0O bond inasmuch as different phosphorus d,, orbitals are involved 112 35C1 NQR fre-
quencies on the other hand are sensitive to both conjugative and inductive effects.



102 J.G. VERKADE

114 M.IL Kabachnik, V.V. Voevodskii, T.A. Mastryukova, S.P. Solodovnikov and T.A. Melenteva, J. Gen.
Chem. USSR, 34 (1964) 3277.

115 P.A. Haake, J. Amer. Chem, Soc., 86 (1964) 3577.

116 I.H. Hillier and V.R. Saunders, J. Ciiem. Soc. D, (1970) 1510.

117 (2) L.H. Hillier and V.R. Saunders, J. Chem. Soc. 4, (1971) 664; (b) J. Chem. Soc. D, (1970) 1183;
(c) P.J. Bassett, D.R. Lloyd, I.H. Hillier and V.R. Saunders, Chem. Phys. Lett., 6 (1970) 253; (d)
A. Serafini, J.F. Labarre, A. Veillard and G. Vinot, Chem. Commun., (1971) 996.

118 1. Absar and J.R. Van Wazer, J. Phys. Chem., 10 (1971) 1360.

119 K.A_R. Mitchell, Can. J. Chem., 46 (1968) 3499.

120 (a) D.P. Santry, J. Amer. Chem. Soc., 90 (1968) 3309; (b) D.P. Santry and G.A. Segal, J. Chem.
Phys., 47 (1967) 158.

121 R. Manne, Theor. Chim. Acta, 6 (1966) 312.

122 L.H. Hillier and V.R. Saunders, J. Chem. Soc. 4, (1970) 2475.

123 (a) D.B. Boyd and W.N. Lipscomb, J. Chem. Phys., 46 (1967) 910; (b) 48 (1968) 4968.

124 W.W. Fogelman, D.J. Miller, H.B. Jonassen and L.C. Cusacks, fnorg. Chem., 8 (1969) 1209.

125 D.P. Craig, A. Maccoll, R.S. Nyholm, L.E. Orgel and L.E. Sutton, J. Chem. Soc., (1954) 332.

126 (a) D.P. Craig and T. Thirunamachandran, J. Chem. Phys., 45 (1966) 3355 and references therein;
(b) G. Bendazzoli and C. Zauli, J. Chem. Soc., (1965) 6827; (c) D.W.J. Cruickshank, B.C. Webster
and M.A. Spinnler, Int. J. Quantum Chem., 18 (1967) 225; (d) C.A. Coulson and F.A. Gianturco,
J. Chem. Soc., (1968) 1618.

127 J.G. Verkade and C.W. Heitsch, Inorg. Chem., 2 (1962) 392.

128 D.W. White, G.K. McEwen and J.G. Verkade, Tetrahedron Lett., (1968) 5369.

129 T. Reetz, J. Amer. Chem. Soc., 82 (1960) 5039.

130 T. Reetz, U.S. Pat. No. 3,164,253; Chemn. Abstr., 60 (1964) P557gh.

131 G. Kodama and R.W. Parry, J. Inorg. Nucl. CGhem., 17 (1961) 125.

132 G. Kodama and R.W. Parry, Inorg. Chem., 4 (1965) 410.

133 T. Reetz and B. Katlafsky, J. Amer. Chem. Soc., 82 (1960) 5036.

134 R.R. Holmes and R.P. Wagner, J. Amer. Chem. Soc., 84 {1962) 357.

135 P. Cassoux, J.F. Labarre, G. Commenges and A.J.P. Laurent, J. Chim. Phys. Physicochim. Biol., 64
(1967) 1813.

136 E.F. Mooney and B.S. Thomhill, J. Inorg. Nucl. Chem., 28 (1966) 2225.

137 G. Jugie, J1.P. Laussar and J.P. Laurent, J, Inorg. Nucl. Chem., 32 (1970) 3456.

138 F. Ramirez, O.P. Madan and C.P. Smith, Tetrahedron, 22 (1966) 567.

139 J.P. Laurent, G. Jugie and G. Commenges, J. Inorg. Nucl. Chem., 31 (1969) 1353.

140 J.G. Riess and J.R. Van Wazer, Bull. Soc. Chim. Fr., (1968) 3087.

141 H. N&th and H.J. Vetter, Chem. Ber., 96 (1963) 1298.

142 Intensity measurements>> on the oxide derivative showed that two of the doublets are superimposed.

143 A B. Burg and P.J. Slota, J. Amer. Chem. Soc., 82 (1960) 2145.

144 M.A. Fleming, Diss. Abstr., 24 (1963) 1385.

145 L. Elegant, M. Azzaro, R. Mankowski-Favelier, G. Mavel and N. Morize, Org. Magn. Resonance, 1
(1969)471.

146 A correlation bf 'JBP in a series of phosphorus ligand BH3 adducts with base sirength has been
made (A.H. Cowley and M.C. Damasco, J. Amer. Chem. Soc., 93 (1971) 6815), but there appear to
be cases where it breaks down (R.W. Rudolph and C.W. Schultz, J. Amer. Chem. Soc., 93 (1971)
6821).

147 G.K. McEwen and J.G. Verkade, J. Chem. Soc. D, (1971) 668.

148 C.W.N. Cumper and A.P. Thurston, J. Chem. Soc. B, (1971) 422.

149 M_A. Frisch, H.G. Heal, H. Mackle and [.0. Madden, J. Chem. Soc., (1965) 899.

150 C.M. Bax, A.R. Katritzky and L.E. Sutton, J. Chem. Soc., (1958) 1259.

151 R.W. Rudolph, R.W. Parrv and C.F. Farran, Inorg. Chem,, 5 (1966) 723.

152 (a) R.C. Taylor and T.C. Bissot, J. Chem. Phys., 25 (1956) 780; (b) 1. Davis and J.E. Drake, J. Chem.
Soc. A, (1971) 2094.

153 R.J. Wyma, Diss. Abstr., 25 (1965) 6991.

154 H. Watanabe and K. Nagasawa, Jnorg. Chem., 6 (1967) 1068.



METAL—-PHOSPHORUS BONDING IN COORDINATION COMPLEXES 103

155 P(OCH)3(CH, )3 is out of order and was not included in the basicity series because the measurements
on the borane adduct were carried out in more polzg:zsolvents“z. More recent measurements on Ia 72€
in benzene compared with the oider measurements ~ (see Tabie 9) bear out the supposiiion that
the values for IT are lowered by the more polar solvents used.

156 R.W. Rudolph and R.W. Parry, J. Amer. Chem. Soc., 89 (1967) 1621.

157 W. Sawodny and J. Goubeau, Z. Anorg. Allg. Chem., 356 (1968) 289.

158 (a) T.D. Coyle and F.G.A. Stone, Progr. Boron Chem., 1 (1969) 83; (b) G.W. Chantry, A. Finch and
P.N. Gates, J. Chem. Soc. A, (1966) 896; (¢) R.L. Kuczkowski and D.R. Lide, J. Chem. Phys., 46

(1967) 357.
159 T. McAlister and H. Mackle, Trans, Faraday Soc., (1969) 1734,

160 This estimate was obtained by subtracting 1 19D (the moment*? for PMe3) from the moment ot
H3BP(OCH, )3CMe (Table 8).

161 H.L. Carrell and J. Donohue, Acta Crystallogr., Sect. B, 24 (1968) 699.

162 (@} E.L. McGandy, Diss. Abstr., 22 (1961) 754; (b) P.S. Bryan and R.L. Kuczkowski, fnorg. Cherm.,

11 (1972) 855.
163 C.E. Nordman, Asta Crystallogr., 13 {1960) 535

164 E.R. Lory, R.F. Porter and S.H. Bauer, Inorg. Chem., 10 (1971) 1072.

165 1. Rodgers, D.W. Whyi«. and J.G. Verkade, J. Chem. Soc. A4, (1971) 77.
166 D.Z. Denney and D.B. Denney, J. dmer. Chem. Soc., 88 (1966) 18320

<L DCINNCY aIlQ 22, 2Jenney, J. .amer. . 200, S R2T80) 283V,

167 I.H. Hillier, J.C. Marriott, V.R. Saunders, M.J. Ware, D R. Lloyd and N. Lynaugh, J. Chem. Soc. D,
(1970) 1586.

168 J. Demuynck and A. Veillard, J. Chem. Soc. D, (1970) 873. ——

169 A.B. Burg, Rec. Chem. Progr., 15 (1954) 159.

170 J.G. Verkade, R.E. McCarley, D.G. Hendricker and R.W. King, Inorg. Chem., 4 (1965) 228.

171 D.G. Hendricker, R.E. McCarley, R.W. King and J.G. Verkade, Inorg. Chem., 5 (1966) 639.

172 A.C. Vandenbroucke, D.G. Hendricker, R.E. McCarley and J.G. Verkade, Inorg. Chem., 7 (1968)
1825.

173 R.L. Keiter and J.G. Verkade, fnorg. Chem., 9 (1970) 404.

174 D.A. Allison, P. Plummer and J.G. Verkade, to be published.

175 J.M. Jenkins and J.G. Verkade, fnorg. Chem., 6 (1967) 2250.

176 J.M. Jenkins, T.J. Huttemann and J.G. Verkade, unpublished results.

177 J.G. Verkade and K.J. Coskran, unpublished resuits.

178 1.G. Verkade and T.S. Piper, Inorg. Chem., 2 (1963) 944.

179 K.J. Coskran, T.J. Huttemann and J.G. Verkade, Advan. Chem. Ser., 62 (1966) 590.

180 T.J. Huttemann, B.M. Foxman, C.R. Sperati and J.G. Verkade, Inorg. Chem., 4 (1965) 950.

181 K.JI. Coskran, J.M. Jenkins and J.G. Verkade, J. Amer. Chem. Soc., 90 (1968) 5437.

182 J.G. Verkade and T.S. Piper, Inorg. Chem., 1 (1962) 453.

183 J.M. Jenkins and J.G. Verkade, Inorg. Syn., 11 (1968) 108.

184. F.B. Ogilvie, J.M. Jenkins and J.G. Verkade, J. Amer. Chemn. Soc., 92 (1970) 1916.

185 S.0. Grim, D.A. Wheatland and P.R. McAllister, Inorg. Chem., 7 (1968) 161.

186 F.B. Ogilvie, R.L. Keiter, G. Wulfsberg and J.G. Verkade, Inorg. Chem., 8 (1969) 2346.

187 A. Pidcock and C.R. Waterhouse, J. Chem. Soc. A, (1970) 2080.

188 J.M. Jenkins, R.D. Bertrand and J.G. Verkade, unpublished results.

189 The error in reporting these complexes as hexacoordinate systems! 73,180

190 R.S. Vinal and L.T. Reynolds, /norg. Chem., 3 (1964) 1062.

191 C.J. Balthausen, Introduction to Ligand Field Theory, McGraw-Hill, New York, 1962.

192 J.G. Verkade, Plenary Lecture *‘Phosphorus—metal bonding in organophosphorus complexes”, Chimie
organique du phosphore, Coliaq. Int. Cent. Nat. Rech. Sci., {(1969) 53.

193 C.K. Jgrgensen, Absorption Spectra and Chemical Bonding in Complexes, Addison-Wesley, Reading,
Mass., 1962.

194 Although the bands assigned to singlet —>singlet transitions could conceivably be due to singlet &
triplet excitations, the spin-forbidden character of the latter could be expected to yield very much
smaller extinction coefficients as m the case of the 22,800 cm ! band (e = 0.5) assigned to such a
spin-prohibited band in Co(CN)s {S. Kida, J. Fujita, K. Nakamoto and R. Tsuchida, Bull. Chem.
Soc. Jap., 31 (1958) 79).

was corrected in ref. 179.



104 J.G. VERKADE

195 L.E. Orgel, An Intraduction to Transition Metal Chemistry: Ligand Field Theory, Wiley, New York,
1960, p. 37.

196 (a) F.A. Cotton and R.V. Parish, J. Chem. Soc., (1960) 144; (b) F.A. Cotton, T.G. Dunne and J.S.
Wood, Inorg. Chem., 4 (1965) 318.

197 (a) J. Hanzlik and A.A. Vicek, J. Chem. Soc. D, (1969) 47; G.D. Venerable, E.J. Hart and J. Hal-
pern, J. Amer. Chem. Soc., 91 (1969) 7539 and references therein.

198 K.N. Raymond, P.W.R. Corfield and J.A. Ibers, Inorg. Chem., 7 {1968) 1362.

199 E.F. Riedel and R.A. Jacobson, Inorg. Chim. Acta, 4 (1970) 407.

200 M. Ciampolini, Struct. Bonding {Berlin), 6 (1969) 52 and references therein.

*Z01 M.J. Norgett, J.H.M. Thornley and L.M. Venanzi, J. Chemn. Soc. A, (1967) 540.

202 E.C” Alyea and D.W. Meek, J. Amer. Chem. Soc., 91 (1969) 5761.

203 Dg seems to increase by 1800 cm ! upon oxidizing divalent hexacyano iron or cobalt ions to the
trivalent state (K.G. Coulton, Inorg. Chem., 7 (1968) 392 and references therein) and it was con-
cluded that the differences were too small to reflect a dependence of Dg on oxidation state. Thus

the opposite observation involving 1300 to 1900 cm * for identical phosphites in Table 11 may be
too small to be significant since it is questionable whether pi effects in phosphites exceed those in
cyanide..

204 (a) B.B. Chastain, E.A. Rick, R.L. Pruett and H.B. Gray, J. Amer. Chem. Soc., 90 (1968) 3994; (b)
J.W. Dawson, L.M. Venanzi, J.R. Preer, 1.E. Hix and H.B. Gray, J. Amer. Chem. Soc., 93 (1971)
778.

205 P. Rigo, C. Pecile and A. Turco, fnorg. Chem., 6 (1967) 1636.

206 P. Rigo, G. Guastalla and A. Turco, Inorg. Chent, 8 (1969) 375.

207 G. Schrauzer and P. Glockuer, Chem. Ber., 97 (1964) 2451.

208 K.A. Jensen and Q. Dahl, Acta Chem. Scand., 22 (1968) 1044.

209 (a) J.K. Stalick and J.A. Ibers, fnorg. Chem., 8 (1969) 1084; (b) 1090.

210 H.M. Powell, D.J. Walkin and J.B. Wilford, J. Chem. Soc. 4, (1971) 1803.

211 A.A. Orio, B.B. Chastain and H.B. Gray, Inorg. Chim. Acta, 3 (1969) 8.

212 C.A. Tolman, J. Amer. Chem. Soc., 92 (1970) 2956.

213 ). Chatt, G.A. Gamlen and L.E. Orgel, J. Chem. Soc., (1959) 1047.

214 It is assumed here that the greater tendency of PPr3 to destabilize the dy» —y2 orbital because of
its greater basicity is less important than the pi effect 213,

215 (a) H.S. Gutowsky and J.P. Larmann, J. Amer. Chem. Soc., 87 (1965) 3815; (b) J.H. Letcher and
LR. Van Wazer, J. Chem. Phys., 45 (1966) 2926 and references therein.

216 (2) J.F. Nixon and A. Pidcock, Annu. Rev. Spectrose., 2 (1968) 345; (b) E.G. Finer and RX.
Harzis, Progr. NMR Spectrose., 6 (1971) 61.

217 (a) B.E. Mann, C. Masters, B.L. Shaw, R.M. Slade and R.E. Stainbank, Inorg. Nucl. Chem. Lett.,
7 (1971) 881; {b) S. Shupack and B. Wagner, Chem. Commun., (1966) 547.

218 K._I. Coskran, R.D. Bertrand and J.G. Verkade, J. Amer. Chem. Soc., 89 (1967) 4535.

219 F.A. Cotton, Inorg. Chem., 3 (1964) 702 and references therein.

220 M. Bigoigne and J. Benard, Rev. Chim. Miner., 3 (1966) 831.

221 D.J. Darensbourg and T.L. Brown, Inorg. Chem., 7 (1968) 959.

222 T. Pecoraro and J.G. Verkade, to be published.

223 M. Bigorgne, C. R. Acad. Sci., 250 (1960) 3484.

224 M. Bigorgne, A. Loutellier and M. Pankowski, J. Organometal. Chem., 23 (1970) 210.

225 M. Bigorgne and A. Zelwer, Bull. Soc. Chim. Fr., (1960) 1968.

226 D.M. Adams and P.J. Chandler, J. Chem. Soc. 4, (1969) 588.

227 V.G. Myers, F. Basolo and K. Nakamoto, /norg. Chem., 8 (1969) 1204.

228 A. Loutellier and M. Bigorgne, J. Chim. Phys. Physicochim. Biol., 67 (1970) 99.

229 A. Loutellier and M. Bigorgne, J. Chim. Phys. Physicochim, Biol, 67 (1970) 107.

230 R.S. Tobias, C.F. Shaw and J.G. Verkade, to be published.

231 L. Malatesta and C. Cariello, J. Chem. Soc., (1958) 2323;J. inorg. Nucl. Chem., 8 (1958) 561.

232 IR, Pipal and J.G. Verkade, to be published.

233 G. Mavel, Progr. Nucl. Magn. Resonance Spectrosc., 1 (1966) Chap. 4

234 A.R. Cullingworth, A. Pidcock and 3.D. Smith, Chem. Commun., (1966) 89.



METAL-PHOSPHORUS BONDING IN COORDINATION COMPLEXES 105

235 A.J. Deeming and B.L. Shaw, J. Chem. Soc. A, (1969) 597.

236 R.D. Bertrand, F.B. Ogilvie and J.G. Verkade, J. Amer. Chem. Soc., 92 ( 1970) 1908.

237 S.L. Manatt, G.L. Juvinall, R.I. Wagner and D.D. Elleman, J. Amer. Chem. Soc., 88 (1966) 2689.

238 D.M. Grant and W.M. Litchman, J. Amer. Chem. Soc., 87 (1965) 3994.

239 (a) J.A. Pople and D.P. Santry, Mol. Phys., 8 (1968) 1; (b) C.J. Jameson, J. Amer. Chem. Soc., 91
(1969) 6232.

240 W.G. Schneider and A.D. Buckingham, Discuss. Faraday Soc., 34 (1962) 147.

241 R.D. Bertrand, F. Ogilvie and J.G. Verkade, J. Chem. Soc. D, (1969) 756.

242 R.D. Bertrand, F.B. Ogilvie and J.G. Verkade, unpublished results.

243 ¥.P. Albrand, D. Gagnaire and J.B. Robert, J. Chem. Soc. D, (1968) 1469.

244 This discrepancy is rationalized in ref. 32.

245 E.O. Fischer, R.L. Keiter, L. Knauss and J.G. Verkade, J. Organometal. Chem., 37 (1972) C17.

246 R.W. King, T.J. Huttemann and J.G. Verkade, J. Chem. Soc. D, (1965) 561.

247 S.0. Grim, P.R. McAHister and R.M. Singer, J. Chem. Soc. D, (1969) 38.
248 (2) G.G. Mather and A. Pidcock, J. Chem. Soc. A, (1970) 1226; (b) H.S. Preston, J.M. Stewart,

H.J. Plastas and $.0. Grim, Inorg. Chem., 11 (1972) 161.

249 A.D. Walsh, Discuss. Faraday Soc., 2 (1947) 18.

250 H.A. Bent, Chem. Rev., 61 (1961) 275.

251 W.A.G. Graham, Inorg. Chem., 7 (1968) 315.

252 J.M. Jenkins and B.L. Shaw, Proc. Chem. Soc., London, (1963) 279.

253 R.K. Harris, Can. J. Chem., 42 (1964) 2275.

254 D.J. Mowthorpe and A.C. Chapman, Spectrochim. Acta, Part A, 23 (1967) 451.

255 E. Moser and E.Q. Fischer, J. Organometal. Chem., 15 (1968) 157.

256 1.P. Fackler, J.A. Fetchin, J. Mayhew, W.C. Seidel, T.J. Swift and M. Weeks, J. Amer. Chem. Soc.,
91 (1969) 1941.

257 (a) E.G. Finer, R.K. Harris, M.R. Bond, R. Keat and R.A. Shaw, J. Mol. Spectrosc., 33 (1970) 72;
(b) A.J. Rest, J. Chem. Soc. A, (1968) 2212.

258 M.J. Church and M.J. Mays, J. Inorg. Nucl. Chem., 33 (1971) 253.

259 E.G. Finer and R.K. Harris, Mol. Phys., 13 (1967) 65.

260 T.R. Johnson and J.F. Nixon, J. Chem. Soc. 4, (1969) 2518.

261 C.G. Barlow, J.F. Nixon and J.R. Swain, J. Chem. Soc. A, (1969) 1082.

262 F.B. Ogilvie, R.J. Clark and J.G. Verkade, Inorg. Chem., 8 (1969) 1904.

263 A. Bright, B.E. Mann, C. Masters, B.L. Shaw, R.M. Slade and R.E. Stainbank, J. Chem. Soc. A4, (1971)
1826.

264 R.K. Harris, J.R. Woplin and R. Schmutzler, Chem. Ber., 75 (1971) 134.

265 R.M. Lynden-Bell, J.F. Nixon and R. Schmutzier, J. Chem. Soc. A, (1970) 565.

266 F.H. Allen, A. Pidcock and C.R. Waterhouse, J. Chem. Soc. A, (1970) 2087.

267 P.R. Brooks and B.L. Shaw, J. Chem. Soc. 4, (1967) 1079.

268 P.K. Maples and C.S. Kraihanzel, J. Amer. Chem. Soc., 90 (1968) 6645.

269 F. Basalo and H.G. Schuster-Woldan, J. Amer. Chem. Soc., 88 (1966) 1657.

270 (a) 1.T. Moelwyn-Hughes, A.W.B. Gamer and A.S. Howard, J. Chem. Soc. A, (1971) 2370; (v) E.
Singleton, J.T. Moelwyn-Hughes and A.W.B. Gamer, J. Organometal. Chem., 21 (1970) 449.

271 The ligand EtN(PF,); was not included in Fig. 25 because there is also a strong 3!P—3!P coupling
contribution cccurring through the nitrogen.

272 Although an interpretation similar to the one given here appeared recently
was arrived at independently in the author’s laboratories 192,236

273 1.P. Dahl and C.L. Ballhausen, Advan. Quantum Chem., 4 (1968) 170.

274 M. Barfield and D.M. Grant, Advan. Magn. Resonance, 1 (1965) Chap. 4.

275 A.A. Bothnerby, Advan. Magn. Resonance, 1 (1965) Chap. 5.

276 A.C. Blizzard and D.P. Santry, J. Chem. Soc. D, (1970) 87.

277 1.J. Levison and S.D. Robinson, J. Chem. Soc. A, (1970) 96.

278 D.D. Titus, A.A. Orio, R.E. Marsh and H.B. Gray, J. Chem. Soc. D, (1971) 322.

279 P. Meakin, L.J. Guggenberger, J.P. Jesson, D.H. Gerlach, F.N. Tebbe, W.G. Peet and E.L. Muetterties,
J. Amer. Chem. Soc., 92 (1970) 3482.

21“, the present rationale



106 J.G. VERKADE

280 L.J. Guggenberger, private communication.

281 L.J. Guggenberger, D.D. Titus, M.T. Flood, R.E. Marsh, A.A. Corio and H.B. Gray, J. Amer. Chem.
Soc., 94 (1972) 1135.

282 H.J. Plastas, J.M. Stewart and S.0. Grim, J. Amer. Chem. Soc., 91 (1969) 4326.

283 F.H. Allen, G. Chang, K.K. Cheung, T.F. Lai, L.M. Lee and A. Pidcock, J. Chem. Soc. D, (1970)
1297.

284 Kh.A.LLF.M. Mannan, Acta. Crystallogr., 23 {1967) 649.

285 V.G. Andrianov, Yu. A. Chapovskii, U.A. Semion and Yu.T. Sttuchkov, J. Chem. Soc. D, (1968) 282.

286 B.A. Frenz and J.A. Ibers, fnorg. Chem., 9 (1970) 2403.

287 M.1. Nolte, G. Gafner and L.M. Haines, J. Chem. Soc. D, (1969) 1406.

288 A. Almenningen, B. Andersen and E.E. Astrup, 4dcta Chem. Scand., 24 (1970) 15753.

289 3.M. Guss and R. Mason, J. Chem. Soc. D, (1971) 58.

290 ¥. Coetzer and G. Gagner, dcta Crystallogr., Sect. B, 26 (1970) 985.

291 J.C. Marriott, J.A. Salthouse, M.J. Ware and J.M. Freeman, J. Chem. Soc. D, (1970} 595.

292 M.A. Bennett, G.B. Robertson, T.W. Turney and P.O. Whimp, J. Chem. Soc. D, (1971) 762.

203 B. Greenberg, A. Amendola and R. Schmutzler, Naturwissenschaften, 50 (1963) 593.

294 Structures involving ligands such as [OP(OEt)2] ™~ and (PhaP), NEt are not included (see ref. 3).

295 J.A. Jarvis, R.H.B. Mais, P.G. Owston and D.T. Thompson, J. Chem. Soc. A, (1968) 622.

296 E. Davis, Chem. Cormmun., (1968) 248.

297 K.N. Raymond, P.W.R. Cozfield and J.A. Ibers, Inorg. Chern., 7 (1968} 1362.

298 K.N. Raymond, D.W. Meek and J.A. Ibers, Inorg. Chem., 7 (1968} 1111.

299 E.J. Wendting, S. Mahmoudi and H.J. MacCordick, J. Chem. Soc. A, (1971) 1747.

300 J.A. Bertrand and D.L. Plymale, Inorg. Chem., 5 (1966) 879.

301 W.A. Spofford, I, P.P. Carfagna and E.L. Amma, Jnorg. Chem., 6 (1967) 1553.

302 D.L. Stevenson and L.F. Dahl, J. Amer. Chem. Soc., 89 (1967) 3424.

303 C. Panattoni and E. Frasson, Acta Crystallogr., 16 (1963) 1258.

304 L.T.J. Delbaere, D.W. McBride and R.B. Ferguson, Acta Crystaliogr., Sect. B, 26 (1970) 515.

305 L. Aslaniov, R. Mason, A.G. Wheeler and P.O. Whimp, J, Chem. Soc. D, (1970) 30.

306 (a) G.G. Messmer and E.L. Amma, Inorg. Chem., 5 (1966) 1775; (b) G.G. Messmer, E.L. Amma
and J.A. Ibers, fnorg. Chern., 6 (1667) 725; (c) F.A. Cotton and J.T. Mague, Inorg. Chem., 3 (1964)
1094; (d) D.M. Bridges, G.C. Holywell, D.W.H. Rankin and J.M. Freeman, J. Organometal. Chem.,
32 (1971) 87.

307 R.G. Wilkins, Quart. Rev., Chem. Sac., 16 (1962) 316.

308 A.B. Burg and W. Mahler, J. Amer. Chem. Soc., 80 (1958) 2334.



