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ABSTRACT 

Thermochemical data for transition metal complexes containing phosphorusfII1) ligands have been 
reviewed and used to derive and discuss metal-phosphine and metal-phosphite bond dissociation enthal- 
pies. The survey is preceded by brief overview~s of the nature of the M-P bond and of the steric and 
electronic properties of the phosphorus ligands. Also included is a critical survey of thermochemical data 
of phosphines and phosphites. 
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1. INTRODUCTION 

Tertiary phosphorus ligands play a central role in the organometallic chemistry 
of transition metals (see, for example, refs. 1 and 2). The number of phosphines and 
phosphites that bind to transition metals is immense, displaying a wide range of 
steric and electronic effects. Probably more than any other ligand, phosphines and 
phosphites have been used to change and control the reactivity of transition metal 
complexes in reactions of synthetic interest, or to improve the activity and the 
selectivity of catalysts. The cleavage of a metal-phosphorus(II1) bond, M-P, to 
form a coordinatively unsaturated species is a key step in many of those reactions. 
Thermochemical data on metal-phosphorus( III) bonds are therefore of fundamental 
importance in understanding and predicting possible reaction pathways. Moreover, 
these data can be used to assess results of theoretical calculations. 

The main purpose of this review is to provide a critically analyzed data bank 
on the energetics of the metal-phosphorus(II1) bonds. This is presented in Sect. 4 
and preceded by brief descriptions of the nature of the M-P bond (Sect. 2), and the 
steric and electronic properties of phosphorus(II1) ligands (Sect. 3). Section 4 also 
includes a critical survey of the enthalpies of formation of phosphines and phosphites. 

The literature was reviewed until the end of 1991, but an effort was made to 
include work published in 1992. 

2. THE TRANSITION METAGPHOSPHORUS(II1) BOND 

The transition metal-phosphorus(II1) bond is traditionally viewed as a result 
of two different contributions [1,2]: electron donation from the phosphorus lone 
pair orbital to an empty metal orbital of appropriate symmetry, leading to a r~ 
interaction, and back-donation from filled metal orbitals to vacant ligand orbitals, 
leading to a 71 interaction. The existence of metal-to-ligand x back-bonding and the 
relative magnitudes of the cr and rr components have been investigated by several 
theoretical methods [ 3 - 71, and by an array of experimental techniques including 
X-ray crystallography [8-173, IR [8,18-251, NMR [8,26-291, UV-Vis [8,3&32], 
electron transmission [33], photoelectron [34-381, and Mijssbauer spectroscopies 
[39], as well as electrochemical methods [40,41], and paramagnetic susceptibility 
[30,42] and pK, [43,44] measurements. 

Results of X, and ab initio molecular orbital calculations on simple phosphines, 
PR, (R = H, F, Cl, Me), and their complexes with Cr or Ni [3-71 indicate that 0 
and n interactions are always present. Contrary to the conventional view which 
ascribes the it acceptor properties of phosphorus ligands to empty phosphorus 3d 
orbitals, these calculations indicate that the 72 acceptor orbital (LUMO) in the PR, 
ligand has some P-R c* character [5,6] and that the largest contribution to this 
LUMO comes from the P 3p orbitals [4,5,7]. The contribution of the P 3d orbitals 
to 71 back-bonding is, however, relevant, considerably increasing the n: acceptor 
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capability of the ligand (mixing the phosphorus 3d and the P-R Q* orbitals gives 
an hybrid orbital better suited, both by energy and overlap criteria, for electron 
acceptance from the transition metal) [6,7]. The relative contributions of the P 3d 
and P 3p orbitals to the ligand acceptor orbital vary with the substituent R. For 
example, it has been predicted that the ratio of the contributions 3d/3p equals 0.6, 
0.7 and 0.5, for PHJ, PMe, and PF3, respectively [4]. An important contribution 
to the binding from electrostatic interactions between the metal and the ligand dipole 
was also found in the case of the Ni( PH,) fragment [ 63. The balance between the 
(r and x interactions depends on the electronegativity of the substituents bonded to 
the phosphorus atom. For example, it has been found that PC& is a poorer A 
acceptor and somewhat better cr donor than PF, [7(b)], and that in Ni(PH,) the CJ 
interaction strongly dominates over the x interaction [6]. This effect is related to 
the fact that electronegative substituents, such as fluorine, increase the P 3p character 
in the ligand acceptor orbital, lowering its energy, and improve its directionality 
towards the metal, thus enhancing the II back-bonding effect [4,5,7]. Therefore, 
highly polar bonds such as those between phosphorus and fluorine have low-lying 
(T* orbitals with appropriate symmetry for overlap with metal d orbitals, and are 
better R acceptors than, for example, the P-H 6* orbitals which are higher in energy. 
Furthermore, because the P-F bond is highly polar towards the fluorine atom, the 
6* orbital must necessarily be highly polar towards the phosphorus atom, thus 
increasing the a*-metal dx overlap [ 51. 

The conclusion that the metal-phosphorus K bond occurs through orbitals 
that are essentially P-R 6* has received support from results of electron transmission 
spectroscopy and X-ray crystallography. Electron transmission spectroscopy (ETS) 
measures the energy of formation of a negative ion arising from electron capture 
into an unoccupied orbital, and can give information about the energy of the LUMO 
of the molecule investigated [ 333. Using ETS, Giordan and co-workers [ 331 found 
that the energy of the LUMO in PR3 ligands is very sensitive to the R group, 
suggesting that this orbital is best described as a P-R e* molecular orbital rather 
than a P 3d atomic orbital. 

Orpen and Connelly [16(a)] examined the molecular structures of a number 
of transition metal complexes that form redox couples, and observed that oxidation 
leads to an increase of the M-P bond distance and a decrease of the P-R bond 
distance. These observations are consistent with the theoretical prediction that the 
M-P bond involves orbitals that are partially P-R antibonding, and that the n 
interaction is generally important for bonding of phosphorus(II1) ligands to trans- 
ition metals that are not in high oxidation states. Oxidation reduces the ability of a 
metal to back-donate electron density to the PRJ ligand. As a consequence, the P-R 
cr* orbital becomes less populated and the P-R bond distance decreases. The increase 
of the M-P bond length reflects the weakening of this bond caused by the loss in x 
back-bonding interaction. Orpen and co-workers have recent!y extended the study 
of the transition metal-phosphorus[III) bond by analyzing the geometry variations 
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in a very large number of ZPR, fragments, where PR, is a phosphine and Z may 
be a transition metal or a main group element [16(b)]. The results of this analysis 
indicate that coordination of PRJ to transition metals (where the potential for K 
back-bonding exists) leads to geometries with smaller R-P-R angles and longer 
P-R distances than in fragments where Z is a pure c acceptor, such as H+. Moreover, 
the R-P-R angle increases and the P-R distance decreases on moving from Cr to 
Cu, Ru to Ag, and Re to Au across the transition series. The trend is reversed to the 
left of the Periodic Table, i.e. the R-P-R angle increases from Cr to V, from Ru to 
MO, and from Re to W. These observations have been interpreted using a qualitative 
molecular orbital model consistent with the results of the theoretical methods referred 
above [ 161. According to this model, 0 donation results mainly in a depopulation 
of the lone pair orbital, which leads to an increase of the R-P-R angle. The increase 
of the R-P-R angle improves the overlap between the P 3p, and 34, orbitals and 
the R group cr orbitals involved in the P-R B bond and this is reflected in the 
shortening of the P-R bond. On the other hand, coordination of the phosphorus(II1) 
l&and to a 71 donor species will partially populate the PR, LUMO which becomes 
more stabilized as the R-P-R angle closes. Thus, an increase of the x back- 
bonding interaction leads to a decrease of the R-P-R angle. The increase of the z 
back-bonding interaction also weakens the P-R bond since, as indicated above, the 
rc acceptor orbital of the phosphine has P-R c* character. The increase of the 
R-P-R angle and the decrease of the P-R bond distance in the series Cr to Cu, 
Ru to Ag, and Re to Au suggests that the metal K back donation ability is decreasing 
from left to right in those series, probably due to the fact that the metal d electrons 
are becoming more tightly bound. According to Orpen and co-workers [16(b)], this 
trend is not expected to hold for complexes of high oxidation state early transition 
metals in which the number of d electrons is low or even zero, and the (r interaction 
dominates. The inversion that occurs at V, MO, and W may reflect such behaviour 

CW)l. 
In summary, the theoretical and experimental research on the nature of the 

transition metal-phosphorus(II1) bond has generated a large body of results from 
which a consensus seems to be emerging that the synergic model involving PR, + M 
c donation and M +PR3 R back-donation is adequate to describe the transition 
metal-phosphorus(II1) bond. It is also generally agreed that c donation involves a 
ligand orbital which is mainly associated to the phosphorus lone pair, and the rt 
back-donation essentially involves the P-R c* orbital rather than the pure P 3d 
orbital. The relative importance of the 0 and n components in determining the M-P 
bond for different phosphines and phosphites is, however, still a matter of debate. 
This problem has been intensively studied using various experimental methods and 
the conclusions of these studies often depend on the technique used and on the 
systems chosen. For example, the structural studies by Orpen and Connelly [16(a)] 
of complexes that form redox couples, referred to above, suggest that z-back bonding 
is generally important in determining the transition metal-phosphorus bond. The 
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energy splittings between the metal-based ionizations in Mo(CO),L complexes 
(L = PMe,, PEt,, PBu,, and the diphosphines MezPCH,PMez and 
Me,PCH2CH,PMe, acting as monodentate ligands) measured by photoelectron 
spectroscopy indicate that the z-back bonding ability is the same for all the phos- 
phines studied and is about 25% that of CO [38]. The Mo(CO),L complexes and/or 
the complexes studied by Orpen and Connelly, however, include phosphines such as 
PEt, and P(t-Bu),, which have been classified by Giering and co-workers as pure d 
donors (regardless of the metal), based on correlations involving bond distances, 
reaction enthalpies, CO stretching frequencies, pK, values, reduction potentials, 
etc. [ 17,441. 

3. STERIC AND ELECTRONIC PROPERTIES OF PHOSPHORUS(M) LIGANDS 

A considerable number of studies have been devoted to the quantification of 
the electronic and stereochemical characteristics of phosphorus( III) ligands, and 
several scales of relative “a donor/x acceptor strength” and “stereochemical bulki- 
ness” have been proposed. These scales have been widely used to define strategies 
of synthesis and are also important to this review because the M-P bond dissociation 
enthalpies reflect the electronic and stereochemical properties of the phosphorus 
ligands. The most representative approaches used are discussed in this section. 

3.1 Steric properties of phosphorus(ZZZ) ligands 

The stereochemical characteristics of phosphorus( III) ligands have been quanti- 
fied essentially on the basis of four geometrical concepts: the cone angle, the solid 
angle, the ligand profile, and the solid angle factor [2,45-&I]. 

(al (bl 

Fig. 1. Tbe cone angle for (a) symmetrical and (b) unsymmetrical ligands (adapted from ref. 46(b)). 
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Cone angles for phosphorus( III) ligands 

Molecule* eb 

(degrees) 

Molecule” eb 
(degrees) 

PR, 

PH, 

PF3 
PCl, 
PBr, 

P(CF,), 

PMe, 

PEt, 

P(CH,CH,CN), 

W3W3 

PPr, 

P(i-Pr), 

PBu, 

P(i-Bu), 
P(s-Bu), 
P(t-Bu), 
P(ne0-Pe)3 

PCY3 

p-3 

PPh, 

WC&F,), 
PW%H.Ph 
W-G-W3 

P(m-C,H.,Cl h 
W-C6H4Cl)3 

P(P-C~WJF,), 

P(o-To~)~ 
P(m-To~)~ 

87 
91h 

104 
124 
131 
137 
12gf 
118 

<117” 
137b 
132 
166h 
137* 
132 
129” 
125” 
132” 
132 
139 
160 
164” 
132 
127” 
136P 
143 
160 
182 
180 
170 
173c 
132” 
145 
159” 
184 
145 
145p 
165” 
145p 
145p 
194 
165p 

P(P’W3 

P(P-CsH,oMe), 

P(r’-CsH,NMe2)3 

PBz, 

P(mesityl)3 
P(l-naphthyl), 
P(biphenyl), 

P(OMe), 

WE% 

P(OCH2 CH2 Cl), 

P(O-i-Pr), 

WW3 

P(O-t-Bu), 

P(OCYl3 

WOW3 

P@-&6H4a)3 

P(O-0-Tel), 

W-P-TO~), 

p(0-o-c,5 H,-i-Pr), 
P(O-0-C,H,-t-Bu)3 
p(0-o-C6 H,Ph), 
P(O-2,6-C6H3Me2)3 
PPMW3 

W’JCH2 CH2)3 

P(NMe213 

145 
145p 
145p 
165 
130’ 
139e 
160’ 
212 
200’ 
200” 
107 

<117’ 
128* 
109 

<117c 
110’ 
134* 
110 

<117’ 
130 
124’ 
112’ 
109” 
172 
141” 
128’ 
128 
123’ 
128” 
141 
128’ 
128 
148 
175 
152 
190 
140 
108 
157 

PRR; 

PHMe2 llgb 
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TABLE 1 (continued) 

743 

Molecule* eb 

(degas) 

Molecule’ Bb 
(degrees) 

PHEt, 
PH(CH2CH2CN)2 
PH(i-Pr), 

PHCY, 

Wh Me2 
PMeH, 
PMe(i-Bu), 
PMeCy, 

PMekGH4Cl)z 
PM@-ToI) 
PMe(OEt)2 
PEtH2 
PEt(OMe)2 

WA)CY~ 
PPr(t-Bu), 
P(i-Pr)H2 
P(i-Pr)Men, 
P(t-Bu)H, 
P(t-Bu)Me2 
P(t-Bu)Et, 
P(t-Bu)Pr, 
P(t-Bu)(i-Pr), 
P(t-Bu)Bu, 

P(t-Bu)(pTol), 
WBWY, 

P(o-Tol)H, 
P( pTol)Me, 
P(p-Tol)(t-Bu), 

P(pGHbCQMe2 
P(pGH40Me)Me2 

PPh,R 

PPh2 H 

PPh2 Cl 
PPh2 Me 

PPh2 Et 

PPhzGHs) 
PPh2(CH2CH2CN) 
PPhzGHS) 

137h 
117” 
148h 
142m 
143” 
124 
105h 
135” 
153” 
136’ 
136” 
112O 
lllh 
115 
15S 
165’ 
116” 
2090 
118” 
139” 
149” 
149O 
167” 
149” 
157e 
174e 
171’ 
113h 
127@ 
17v 
127e 
127e 

128 
126” 
1370 
136 
132’ 
140 
1411 
133e 
141° 
138” 

PPh, Pr 

PPh,(i-Pr) 

PPh2 Bu 

PPh,(t-Bu) 
PPh2 Pe 
PPh2 Hex 

PPh, Cy 

PPh,(C,F,) 
PPh,(o-Tol) 
PPhz Bz 

PPh,(OMe) 

PPh,(OEt) 
PPh,(OPr) 
PPh2(OBu) 
PPh2 (OPh) 
PPh,(o-C,HqOMe) 
PPht(NEt,) 
PPh,(SiMe,) 

PPhR, 

PPhH, 

PPhC12 
PPhMe2 

PPhEtz 

PPh(CzH& 
PPh(CH2CH2CN), 

PW-Xd2 

PPhPr, 

PPh(i-Pr)* 
PPh(l-butenyl), 
PPhBu, 

141C 
143’ 
150 
132’ 
140’ 
141’ 
143’ 
157 
145’ 
141’ 
145’ 
153” 
158 
161’ 
143’ 
152P 
132 
129’ 
133 
140’ 
145’ 
139’ 
170’ 
160’ 
162’ 

101 
106” 
131p 
122 
125” 
142h 
127’ 
136 
122’ 
136” 
132’ 
136’ 
141’ 
155’ 
132” 
136” 
141’ 
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Molecule” 6b 
(degrees) 

Molecule’ %b 
(degrees) 

PPh(t-Bu), 
PPhPe, 

PPhHex* 

PPhCy, 
PPh(o-Tol), 
PPhBz, 
PPh(OMe), 

PPh(OEt)z 

PPh(OPr), 
PPh(OBu), 

PPh(OPh), 

PPh(OMen), 
PPh(SiMeJ), 

170 
136’ 
143’ 
136’ 
145’ 
162’ 
177” 
141’ 
115 
125” 
12op 
115 
116’ 
116’ 
121p 
120’ 
118’ 
123’ 
134’ 
129’ 
142’ 
175’ 

Other 

PPhHMe 
PPhHEt 
Me, PCH,CH2 PMe, 
Etz PCHl CH2 PEt, 
Cy, PCH,CH2 PCy, 
Phz PCHl PPhz 
Ph2PCHaCH2PPh2 
Phz P(CH2)J PPhz 
P(OCH2)3CR 

P(CH2 0), CR 

T?\p 

120h 
130h 
107 
115 
142 
121 
125 
127 
101 

<117c 
114 
106 

102’ 

‘Bz = henzyl; Cy = cyclohexyl; Hex = hexyl; Oc = Octyl; Pe = pentyl; To1 = tolyl; 
Men = menthyl. bData from Ref. 46, unless stated otherwise. “Ref. 50. aRef. 49. ‘Ref. 47(b). 
‘Ref. 16(b). gRef.48. hRef. 51. ‘Ref. 52. ‘Ref. 53. ‘Ref. 54. ‘Ref.47(a). “Ref.55. “Ref.44@). 
“Ref. 44(c). *Ref. 44(d). 

3.1 .I The cone angle 
The cone angle, 0, was introduced by Tolman [46] to explain the ability of 

phosphorus ligands to compete for coordination positions on Ni(0) complexes based 
on equilibrium ( 1) (L, L’ = phosphine or phosphite) in toluene. 

NiL,(soln) + nL(soln) = NiL,_,L”(soln) + nL(soln) (1) 

According to Tolman’s definition, the cone angle for symmetric ligands (Fig. 1 (a)) is 
“the apex angle of a cylindrical cone, centred 228 pm from the centre of the P atom, 
which just touches the van der Waals radii of the outermost atoms of the ligand” 
[ 461. For an unsymmetrical ligand PRr Rz R, (Fig. 1 (b)), the cone angle is calculated 
from the equation 

(2) 
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where 8i represents the angle of the corresponding symmetric P(R,), phosphines or 
phosphites. In the case of chelating diphosphines, 8i/2 is the angle between one M-P 
bond and the bisector of the P-M-P angle. 

The cone angle was, to a first approximation, measured by using molecular 
Corey-Pauling-Koltum (CPK) space-filling models. Tolman chose the conformation 
giving the minimum cone angle if more than one conformation was possible for the 
ligand. The values obtained were then reanalyzed, using a correlation between 0 and 
the equilibrium constant of reaction (3), K,, in which the steric effects appear to 
dominate over the electronic effects. 

NiL,(soln) !A’ NiL,(som) + L(soln) (3) 

If equilibrium (3) is controlled by steric effects, Kd should increase with 19 and, for 
example, deviations observed from this trend led Tolman to change the cone angle 
of P(O-i-Pr), from 114 to 130”. The ligand cone angles for a variety of phosphines 
and phosphites recommended by Tolman [46] are listed in Table 1. 

Tolman’s data bank has been reassessed and extended by several authors based 
on structural arguments, results of MIND0/3 calculations, and different types of 
correlation [47-551. These results are also included in Table 1. 

3.1.2 The solid angle 
The concept of cone angle proposed by Tohnan does not account for the 

variation in steric demand as the orientation of the ligand changes about the M-P 
bond. This concept is not adequate to describe, for example, the stereochemical 
characteristics of bulky phosphines in crowded complexes such as Pt(PCy,), [ 561. 
In this case, the cyclohexyl ligands adopt stable configurations that correspond to a 

(a) (bl 

Fig. 2 The solid angle for triethylphosphine (adapted from ref. 48). 
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Solid angles for phosphines”*b 

L Complex N 0” 
(degrees) 

PEt3 trans-Pd(H)(Cl)L, 

PEt, PtL4 

P(i-Pr), Ir(H)(C,H,)L, 

P(i-Pr)J 

PCY, 
PCY, 
PCYJ 
PCY, 
PPh3 
PPhJ 
PPh3 
PPhJ 
PPhJ 

Ir(GH,)L, 
PdLt 
trawPt( H)2L, (monoclinic) 
trans-Pt (H),L, (triclinic) 
PtL3 
Co(CO),(NO)L 

CCW~)LI* 
Cu(Cl)L, 
[CuL,] + BF; 

WH),L, 

PPh3 
PPh3 

PPhB 
PPh3 

PPh, 

PRR; 

P(i-Pr)Men, 

PPh,R 

PPh, Me 

WCp*NWW 
PdL., 

Ir(NO)L, 
cis-Pt(Cl)(DTT)L, 

Au(Cl),L 

PdLz 6.09 176.5 

MoH4L, 

PPhzMe [ IrL,] + BF; 

PPh, Me [AuL,] + PF, 

3.60 129.5 
3.72 131.8 
3.09 118.9 
3.14 119.9 
3.89 135.2 
3.96 136.7 
4.02 137.8 
4.48 146.7 
4.61 149.1 
4.40 145.0 
4.18 140.6 
3.58 129.0 
3.57 128.8 
3.70 131.5 
3.77 132.9 
3.31 123.5 
3.32 123.7 
3.35 124.4 
3.38 124.9 
3.54 128.2 
3.44 126.2 
3.43 125.9 
3.59 129.2 
3.82 133.8 
3.72 131.8 
3.75 132.4 

2.99 116.7 
2.99 116.8 
3.05 118.1 
3.10 119.1 
3.31 123.4 
3.27 122.6 
3.44 126.2 
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TABLE 2 (continued) 

747 

L Complex R” 8” 
(degrees) 

PPhR, 

PPhMe, cis-Pd(Cl),L, 2.90 125.0 
PPhMe, [Ir(CO)JL,]+C1O; 3.06 118.3 

3.03 117.7 
PPhMe, PtL, 2.82 113.1 

2.81 113.1 
2.79 112.4 
2.88 114.6 

PPh(t-Bu), PdL, 4.94 155.3 
PPh(t-Bu), Pt(Cl),L, 4.61 149.1 

4.50 147.0 

“DTT = di-p-tolyltriazenido; Men = menthyl. 
bRef. 48. 
CSee text. 

considerable interpenetration of their cone angles and on the basis of B(PCy,) = 170 
(Table 1) the complex Pt(PCy& would be expected to be unstable [56]. Immirzi 
and Musco [48] introduced the use of the solid angle Q to account for the variation 
in stereochemical demands of a phosphine or phosphite as a function of its orientation 
relative to the M-P bond. This concept is illustrated in Fig. 2. For each orientation 
of the ligand about the M-P bond, characterized by an angle 4, a planar Tolman 
cone angle t9/2 is defined by the tangent to the van der Waals radii of the outermost 
atom of the ligand (Fig. 2(a)). The set of fI/2 values corresponding to the variation 
of 4 from 0 to 360” generates a non-circular cone (Fig 2(b)) whose solid angle, Q, 
is mathematically defined by eqn. (4). The first integral in eqn. (4) generates the 
planar semi-cone e/2. The second integral corresponds to the rotation of this semi- 
cone over 2~. Note that eqn. (4) relates the solid angle GI with the Tohnan cone angle 
8 for each conformation of the ligand. Based on X-ray data, and assuming a constant 
M-P distance of 230 pm, Immirzi and Musco calculated solid angles for a number 
of phosphines bonded to different metals [48]. These data are summarized in Table 2. 
The results in Table 2 show that, in general, if several crystallographically independent 
ligands of the same species are present in the same complex (possibly with different 
conformations) the solid angles n are very similar [48]. Among the complexes 
containing the same ligand, R decreases if the crowding around the metal increases 
[48]. Immirzi and Musco have also derived the equivalent of Tolman’s cone angle 
for a circular cone corresponding to a solid angle Q (eqn. (5)). This angle, 8, is also 
listed in Table 2. The 8 values are systematically lower than the correspond- 
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ing Tolman’s 8 (Table 1 ), in particular for the bulkiest ligands [48]. 

812 2~ 

Q= 

ss 
sin 8 de d$ = 27c[ 1 - cos(8/2)] 

0 0 
(4) 

0 = 2 arcos [ 1 - (LI/271)] (5) 

3.1.3 The ligand profile 
The problem of ligand intermeshing has also been approached using the ligand 

profile concept [57(a),58] illustrated in Fig. 3. The ligand profile is generated in 
exactly the same way as a solid angle (Fig. 2(a)). First, the angle O/2 subtended by 
the M-P bond and the line r tangent to the van der Waals radii of the outermost 

180 

I I I 

0 90 180 270 360 

@I0 
(a) 

180 

270 

lb) 

Fig. 3. The ligand profile in two graphic forms. (a) P(mesityl), (adapted from ref. 57(b)); (b) PCy, (adapted 
from ref. 58). 
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atom of the ligand in a given orientation is defined. Then the ligand is allowed to 
rotate by an angle Q (0 < 4 < 360”) about the M-P bond and the 8/2 angle corre- 
sponding to the new orientation is measured. A plot of 8/2 as a function of Q gives 
the ligand profile. The two graphic forms illustrated in Fig. 3(a) and (b) have been 
adopted to represent the ligand profile of a number of phosphines [ 57,583. 

3.1.4 The solid angle factor 

The solid angle factor (SAF, Fig. 4) has been extensively used to analyse 
stereochemical demands of ligands (mostly other than phosphines or phosphites) in 
lanthanide and actinide complexes [ 59,601. 

The solid angle factor is obtained by projecting a ligand towards a sphere of 
unit radii centred on the metal [59,60]. The numerical values of SAF are calculated 
from the corresponding solid angles 62 using eqn. (6). The solid angle factor represents 
the fraction of the sphere covered by a given ligand (0 is the Tolman cone angle). 
Using the SAF concept, it is possible to show in graphical form the non-circular 
boundary of a ligand and the existence of ligand intermeshing. 

SAF = ; = ; [ 1 - cos(8/2)] 

3.2 Electronic properties of phosphorus(ZZZ) ligands 

The properties of phosphorus(II1) ligands most extensively used to measure 
their cr donor/n acceptor characteristics are the pK, and the carbonyl stretching 

frequency, vco, in transition metal complexes containing phosphines and phosphites. 

Fig. 4. The solid angle factor. 
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TABLE 3 

Aqueous pK, values, gas-phase proton affinities, and ionization energies of phosphorus(III) 
ligands 

Molecule” PKb 

PI-b 
PF, 
PC& 
PBr, 
PMe, 
PEtS 
P(CH,CH,CN), 
P(CH,CH,Ph), 
P(CH2CH20Bu), 
PPr, 
PBu, 
P(i-Bu), 
P(t-Bu), 

P(Peh 
PCYS 

PPh, 

PWX-Wh 
P(m-C,H,Cl), 

P(W6w3)3 

P(o-Tol), 
P(m-Tol), 

P(P-Tol), 
Pb-&H&Me), 

P(P-C6H4NM%h 
PBz, 
WMeh 
P&W, 
P(O-i-Pr), 

P(OBu), 
P(O-t-Bu), 

P(OPb 
P(O-o-Tol), 
P(O-o-C,H,-i-Pr), 
P(O-0-C6H4Ph), 
P(O-o-C,H,-t-Bu), 
P(O-2,6-C,H,Me,h 
P(OMen), 
P(NMe& 

-14 

8.65 
8.69 
1.37 
6.60 
8.03 
8.64 
8.43 
7.97 

11.40 
8.33 
9.70 
9.65” 
2.73 
2.73” 
1.97e 

(1.039 
1.03” 
3.08” 
3.30” 
3.84” 
4.46 
4.57” 
8.6SC 

(6.0)’ 
2.M 
3.31’ 
4.08’ 

(3.31)’ 
(4S)f 

-2.0’ 
- 1.83f 
(- 1.7)f 
(-2.0)’ 
(- l.O)f 
(-0.4)’ 

(3.7)f 

789 9.869 + 0.002 
697 11.44 

9.91 
9.7 

950 8.06 * 0.05 
969 8.15 _+ 0.11 

(7.5) 

962 

923 

924 

7.39 + 0.03 

(8.5) 
(8.4) 

6.75 
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TABLE 3 (continued) 

Molecule” P&,~ 

PWW, 
P(NPd 

PRR; 

PHMe, 
PHEtz 
PH(CH,CH,CN)z 

PH(CHICH,Ph)l 
PH(CH,CH,OBU)~ 
PHBu, 
PH(i-Bu)z 
PH(t-Bu), 

PHCY, 
PH (Oc), 
PFMe, 
PF(t-Bu), 
PClMe, 
PCl(t-Bu), 
PCl( NMe,), 
PMeH, 
PMeF, 
PMeCI, 
PMeEt, 
PMe(CH2CH2CN)2 
PEtC& 
PEtMe, 
PEt(CH2CH,CN)2 
P(CH,CH2CN)Me, 
P(CH1CH2CN)(CH2CH2Ph)z 
P(CH,CHaCN)Bu, 
P(CH,CH,CN)[2,4_Pn(Me),], 

P(CHzCHzCN)Cy, 
P(CH,CH2CN)Oc2 
PBuH, 
P( i-Bu)Hz 
P(t-Bu)H, 
P(t-Bu)F, 
P(t-Bu)Cl, 
P(C=CCMe3)Ha 
P(C=CCMe,)Cl, 

PCYHZ 
P(Oc)H, 
P( NMe,)Cl, 

P(NMed(OMe), 

3.91 905 

0.41 
(-0.6)’ 

3.46 
4.15 
4.51 
4.11 

8.47 + 0.07 
(8.69) 

(7.9) 
4.55 
4.41 

854 

8.61 
3.61 

(8.8) 
(8.2) 
(8.7) 
(8.0) 
(7.6) 
9.12 * 0.07 

(9.8) 
(9.5) 

9.3 
8.61 
3.80 
6.37 
3.43 
6.48 
6.81 
7.13 
6.29 

-0.03 
- 0.02 

880 
0.43 

(8.9) 
(9.2) 
(9.0) 

< 9.05 
G9.58 

(8.9) 
(8.1) 
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Molecule” pKab PA” 
(kJ mol-‘) 

PPh, R 

PPh2H 0.03 (7.80 f 0.01) 
PPh,Me 4.57f 964 < 8.28 f 0.05 
PPhzEt 4.9’ 
PPh,(CH,CH,CN) 2.27 
PPh,(i-Pr) (5.0)’ 
PPhzCy (5.05)’ 
PPh,(OMe) (2.69)’ 
PPh,(OEt) (2.91)f 
PPh,(OPh) (1.15)f 

PPhRz 

PPhHz (-2.O)f 869 
PPhMe, 6.50 961 
PPhEt, 6.25 
PPh(CH2CH2CN)2 3.20 
PPh(OMe), (2.64)’ 
PPh(OEt)z (3.l)f 
PPh(OPh)? (-0.4)’ 
PPh(OMen), (4.2)’ 

Other 

PWGK,) 
POCl 
PN 

0 0 

u 

R1H 
R=Me 
P(OCH2)3 CH 
P(OCH,),CMe 
P(OCH,),CEt 

801 

822 

812 
829 
867 
879 

1.74p 

(8.47 f 0.01) 
7.58 f 0.05 

(8.2) 

(9.4f0.1) 
(11.5) 
11.85 
9.028 

< 8.05 f 0.10 

(9.42 + 0.10) 

(9.2) 
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TABLE 3 (continued) 

Molecule” pGb 
. 

PA” 
(kJ mole’) 

P 

f!zJ 894 
4 

/ 
R--P 

CL 

R=;)Me,R’=H 
R = N(CHMe&, R’ = H 
R=OMe, R’=Me 

R- d 
3 

R=OMe 
R = NMebz; 

-\Jzz 

Jz?k 
drr 

g > 

9 

G+ R 

REMe, R’=NMe, 
R = H, R’ = N(CHMe& 

0 
--Nm 

890 (9.06 * 0.10) 
Q 8.52 

(8.7) 

918 (8.74 + 0.10) 
7.8 

941 (8.69 + 0.10) 

(8.34+0.10) 

(9.5) 

946 

7.1 
7.40 

< 7.74 

P,;;, 8.8 + 0.1 

P8.4 < 9.28 

PCWGH~(P&MHz < 8.78 
PCl@-Bu)(r-BuNH) < 8.75 

“Am = amyl; Bz = benxyl; Cy = cyclohexyl; Hex = hexyl; Men = menthyl; Oc = Octyl; 
Pe = pentyl; To1 = tolyl; 2,4-Pn( Me), = 2,,CDimethylpentyl. 
bValues in parentheses are estimated. Data from ref. 61 unless indicated otherwise. 
“Values in parentheses are estimated. Data from ref. 65. 
dValues in parentheses are estimated. Data from ref. 65(a) unless indicated otherwise. 
“Ref. 43. 
‘Ref. 44. 
‘JRef. 66. 
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It is usually assumed that vco reflects both the CJ electron donor and II acceptor 
ability, while pK, is a measure of 0 donicity alone. The analysis of the electronic 
properties of phosphines and phosphites in terms of vco, pK,, and some other 
important properties such as the proton affinity (PA) and the adiabatic ionization 
energy (IE), is made in this section. 

3.2.1. The pK, values in aqueous solution, gas-phase proton afinities, and ionization 
energies 

Table 3 includes a selection of experimental and estimated aqueous pK, values 
of phosphorus(III) compounds reported in the literature [43,44,61]. Reliable esti- 
mates can usually be obtained by using methods based on the Hammett equation 
[ 61(b),62-64-J when experimental data are not available. 

The pK, values of phosphorus(II1) compounds have often been regarded as 
measuring their ~7 donation ability [ 19,41-441 because only a d interaction is present 
when a phosphine or a phosphite binds to a proton. The aqueous PK., however, is 
not an absolute measure of the interaction between the proton and the phosphorus 
ligand since it is strongly affected by solvation effects. The importance of solvation 
in determining the pK, can be evidenced by comparing the pK, values in Table 3 
with the corresponding proton affinities [65]. The pK, is related to the change in 
Gibbs energy of the reaction 

HPR: (aq) AGa -H%q)+PR,(aq) (7) 

(AC, = 2.303RT pK,) and the proton affinity of PR, is the enthalpy change of the 
same reaction in the gas phase (reaction (8)). The relation between both quantities 
can be derived from Scheme 1, where AHdl, AH,,, and AH, are solvation enthalpies, 
and is given by eqns. (9) and (10). The data in Table 3 show that the gas-phase 
proton affinities do not always follow the same trends as the pK, values. For example, 
the sequence PMe3 < PPhMe, < PPh, < PPh,Me is observed for the proton 
atlinities but the corresponding pK, values are ordered according to 
PMe, = PPhMe, = PPhzMe = PPh3. The trend observed for the proton affinities is 
also followed by the adiabatic ionization energies (IE) of the above phosphines in 
the gas phase [65(a),66] (Table 3), which are related to the “availability” of the 
phosphorus lone pair of electrons to form the 0 bond. 

HPR:(g) ‘* -H+(g) +PR,(g) (8) 

HPR;(aq) w -H+(aq)+ PR,(aq) 

HPR; (g) ‘* -H+(g) + PR,(g) 

Scheme 1. 
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PA 
6 = 

AHd, - AHdz - AHd3 AS, 

2.303RT- 2.303RT + 2.303R 

(9) 

(10) 

The proton affinity is a gas-phase value that corresponds to the enthalpy 
associated with the cleavage of the H+-PR3 bond. Therefore, if the Bransted basicity 
(tendency to accept protons) of a phosphorus(II1) ligand is to be used as a measure 
of its r~ donation ability, it seems preferable to quote the PA instead of the pK,. The 
ionization energy is related to the Lewis basicity (tendency to donate an electron 
pair) and is also a gas-phase value. The similar trends observed for IE and PA 
suggest that, in the gas phase, the Brnrnsted and Lewis basicities of phosphorus(II1) 
compounds are probably equivalent (Fig. 5). 

It has been pointed out that the use of the Bransted basicity as a measure of 
the 0 donation interaction in a metal-phosphorus bond may not be appropriate, 
since a proton is a hard acid and transition metals in low oxidation states that 
readily form complexes with phosphines and phosphites are much softer acids [44(c)]. 
Another objection that has been raised is the fact that, in the case of transition 
metals, the presence of M + P 7~ back donation may affect the P+ M CJ donation 
due to the synergic nature of the M-P bond. While these questions are still unan- 
swered, the basicity of phosphorus(II1) compounds has proven to be an important 
concept to rationalize the structural and reactional trends in their chemistry with 
transition metals [ 1,2]. In particular, since most reactions are studied in solution, 

650 750 850 950 1050 

WW/moO 

6.0 

Fig. 5. Ionization energy a~ a function of the proton affinity of phosphorus(II1) compounds. 1 = PF,; 
2 = PH,; 3 = 3 (see Table 5); 4 = PMeH,; 5 c PHMe,; 6 = PMe,; 7 = PEf; 8 = PPhMe,; 9 = PPh,; 
10 = P(NMe,),. 
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the pK, values of phosphines and phosphites have been of great practical relevance 
in interpreting reactivity patterns and defining strategies of synthesis [ 1,2]. 

3.2.2. The C-O stretching frequency 
For a given family of transition metal carbonyl complexes containing 

phosphorus( III) ligands, the A1 CO stretching frequency increases as the electronega- 
tivity of the substituents on the phosphorus atom increases [S]. For example, in 
Ni(C0)3PR, complexes, the following variation of vco with R was observed 
[23,46(b)]: R = Me < Ph < OMe<Cl< F. The origin of this trend was initially 
attributed to the n acceptor properties of the PR, ligands [67]. Increasing the 
electronegativity of the R substituents increases the R acceptor ability of the PR, 
ligand and decreases the electron density on the metal available for M + CO back- 
donation. This results in a depopulation of the CO A* orbital and in the strengthening 
of the C-O bond, which is reflected by the increase of vco. More recently, however, 
results of DVM-HFS theoretical calculations suggested that the depopulation of the 
CO A* orbital depends essentially on the u donation ability of the phosphorus ligand 
[ 33. This view is shared by other authors [ 191 based on the linear decrease of vco 
as a function of the pK, of PR, for a number of families of transition metal carbonyls. 
It seems likely that both the x acceptor and the CJ donor abilities of PR3 are reflected 
by the CO stretching frequency, but this subject is still a matter of controversy 

cw,ww1. 
Several scales of electron donor-acceptor properties of phosphorus( III) ligands 

have been proposed, based on the observed trends of the CO stretching frequencies 
in families of transition metal carbonyls [20-25,46(b)]. In particular, the scale pro- 
posed by Tohnan [23,46(b)] has been widely used to explain and predict the reactivi- 
ties of phosphines and phosphites in transition metal chemistry. Tolman examined 
the A1 CO stretching frequencies of a considerable number of Ni(C0)3(PR,R,R,) 
complexes dissolved in dichloromethane, and ordered the PR1 Rz R3 ligands accord- 
ing to the assumption that the stronger their net donation ability the lower the 
corresponding CO frequency. He also found that the stepwise replacement of a 
substituent Ri by Rj in a P(Ri), phosphine or phosphite changed vco by a nearly 
constant increment [23,46(b)]. This led him to propose the equation 

v&cm-‘) = 2056.1 + i xi(~m-‘) (11) 
i=l 

to estimate vco in these complexes, where Xi represents the contribution of each 
substituent Ri, and 2056.1 cm-’ is the frequency corresponding to P(t-Bu),, the most 
basic ligand in the series (see Table 3), for which x = 0 (x =~cxi). The Xi values for a 
variety of ligands are given in Table 4. 

Bartik et al. [25] re-evaluated and extended Tolman’s vco data bank by using 
more accurate (FT-IR) measurements and derived a new set of Xi values which are 
also included in Table 4. These authors showed that the additivity rule expressed by 
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TABLE 4 

Substituent contribution, xi, to v, in Ni(CO)aPRIR2R, complexes 

R” Xib R* Xib 

(cm-‘) (cm-‘) 

H 
F 
Cl 

CF3 
Me 
CH=CH2 
Et 
CH,CH&l 
CHzCHzCN 

GH, 
Pr 
i-Pr 
Bu 
i-Bu 
s-Bu 
t-Bu 
Hex 

CY 
oc 

GzHz5 

Ph 

C,F, 
m-CsH4F 

pGiH4F 
m-&H&l 
p-CsH&l 
o-To1 
m-To1 
p-To1 
o-C,HIOMe 
p-C6 H,OMe 
p-C,HINMe, 
Bz 
NMe, 
N( i-Pr)Z 
piperidyl 

8.3” 
18.2” 
14.8” 
19.6’ 
2.85, 2.6” 
4.5c 
2.10, 1.8” 
6.1’ 
7.45, 7.3’ 
3.50 
1.80 
1.15, 1.v 
1.75, 1.4= 
1.90, l.T 
1.72 
0.0 
1.67 
0.47, 0.1” 
1.67 
1.67 
4.42, 4.3’ 

11.2’ 
6.0’ 
5.23, 5.0” 
6.13 
5.60, 5.6’ 
3.55, 3.5’ 
3.7” 
3.5” 
0.57, 0.9” 
3.50, 3.4” 
1.75 
3.45, 3.5” 
1.98, 1.9” 
1.03 
2.v 

2,~CsH, Me, 
mesityl 
CH,-mesityl 
I-naphthyl 
OMe 
OEt 
OCH2CC13 
OCHzCHCHl 
0CHICH2Cl 
0CH2CH,CN 
OCH,CH,OMe 
OPr 
0-i-Pr 
OBu 
O(t-Bu) 
O(cyclopenty1) 

OCY 
O(CrsH3,) 
OPh 
O-o-C,H,Cl 
0-p-&H&l 
0-p-C6H4CN 
O-o-To1 
O-p-To1 
0-p-C,H,OMe 
O-o-C,H,-i-Pr 
O-o-C,H,-t-Bu 
0-p-C,H,-nonyl 
O-o-C6H,Ph 
0(2-Me-4-Cl-&H,) 
OMen 
0( bornyl) 
OSPh 
morpholino 
SiMe, 

9.0” 
2.7” 
2.48 
3.93 
8.03, 7.7c 
7.20, 6.8” 

11.9” 
7.T 
9.3c 

10.5” 
7.T 
6.97 
6.35, 6.3’ 
6.95, 6.5” 
4.32 
6.17 
6.00 
6.88 

10.07, 9.7” 
11.4” 
11.03 
12.62, 12.2 
9.68, 9.3” 
9.3” 
9.3” 
9.5c 

10.17, 9.6” 
9.45 
9.72 

10.67, 11.1” 
5.62 
5.77 
8.12 
3.73 
0.27 

a Bz = benzyl; Cy = cyclohexyl; Hex = hexyl; Oc = Octyl; Pe = pentyl; To1 = tolyh 
Men = menthyl. 
bData from ref. 25 unless stated otherwise. 
‘Refs. 23 and 46(b). 
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eqn. (11) can lead to errors in vcc up to ca. 1 cm-‘, enough to change the order of 
some ligands in the scale of electron donor-acceptor properties. They proposed a 
scale of electron donor-acceptor properties of phosphorus(II1) ligands, equivalent to 
Tolman’s vco scale, in terms of the difference, FT~, between the observed CO stretching 
frequency corresponding to a given phosphorus(III) ligand and the frequency corre- 
sponding to P(t-Bu), (eqn. (12)). The FTx values are given in Table 5. 

vco(cm-‘) = 2056.1+ FT~(cn-l) (12) 

4. THERMOCHEMISTRY OF TRANSITION METAL-PHOSPHORUS BONDS 

Although the thermochemical data for complexes containing transition 
metal-phosphorus(III) ligands are not abundant, their correlation with other proper- 
ties discussed in the previous sections may help understanding the systematics of 
metal-phosphine and metal-phosphite bond enthalpies, and lead to the prediction 
of new values. This is one of the goals of the present section, but it must be preceded 
by a critical analysis of the available thermochemical data, including a selection of 
the “best” values for the standard enthalpies of formation of the phosphorus(II1) 
ligands. The effect of the nature of the phosphine or phosphite on the energetics of 
other metal-ligand bonds is not covered in this review. An example involving this 
important issue is, however, given at the end of this section. 

4.1 Thermochemical data of phosphorus ligands 

The enthalpies of formation of phosphorus(III) ligands are collected in Table 6. 
Also included are data for oxides, because they may be useful in estimating enthalpies 
of formation of related phosphines and phosphites (see below). All values in Table 6 
were recalculated from the original papers [B&106] and the auxiliary data used are 
listed in the Appendix. This task was greatly facilitated by the existence of several 
reviews [ 107-1121. 

Table 6 contains not only the selected standard enthalpies of formation, vapor- 
ization, and sublimation, but also indications of the experimental techniques used 
in the measurements. These are described by codes based in the classification by 
Cox and Pilcher [ 1093. Almost all vaporization and sublimation enthalpies listed 
were derived from vapour pressure-temperature data and, in these cases, it was often 
impossible to trace the experimental technique used by the authors. The only direct 
calorimetric measurement found is for OPCl,. Whenever possible and/or necessary, 
the values of AH: were corrected to 298.15 K. In the absence of experimental heat 
capacity data, which happened in most cases, the following estimate was used: 
AC,(l+g) = -54 J mol-’ K-’ (Sidgwick’s rule) [109]. The error of this estimate 
was not included in the uncertainty interval of AH:. The values of AH: were not 
corrected to 298.15 K. Enthalpies of vaporization/sublimation and uncertainty in- 
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TABLE 5 

759 

Electronic parameters “x for phosphorus(II1) ligands” 

Moleculeb =x 
(cm-‘) 

Moleculeb FTX 
(cm-‘) 

PR, 

PC13 
PMe, 
PEt3 

P(CHI CHZ CN)s 
P(C3 H5)3 

PPr3 
P(i-Pr), 
PBu3 
P(i-Bu), 
P(s-Bu), 
P(t-Bu), 
PHex, 

PCY, 
POCJ 

W12 H2d3 

PPh3 

P(P-C&J)B 
P(m-C, H,Cl), 

PbC6H,Q, 

P(o-Tol), 
P(0-c, H,OMe), 

p(P-c6 H4 OM43 

P(P-C6H4NMe2)3 

PBz3 
P(CH2-mesityl)J 
P(l-naphthyl), 

P(OMe), 
P(0E% 
P(OPr), 
P(O-i-Pr), 

PWW3 

P(O-t-Bu), 
P(0-cyclopentyl), 

WCY), 

WGxH37)3 

P(OPh), 

P(0-p-C6 H,Cl), 
P(o-P-c6 H,CN)3 

P(0-o-Tel), 
P(O-O-C, H,-t-Bu), 

48.00 
8.55 
6.30 

22.35 
10.50 
5.40 
3.45 
5.25 
5.70 
5.15 
0.00 
5.00 
1.40 
5.00 
5.00 

13.25 
15.70 
18.40 
16.80 
10.65 

1.70 
10.50 
5.25 

10.35 
7.45 

11.80 
24.10 
21.60 
20.90 
19.05 
20.85 
12.95 
18.50 
18.00 
20.65 
30.20 
33.10 
37.85 
29.05 
30.50 

w-P-c6H‘rnonYl)3 28.35 
p(0-o-C6 H4 Ph)3 29.15 
P[0(2-Me-4-Cl-C6H3)], 32.00 
P(OMen), 16.85 

P(O~wl)3 17.30 
P(NMe213 5.95 

PCN(i-Pr)213 3.10 
P(morpholino), 11.20 
P(SPh)3 24.35 
P(SiMe,), 0.80 

PRR; 

PHCY, 
PCl(t-Bu), 
PC1(m-C, H,, F), 
PMeCl, 

PM&y2 
PMeMen, 
PMe(OMen), 

PMtiNMe& 
P(CH2 CH,CN)H, 

P(C3b)CY2 

P(i-Pr)(t-Bu), 
P(i-Pr)Men, 
P(t-Bu)Cl, 
P(t-Bu)(i-Pr), 

P(t-BWY, 
P(t-Bu)Men, 
P(neo-Pe)(t-Bu), 
P(neo-Pe)Men, 
PCYH, 
PCy(m-C,H,0Me)2 
PCyMen, 

P(CH,Cy)Men, 
PBzMen, 
PBz(OMen), 
PMenCl, 
PMenMe, 
PMen(OMe), 
PMen(OEt), 
P( I-naphthyl)Men, 

9.10 
16.05 
27.95 
36.35 
4.00 
2.40 

14.60 
6.10 

23.05 
4.75 
1.10 
1.10 

32.90 
2.55 
1.60 
0.03 
2.65 
2.20 

16.75 
5.20 
0.45 
1.50 
3.60 

15.15 
32.20 

5.30 
15.60 
14.05 
4.35 
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TABLE 5 (continued) 
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Moleculeb FTX 
(cm-‘) 

Moledeb mTx 
(cm-‘) 

PPh,R 

PPhz H 17.35 
PPhz Cl 24.65 
PPh2 Me 12.10 
PPh,(CH=CHI) 13.65 
PPh, Et 11.30 

PPhGH,) 12.40 
PPhz Pr 11.15 
PPh,(i-Pr) 10.85 
PPhz Bu 11.10 
PPh,(t-Bu) 8.95 
PPhz Pe 11.00 
PPhz Hex 10.90 
PPh,(p-C,HqBr) 14.45 
PPhZ (o-Tol) 12.75 
PPhz(p-Tol) 11.90 
PPhz(o-C,H,OMe) 10.30 
PPh,(o-C,H,SMe) 11.40 
PPh,(&,HqPh) 11.95 
PPh, Bz 12.30 
PPhz Men 10.25 
PPhl(neo-Men) 9.70 
PPh,(OMe) 16.30 
PPh*(OEt) 15.60 
PPh,(OPr) 15.45 
PPh,(OBu) 15.35 
PPh,(O-cyclopentyl) 14.85 

PPh,(OCy) 14.65 

PPhdOC,,H3,) 15.20 
PPh*(OPh) 18.95 
PPhl(OMen) 14.75 
PPha(NEt2) 10.90 
PPhz [N(i-Pr),] 10.65 
PPh,(SPh) 17.35 
PPh,(SiMe,) 8.05 

PPhR, 

PPhHz 20.85 
PPhCII 36.40 
PPhMe, 10.60 
PPh(CH=CH2)2 14.05 

PPhEt, 9.30 
PPh(G Hs )Z 11.60 
PPhPr, 8.80 
PPh(i-Pr), 7.50 
PPhBu, 8.60 
PPh(t-Bu), 4.95 
PPhPe, 8.50 
PPhHex, 8.45 
PPhBz, 11.90 
PPh(o-Tol), 11.90 
PPh(Men), 4.25 
PPh(neo-Men), 4.25 
PPh(OMe)z 19.45 
PPh(OEt)z 18.10 
PPh(OPr), 17.70 
PPh(OBu), 17.60 
PPh(O-t-Bu)z 13.15 
PPh(O-cyclopentyl), 16.25 

PPh(OCy), 15.85 

PPh(OC,,H,,), 17.45 
PPh(OPh)* 24.10 
PPh(OMen), 15.55 
PPh(NMe,), 9.50 
PPh(NEt,), 8.15 
PPh(SPh), 21.45 
PPh(SiMe,), 4.25 

Other 

PPh(=CHCH3) 
PPhHMe 
PPhBr(a-Bu) 
PPh(i-Pr)(OMen) 
PMe(i-Pr)Men 
PMe(t-Bu)Men 
PMeCyMen 
P(OCH,), CMe 
P(OCH,),CEt 

M 

Mm- 

D M 

12 

13.15 
15.25 
12.90 
12.10 
4.40 
3.55 
3.65 

31.80 
31.20 

6.75 
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TABLE 5 (continued) 

Moledeb FTX Moledeb FTX 

(cm-‘) (cm-‘) 

Ph 10.60 ph 
k&n--P 

3( Ph ph 
13 

xi> 

--R 

CL 
‘be 

14 

R=Me 15.80 
R = t-Bu 11.05 
R=Ph 18.85 

aData from ref. 25. 
bBz = benzyl; Cy = cyclohexyl; Hex = hexyl; Oc = Octyl; Pe = pentyl; To1 = tolyl; 
Men = menthyl. 

tervals estimated in the original papers are indicated in parentheses. When no 
indication of the error bars was stated by the authors, the estimate given by Cox 
and Pilcher [ 1091 was adopted. 

From the analysis of the data in Table 6, it can be concluded that the differences 
between the enthalpies of formation of phosphines, phosphites, and corresponding 
oxides, in their standard reference states (rs), i.e. their stable physical states at 
298.15 K and 10’ Pa, are approximately constant within families of compounds 
(X = halogen; R = alkyl or aryl): 

A@(PX,, rs) - A@‘(OPX,, rs) = 289 f 3 kJ mol-’ 

A@(PR,, rs) - A@(OPR,, rs) = 341 f 7 kJ mol-’ 

A@‘[P(OR),, rs] - A@[OP(OR),, rs] = 359 f 15 kJ mol-’ 

The same trend is also apparent in Figs. 6-8 where the reference state enthalpies of 
formation of PX3, OPX,, PR3, OPR,, P(OR)3, and OP(OR)3 are plotted against 
the reference state enthalpies of formation of the corresponding HX, RH, or ROH. 
This type of correlation has been applied to assess the thermochemical data of a 
variety of inorganic and organometallic compounds [ 1131. Its modest success for 
estimating accurate values of the enthalpies of formation of the above compounds 
may indicate internal inconsistencies of the data, although in some cases the number 
of values available is not enough to confirm this possibility. The value of the 
correlation itself can be questioned, as suggested by the following example. The 
linear regression involving the n-alkylphosphites (eqn. (13); r = 0.992), is considerably 
worse than a correlation where the e&halpies of formation are plotted against the 
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Fig. 6. Enthalpies of formation of phosphorus trihalides, PX,, and phosphoryl halides, OPXx, in their 
standard reference states as a function of the enthalpies of formation of gaseous HX. 

700 

200 

-800 . 

0PHex3 ill 

3 -1300’ 
-300 -200 -100 0 100 

AH(1[R%rs]/(kJ/mol) 

Fig. 7, Enthaip~es of formation of alkyl and phenyl phosphines, PRB, and phosphine oxides, OPR,, in 
their standard reference states as a function of the standard reference state enthalpies of formation of RH. 

molecular weight, M, (eqn. (14); Y = 0.99996). Note, however, that the large error of 
the intercept in eqn. (13) is caused by a long extrapolation, since the enth~pies of 
formation of the alcohols used in the correlation are very negative. Figures 6-8 are 
nevertheless useful to ascertain what data are most likely to be wrong. For example, 
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Fig. 8. Enthalpies of formation of alkyl phosphites, P(OR),, and alkyl and phenyl phosphite oxides, 
OP(OR),, in their standard reference states as a function of the standard reference state enthalpies of 
formation of ROH. 

Fig. 7 suggests that some phosphines and/or phosphine oxides should be reinvesti- 
gated. This situation reflects the fact that many of the data were obtained by static 
bomb combustion calorimetry and this method may not be adequate for phosphorus 
compounds due to the difficulty in analysing the final state [ 111,114]. An example 
is given by PBu, and OPBu,. The enthalpy of formation of OPBuJ was determined 
using a static bomb combustion calorimeter and then used to derive AHF(PBu,, 1) 
from reaction-solution calorimetric studies. The difference A@(PBu3, 1) - 
AHp(OPBu,, c) = 344.3 kJ mol-’ can be obtained from reaction-solution 
calorimetry alone and is in the range found for other phosphines (see above), 
suggesting that AHF(OPBu,, c) is probably in error. Contrasting with this situation, 
Fig. 8 suggests that the data for phosphites have fair internal consistency. All phos- 
phites in Fig. 8 were studied by reaction-solution calorimetry, from reaction of PC13 
with the appropriate alcohol, and the AH: values are all anchored in the combustion 
measurement for PC&. 

A@[P(OR),, rs] = (4.073 ) 0.512)A#(ROH, rs) + (240.2 f 145.3) (13) 

A$[P(OR),, rs] = (2.824 + 0.027)M - (396.7 f 5.0) (14) 

Many of the enthalpies of vaporization/sublimation in Table 6 have an unstated 
temperature range and/or estimated uncertainty interval. Therefore, even for simple 
compounds such as PMe,, AH: should be redetermined. It is generally observed 
that Ae or AH: correlate with the molecular weight within families of phosphorus 
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TABLE 7 

Metal-phosphorus bond dissociation enthalpies 
Data in kJ mol-’ 

Reaction (method, solvent, reference)“*b AH, D(M-P)” 

Lanthanides 

[Sm(Cp*),H],(soln) + 2Et,PH(soln) = 
2Sm(Cp*),PEt,(soln) + 2H,(g) (RSC, toluene, 118) - 45.2 f 3.4 136 _t 8d 

Group 4 

Ti(C,H,),PEt,(soln) = Ti(C,H,),(soln) + PEt,(soln) 61.1 k 2.9 61 f 3 
(ES, thf, 49) 
Ti(C,H,,),L(soln) = Ti(C,H,,),(soln) + L(soln) (ES, thf, 49) 

L = PMe, 60.7 * 3.3 61+ 3 
L = PEts 41.8 * 0.4 42+1 
L = PPhMe, 54.0 + 2.1 54+2 
L = P(OMe), 47.7 f 3.8 48 f 4 
L = P(OEt), 44.4 + 2.5 44+3 
L=PF, 72.8 f 3.3 73 + 3 

Group 6 

Cr(COh(PCy,),(soln) + P(OMe),(soln) = 
Cr(CO)#Cy,),P(OMe),(soln) (RSC, toluene, 128) - 68.6 f 2.5 69 f 3 

Cr(CO),L(soln) + CO(soln) = Cr(CO),(soln) + L(soln) (KS, decane, 120) 
L = PPh, - 16.3 + 8.3 138 f 15’ 
L = P(OPhh - 34.7 f 5.2 119 * 14” 

Cr(CO),(heptane)(soln) + PBu,(soln) = 
Cr(CO& PBu,(soln) (PAC, heptane, 122) - 90.4 f 5.0 131* 14f 

Mo(Cp)(CO),H(soln) + L(soln) = Mo(Cp)(CO),(L)H + CO(soln) (RSC, thf, 124) 
i = PMe, - 22.6 f 1.4 L1+(23f1)0 
L = PBu3 - 20.9 f 0.6 Ll + (21 + l)B 
L = PPh3 - 5.0 + 2.9 L1+(5+3)8 
L = PPhMe, - 15.9 * 0.9 L1+(16+l)g 
L = PPh, Me - 6.7 f 0.6 L1+(7+1)8 
L = P(OMe)3 - 19.3 * 0.6 L1+(19*1)8 

Mo(Cp)(CO),R(soln) + L(soln) = Mo(Cp)(CO),(L)C(O)R(soln) (RSC, S, 124, 126) 
S = thf R=Me L = PMe, - 82.4 + 1.4 L2+(82* lp 

L = PBu, -77.8 + 1.4 L2+(78&l)h 
L = PPhMe, -71.6kO.9 L2+(72f 1)” 
L = PPh,Me - 59.4 * 0.9 L2+(59+ l)h 
L = P(OMe), - 72.0 + 0.6 L2+(72+l)h 

R = Et L = PMe, -94.1 * 1.4 L3+(94+ l)h 
L = PBu, -91.2f0.6 L3 + (91 f l)h 
L = PPh3 -64.4 + 1.7 L3+(64f2)h 
L = PPhMe, - 82.4 + 0.6 L3+(82kl)h 
L = PPh,Me -76.1 + 0.6 L3+(76* l)h 
L = P(OMe), - 82.8 + 1.4 L3+(83+ l)h 
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TABLE 7 (continued) 

Reaction (method, solvent, referencepb AH, D(M-P)" 

S-MeCN R=Bz L = PMe3 -91.6 f 2.1 L4+(92f2)h 
L = PPh, - 59.0 f 5.0 L4+(59*5)h 
L = PPhMe? - 79.9 f 1.7 L4+(80+2)” 
L = PPh,Me -66.112.1 L4+(66f2)b 
L = P(OMe), - 73.2 f 2.1 L4+(73f2)” 

[Mo(Cp)(CO)Jz(soln) + ZL(soln) = [Mo(Cp)(CO)zL],(soin) (RSC, thf, 126) 
L = PPhz Me - 114.6 + 2.5 
L = P(OMe)J - 164.0 f 8.4 

[Mo(Cp)(CO)&(soln) + 2L(soln) = [Mo(Cp)(CO),L],(soln) + 2CO(soln) (thf, 126) 
L = PPh,Me 54.0 f 2.9’ L5-(27k l)i 
L = P(OMe), 4.6 f 8.5’ L5-(2f4)’ 

Mo(CO),(PCy,)&oln) + P(OMeh(soln) = 
Mo(COh(PCy,),P(OMe)&oln) (RSC, toluene, 128) - 100.4 f 4.2 100+4 

Mo(CO)J(PhMe)(soln) + 3L(soln) = Mo(CO),L&oln) + PhMe(soln) (RSC, thf, 123) 
L = PMe, - 209.7 f 0.4 156 f lj 
L = PEt, - 187.1& 1.7 148 f lj 
L = PBu, - 198.0 f 0.8 152f lj 
L = P(t-Bu), -41.1 f 0.4L < 149’ 
L = PPhB - 168.2 + 3.8 142 f lj 
L = PCy, - 88.3 & 0.8k < 173’ 
L = PPhMe, - 195.9 f 1.3 151 f lj 
L = PPh,Me - 168.2 & 0.4 142 + lj 
L = P(OMe)3 -211.3 k 2.1 156f lj 
L = P(OPh), - 169.5 f 0.4 142 + lj 
L = PC13 - 105.9 + 2.9 121 f lj 
L = triphos - 184.1 k 2.5 147 f lj 

Mo(CO),(soln) + 2PPhzMe(soln) = 
Mo(CO),,(PPh,Me),(soln) + 2CO(soln) - 6.7 & 4.2 161+ 4” 

(RSC, dede, 124) 
Mo(CO)&kl)(soln) + ZL(soln) = cis-Mo(CO),L,(soln) + nbd(soln) (RSC, thf, 125) 

L = PMe, - 137.7 4 0.4 179 * 1” 
L = PEt, - 134.3 * 0.4 178 f 1” 
L = PBuB - 125.9 f 0.4 174 f 1” 
L = PPhJ -71.5 * 0.4 146*1n 
L = PPhMe, - 112.1 + 1.7 167 t_ 1” 
L = PPhz Me - 92.9 f 0.8 157 + 1” 
L = P(OMe)3 -115.1 f0.4 168 f 1” 
L = P(OPh), -91.6 + 0.4 156 + 1” 
L = PC19 -31.0 + 0.8 126 f 1” 

Mo(CO)&bd)(soln) + L(soln) = Mo(CO),L(soln) + nbd(soln) (RSC, thf, 125) 
L = Me,PCH,PMe, - 102.5 f 2.1 324 f 2” 
L = (Mea PCH2)1 - 135.6 f 0.4 357 f lo 
L = Ph2 PCHaPPha - 66.9 f 0.8 288 f 1“ 
L = diphos - 101.7 * 1.3 323 f 1” 
L = Phz P(CH,), PPh, - 96.2 If: 0.4 317 f 1” 
L = Ph2P(CHa).,PPh, - 92.5 + 0.4 314 & I0 
L = o-C&(PPh,), - 103.3 * 3.3 324&33” 
L = Ph,PCH2CHzAsPh, - 80.8 f 0.4 302 f 1” 
L = PhaAsCH1CH2AsPh, -49.8 f 1.3 271 1” If: 
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TABLE 7 (continued) 
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Reaction (method, solvent, reference)“Vb AH, D(M-P)C 

W(CO),(PCy,),(soln) + P(OMe),(soln) = W(CO),(PCy,),P(OMe),(soln) (RSC, S, 127) 
S = toluene - 110.9 f 6.3 111+6 
S = thf - 105.0 f 5.4 105 * 5 

W(CO),(PCy&(H,)(soln) + P(OMe)&oln) = W(CO),(PCy,),P(OMe),(soln) + Hz(g) 
(RSC, S, 127) 

S = toluene - 67.8 + 2.1 
S = thf -65.3 _+ 1.7 

W(CO),(PhNH,)(soln) + L(soln) = W(CO)SL(soln) + PhNH,(soln) (ES, toluene, 132) 
L = PBu, 31.8k10.9 L6-(32fll)p 
L = PPhJ 103.8 rf: 6.7 L6-(104+7)p 
L = P(OBU)~ 59.4 * 7.5 L6-(59+8)D 
L = P(OPh)3 109.6 _I 2.1 L6-(110+2)p 

Group 8 

Fe(Cp)(C,H,)+(soln) + 3P(OMe)Jsoln) = 
Fe(Cp)[P(OMe)& (soln) + C,H,(soln) 
(EC, MeCN/O.l M Bu,N+BF;, 133) -202k5 

Ru(Cp*)(PMe,),X(soln) = Ru(Cp*)(PMe$@oln) + PMe,(soln) (KS, o-xylene, etc., 134,135p 
X=H 
X=Me 
X = CH,SiMe, 
X=Ph 
X=Bz 
X = CCPh 
X = CH,COMe 
X=OH 
X=OPh 
X = NHPh 
X = NPhz 
X=SH 
X=SPh 
X=Cl 
X=Br 
x=1 

48.5 f 2.1 

Group 9 

w:e (soln) = Q31 (soln) + PPh&oln) 

(ES, tzluene, 136) 

20 

Rh(acac)(cot)(soln) + 2P(OPh)&oln) = Rh(acac)[P(OPh)&(soln) + cot(soln) (RSC, S, 137) 
s=ccg - 118.4 + 2.9 

S = CHzCla - 107.9 f 2.5 

> 196.6 
167.4 k 4.2 
142.3 f 4.2 
154.8 f 4.2 
159.0 f 4.2 
175.7 f 4.2 
150.6 f 4.2 
121.3 f 4.2 
138.1 f 4.2 
117.2 + 4.2 
96.2 + 4.2 

138.1 f 4.2 
133.9 +_ 4.2 
138.1 &- 4.2 
150.6 + 4.2 
150.6 * 4.2 

> 197 
167f4 
142&I 
155*4 
159*4 
176*4 
151f4 
121 f4 
138+4 
117+4 
96f4 

138f4 
134*4 
138f4 
151+4 
151f4 
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TABLE 7 (continued) 

771 

Reaction (method, solvent, referenceygb w D(M-Pr 

Rh(acac)(cod)(soln) + ZP(OPh),(soln) = Rh(acac)[P(OPh),],(soln) + cod(soln) [RSC, S, 137) 
s=ccl, -99.6 f 2.5 
S = CH&l, -90.4 f 2.1 

[Rh(X)(cod)],(soln) + ZPPh,(soln) = 2Rh(X)(cod)PPh,(soln) (RSC, CH,CI,, 138) 
X=Cl - 114.2 +_ 1.3 
X=Br - 121.8 + 0.4 
x=1 - 127.2 f 1.7 

[Rh(X)(cod)],(soln) + ZP(OPhh(soln) = Rh,(X),(cod)[P(OPh),],(soln) + cod(soln) 
(RSC, CH&, 138) 

X=Cl - 118.0 f 2.1 
X=Br - 125.9 f 2.1 
x=1 - 126.4 _t 3.8 

Rhz(X),(cod)[P(OPh),]~(soln) + 2P(OPh)&oln) = {Rh(X)[P(OPh),],},(soln) + cod(soln) 
(RSC, CH,Cl,, 138) 

X=Cl - 98.3 + 1.7 
X=Br - 104.6 k 1.7 
x=1 - 102.9 f 0.8 

{Rh(X)[P(OPh),],},(soln) + 2P(OPh),(soln) = 2Rh(X)[P(OPh),],(soln) (RSC, CH2ClI, 
138) 

X=Cl -98.7 f 2.1 
X=Br -97.9 f 1.7 
x=1 - 96.2 + 1.3 

[Rh(Cl)(L)],(soln) + 2P(OPh),(soln) = Rh2(Cl),(L)[P(OPh),],(soln) + L(soln) 
(RSC, CH,C&, 137) 

L=nbd - 117.6 & 2.9 
L=cot - 115.5 + 2.9 
L=dcpd - 119.2 f 2.9 

Rh,(Cl),(L)[P(OPh)J,(soln) + 2P(OPh),(soln) = {Rh(Cl)[P(OPh),],},(soln) + L(soln) 
(RSC, CH,C12, 137) 

L=nbd - 94.6 k 2.5 
L=cot - 105.4 + 2.5 
L=dcpd - 110.0 & 2.9 
L = C,H,O, - 140.2 f 3.3 

[Rh(Cl)(coct),],(soln) + ZP(OPh),(soln) = Rh,(Cl),[P(OPh),],(coct),(soln) + 2coct(soln) 
(RSC, CH,Cl,, 137) - 133.1 + 3.3 

Rh,(Cl),[P(OPh),],(coct),(soln) + ZP(OPh),(soln) = 
{Rh(Cl)[P(OPh)&},(soln) + 2coct(soln) 
(RSC, CH,C&, 137) - 126.8 f 3.3 

Group 10 

Ni(cod),(soln) + 2L( 1) = NiL,(cod)(soln) + cod(soln) (RSC, toluene, 139) 
L = P(O-o-Tolh - 83.7 + 4.2 146*2r 
L = P(O-o-C,H,-i-Pr), - 62.8 + 4.2 136 f 2’ 
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TABLE 7 (continued) 

Reaction (method, solvent, reference~b AH, D(M-P)c 

Ni(cod)&oln) + 3L(i) = NiL&oln) + 2cod(soln) (RSC, toluene, 139) 
L = PEt, -71.1 + 4.2 
L = PBu3 -7l.l+ 4.2 
L = PPh3 - 33.5 f 4.2 
L = PPhEt, - 62.8 f 4.2 

Ni(cod)z(soln) + 4L(l) = NiL,(soln) + 2cod(soln) (RX, toluene, 139) 
L = PMes - 150.6 f 4.2 
L = PPhMez - 159.0 + 4.2 
L = PPhzMe - 133.9 + 4.2 
L = PPh,(OMe) - 192.5 + 4.2 
L = PPh(OEt), - 238.5 _t 4.2 
L = P(OMeh - 213.4 + 4.2 
L = P(OEt), - 200.8 f 4.2 
L = P(O-i-Pr), - 184.1+ 4.2 
L = P(OPh)s - 163.2 + 4.2 
L = P(O-p-Tol), - 150.6 + 4.2 
L = P(OCH,CH,Cl), - 200.8 _L 4.2 

NiL,(soln) = NiL,(soln) + L(soln) (ES, benzene, 141, 142) 
L = PEts 66.9 + 8.4 
L = P(O-i-Pr), 98.3 k 6.3 
L = P(O-o-Tel), 54.4 + 6.3 
L = P(O-p-Tel), 96.2 + 12.6 
L = P(O-2,4-C,H3Me,), 50.2 + 8.4 
L = P(O-p-C,H,Cl), 87.9 + 29.3 
L = P(O-2-Me-4-Cl-&H,), 52.3 +_ 4.2 

Ni [ P(O-c-Tol)&(soln) = 
Ni[ P(O-+Tol)s],(soln) + P(O-o-Tol),(soln) 
(ES, toluene, 143) 71.1 + 2.1 

Ni[P(O-c-Tol)&(soln) + C,H,(soLn) = 
Ni[P(O-o-Tol)J3(C,H,)(soln) + P(O-o-Tolh(soln) 
(ES, toluene, 143) - 17.2 _t 4.2 

Ni [ P(O-o-T~l),]~(C,H&soln) + P(O-o-Tol),(soln) = 
Ni[P(O-o-Tol),]3(C,H.,)(sofn) (ES, toluene, 143) - 53.1 +_ 4.2 

Ni[P(O-c-Tol)&soln) $ C,H,(soln) = 
Ni[P(O+Tol),],(C,H4)(soln) + P(O-o-Tol),(soln) 
(ES, benzene, 144) -14 

Ni(PR&soln) + L(soln) = Ni(PR,),L(soln) + 2PR&oln) (ES, benzene, 145) 
L=Cy PRJ = P(O-p-Tol), 142.3 + 20.9 
L=Hex PR3 = P(O-p-Tol), 96.2 + 4.2 
L = CH#HCN PRJ = P(O-p-To& 77.4 f 6.3 

L=maa PR3 = P(O-pTol), 50.2 _t 6.3 
L=Hex PR, = P(O-p-CsH4Cl), 108.8 + 8.4 
L = CH,CHCN PRs = P(O-p-C6H4Clh 77.4 + 6.3 
L-maa PRs = P(O-p-CsH4C1)3 62.8 + 4.2 

163 k 2’ 
163 + 2’ 
150f2’ 
160*2r 

142 + 2’ 
144*2r 
138 f 2’ 
153 _t 2’ 
X4*2’ 
158 + 2’ 
155 f 2I 
150+2’ 
145 f T 
142 + 2’ 
155 f 2’ 

67 f 8 
98 + 6 
54+6 
96+ 13 
50+8 
88+29 
52+_4 

71+2 

53+_4 
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TABLE 7 (continued) 

773 

Reaction (method, solvent, referencepb D(M-P)” 

rNi(r13-MeC3H3Me)lz(wMe),(soln) + 2L(soln) = 2Ni(q3-MeC,H,Me)(Me)L(soln) 
(DTA, tetralii 146) 

L = PMe, 
L = PEt, 
L = PPr, 
L = P(i-Pr)3 
L = PBu, 
L = PPh, 
L = PBz, 
L = P(i-Pr),(t-Bu) 
L = PPhMe, 
L = PPhEtz 
L = P(t-Bu)Cy, 
L = PPhz Et 
L = PPh,(OEt) 
L = PPh(OPh), 
L = PPh(OMen)z 
L = P(OEt)3 
L = P(O-i-Pr), 
L = P(OBU)~ 
L = P(OPh)3 
L = P(OMen), 
L = P(O+Tolh 
L = P(O-o-C,H,Phh 

Pd(Cl),(PhCN),(soln) + diphos(soln) = 
Pd(Cl)zdiphos(soln) + 2PhCN(soln) 
(RSC, CH$l,, 147) 

Pd(Cl),(PhCN),(soln) + 2PPh3(soln) = 
Pd(Clk(PPh,),(soln) f 2PhCN(soln) 
(RSC, CH&, 138) 

Pd(Cl),(cod)(soln) + 2P(OPh),(soln) = 
Pd(Cl),[P(OPh),],(soln) + cod(soln) 
(RSC, CH,Cl,, 138) 

rrans-Pd(PPh,),(Cl)(COCOPh)(soln) = 
Pd(PPh,)(Cl)(COCOPh)(soln) + PPh,(soln) 
(ES, CH1C12, 148) 

Pt( PCy,),(soln) = Pt( PCy,),(soln) + PCy,(soln) 
(ES, toluene, 56) 

-12Ok4 
-108+4 
-106*4 

-88&4 
-105+4 
-112f4 

-97*4 
-82k4 

-116&4 
-109f4 
-77*4 

-111+4 
-123+_4 
-136f4 
-121+4 
-WI+_4 
-131+4 
-142k4 
-149f4 
-125+4 
-140*4 
-135+4 

-211.3 f 7.1 

- 163.2 f 4.6 

-88.7 f 2.1 

54.4 f 2.9 

54.8 * 2.1 

L7’ 
L7-(6&6) 
L7-(7+6)” 
L7-(16f6)” 
L7-(8+6) 
L7-(4f6) 
L7-(12+_6y 
L7-(19+6) 
L7-(2f6) 
L7-(6-16) 
L7-(22-1_6? 
L7-(5f6) 
L7+(2+6y 
L7 + (8 f 6) 
L7+(1+6) 
L7+(12+_6y 
L7+(6+6y 
L7+(11+6)” 
L7+(15-+_6p 
L7+(3f6) 
L7+(10&6y 
L7+(8+_6) 

L8’ 

L8 - (24 + 4)‘~” 

55 f 2 

Pt(Cl),(py)(C,H,)(soln) + PWV3(l) = Pt(Cl),(py)CP(OPh)31(soln) + WWW 
(RSC, S, 149) 

S=benzene -58kl 
S = CH,Cl, -58&l 

Pt(Cl),(py)CP(oPh),l(soln) + PW’hMl) = 
Pt(Cl),[P(OPh),],(soln) + py(soln)(RSC, benzene, 149) -44.2 + 0.6 



774 P.B. Dim et al. j Coord. Chem. Rev. 1351136 (1994) 137-801 

TABLE 7 (continued) 

Reaction (method, solvent, reference)“Vb AH, D(M-P)” 

[trans-Pt( PPhMe,),( Me)( thf)] PF&oln) + L(soln) = 
[cis/trans-Pt( PPhMe,),( Me)( L)] PF&oln) + thf(soln) 
(RSC, thf, 150) 

L = PMe, 
L = PEtJ 
L = P( i-Pr), 
L = P(t-Bu), 
L = PPhs 
L = P(o-Tol), 
L = PCys 
L = PBz, 
L = PPhMe, 
L = PPhs Me 
L = P(CH,CH,CN), 
L = P(OMe), 
L = P(OEt)s 
L = P(O-i-Pr), 
L = P(O-t-Bu), 
L = P(OPh)s 
L = P(O-o-Tol), 
L = P(O-2,6-C,HsMe,), 
L = P(O-o-C,Hri-Pr)s 
L = P(O-o-C,H,,-t-Bu), 
L = P(O--o-C,Hz,Ph), 
L = P(O-p-C,H,OMe), 
L = P(O-o-C,H,CN), 
L = P(OCH,CH,Cl), 
L = P(OCH2CC1s)s 
L = Me,PCH,CH,PMe, 
L = P(OCH,),CCH,CH2Me 

- 109.6 + 2.1 
- 101.7 f 2.1 

- 53.1 * 2.1 
-20.1 * 2.1 
-81.6 f 2.1 
-7.9 + 2.1 

- 66.5 f 2.1 
-97.1 * 2.1 

-104.6k2.1 
-92.5 + 2.1 
-73.6 + 2.1 

- 110.5 + 2.1 
- 105.4 f 2.1 
- 104.2 * 2.1 

- 74.9 f 2.1 
- 89.5 * 2.1 
- 80.8 f 2.1 

-2.1 f 2.1 
-71.5 f: 2.1 
-38.1 + 2.1 
-74.5 * 2.1 
-89.1+ 2.1 
- 78.7 + 2.1 

- 110.5 + 2.1 
-81.2k2.1 

- 116.3 + 2.1 
- 110.0 + 2.1 

L9’ 
L9-(8+3y 
L9-(57f3) 
L9-@o&3) 
L9-(28f3)” 
L9-(102+3) 
L9-(43f3) 
L9-(13&3) 
L9-(5+3) 
L9-(17k3) 
L9-(36+3)” 
L9+(1*3) 
L9-(4f3)’ 
L9-(5&3)v 
L9-(35f3Y 
L9-(20f3) 
L9-(29+3) 
L9-(108f3) 
L9-(38 f 3) 
L9-(72+3) 
L9-(35k3) 
L9-(21&3)” 
L9-(31&3)v 
L9+(1+3)v 
L9-(28+3)” 
L9+(7+3) 
L9+(0+3)’ 

Group 11 

Ag(hfacac)(cod)(som) + PPh,(soln) = 
Ag(hfacac)(PPhs)(soln) -t cod(soln) (RSC, CH,Cl,, 151) -49.0 + 0.8 

Ag( hfacac)(PPh),(soln) + PPhs(soln) = 
Ag(hfacac)(PPh,),(soln) (RSC, CH2C12, 151) - 47.3 + 0.4 47 f 1 

“DTA = Differential thermal analysis; EC = electrocalorimetry; ES = equilibrium studies in 
solution; KS = kinetic studies in solution; PAC = photoacoustic calorimetry; RSC = 
reaction-solution calorimetry. 
acac = acetylacetonate; CsH,02 = p-benzoquinone; C,Hg = 3-methylpentadienyl; 
C7HII = 2,4_dimethylpentadienyl; coct = cycle-octene; cod = l,S-cyclo-octadiene; 
cot = 1,3,5,7,-cycle-octatetraene; Cp = cyclopentadienyl; Cp* = pentamethylcyclopentadienyl; 
Cy = cyclohexyl; dcpd = dicyclopentadiene; dede = bis( B-ethoxyethyl)ether; 
diphos = ( PhlPCH&; hfacac = hexafluoroacetylacetonate; Hex = hexyl; maa = maleic anhy- 
dride; Men = menthyl; nbd = norbornadiene; py = pyridine; thf = tetrahydrofuran; To1 = tolyl; 
triphos = Ph,PCH,CH2PPhCHzCHaPPh,. 
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TABLE 7 (continued) 

bSee text for further details. 
“Bond dissociation enthalpies, unless indicated otherwise. 
dRelies on D(P-H) = 323 kJ mol-‘. 
*Relies on D[(CO),Cr-CO] = 154 f 13 kJ mol-‘. 
fRelies on D(Cr-heptane) = 41 kJ mol-‘. 
8Ll = D[Mo(Cp)(CO),(H)-CO]. 
hL2, L3, L4 = D[Mo(Cp)(CO),-R] + D[Mo(Cp)(CO),-CO] - D[C(O)-R] - D[Mo(Cp)- 
(CO),-C(O)R] for R = Me, Et, Bz, respectively. 
‘The reaction enthalpies were calculated from the enthalpies of the two previous reactions. 
See text. L5 = D(Mo-CO) in [Mo(Cp)(CO)s],. 
‘Mean bond dissociation enthalpy. It relies on D(Mo-PhMe) = 257 kJ mol-‘. 
kLo~ values due to the formation of M(L),(CO),. 
‘See text. Mean bond dissociation enthalpy. 
mMean bond dissociation enthalpy. It relies on D[(CO),Mo-CO] + D[(CO),Mo-CO] = 
316 kJ mol-‘. 
“Mean bond dissociation enthalpy. It relies on D(Mo-nbd) = 221 kJ mol-‘. 
“Relies on D(Mo-nbd) = 221 kJ mol-‘. 
PL6 = D( W-PhNH,). 
qThese values are activation enthalpies and were identified with Ru-PMeJ bond dissociation 
enthalpies. See text. 
‘Mean bond dissociation enthalpy. It relies on D(Ni-cod) = 209 f 2 kJ mol-‘. See text. 
‘L7 = D(Ni-PMe,). 
‘LS = D( Pd-diphos)/Z 
u Mean bond dissociation enthalpy. 
‘L9 = D( Pt-PMe,). 

compounds. A group additivity method has heen proposed to estimate enthalpies of 

vaporization of phosphorus compounds, including alkyl phosphines [ 1151. A large 

number of enthalpies of vaporization/sublimation of phosphorus( III) compounds has 

also been estimated from correlations of A@ or Be with enthalpies of solution 

and molar refractions in several solvents [ 1161. 
In conclusion, the thermochemical data for organophosphorus(II1) compounds 

are scarce and in many cases of low accuracy, hindering reliable estimates of new 
values. A considerable number of phosphines commonly used in organometallic 
chemistry, such as tricyclohexylphosphine and triisopropylphosphine, were never 
investigated. The use of rotating-bomb and reaction-solution calorimetry together 
with modern analytical techniques, such as ionic chromatography, may contribute 
to change the present situation. 

4.2 Thermochemical data of organometallic compounds containing phosphorus ligands 

Thermochemical values which provide information on the energetics of 
metal-phosphorus bonds are presented in Tables 7 and 8. The first of these tables 
collects enthalpy of reaction data and the second the available enthalpies of formation 



776 P.B. Dim et al. / Coord. Chem. Rev. 135/l 36 (1994) 137-807 

of complexes containing phosphorus(II1) ligands. Some of the data in both tables 
differ from those originally reported by the authors due to the use of different 
auxiliary thermochemical values (Table 6 and Appendix). A general discussion of 
data is made in Sect. 4.2.3. 

4.2.1 Reaction enthalpy data 
A general assumption that affects all bond dissociation enthalpies in Table 7 is 

related to the experimental techniques used to probe the energetics of the reactions, 
usually reaction-solution calorimetry and equilibrium methods. Both techniques 
deal with reactants and products in solution and therefore the measured enthalpies 
include the solvation of those molecules. No attempt has been made to estimate the 
unknown solvation enthalpies required to calculate the reaction and the bond dissoci- 
ation enthalpies in the gas phase, i.e. the bond dissociation enthalpies were directly 
derived from the experimental reaction enthalpies given in Table 7. A detailed discus- 
sion of this problem has been made elsewhere [ 1171 and it is expected that many of 
those values are close to the gas-phase data. It must be stressed, however, that there 
is almost no solid evidence supporting this assumption. Even in the most favourable 
cases, probably those involving a comparison of the enthalpies of similar reactions, 
some caution has to be used when trying to identify solution and gas-phase data. 
Nevertheless, solution values of bond dissociation enthalpies are useful by themselves, 
so for many applications one does not need to worry about the above assumption. 

Lanthanides. The only lanthanide-phosphorus bond dissociation enthalpy 
available, D(Sm-PEt,) = 136 + 8 kJ mol-‘, was determined by Nolan et al. [ 1181 
and relies on D(Sm-H) = 226 + 4 kJ mol-’ and an estimate for D(EtzP-H) 
(323 kJ mol-‘) [ 1181. Differences between metal-ligand bond dissociation enthal- 
pies often reflect the corresponding ligand-hydrogen bond dissociation enthalpy 
differences (see, for example, ref. 117 and the references cited therein). On this basis, 
it is noted, with Nolan et al., that the above estimate for D(EtzP-H) is some 
59 kJ mol-’ lower than the experimental value for D(Me,N-H) [ 1191, suggesting 
that D(Sm-NMe,) in the diamide complex would be ca. 195 kJ mol-‘. This is indeed 
quite close to the samarium-dimethylamide bond dissociation enthalpy in 
Sm(Cp*),NMe,, 185 f 11 kJ mol-‘, obtained by the same authors. 

Group 4. The enthalpies of ligand dissociation measured by Stahl and Ernst 
[ 491, involving several bis( pentadienyl ) titanium complexes, yield direct information 
on the energetics of Ti-P bonds in thf (Table 7). The stronger Ti-PEt, bond in the 
3-methylpentadienyl complex, 61 kJ mol-‘, compared with the same bond in the 
2,4_dimethylpentadienyl molecule, 42 kJ mol-‘, was justified by the authors in terms 
of interligand Me-Me repulsive interactions in the case of the latter complex. The 
authors’ re-evaluation of Tolman’s cone angles for P(OMe), (128”), P(OEt)3 (134”), 
and PEt, (137”) (see Table 1) led, on the other hand, to a good linear correlation 
between D(Ti-P) and those steric parameters. 

Group 6. The enthalpy of the second reaction for this group listed in Table 7 
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was derived by Wovkulich and Atwood from measurements of rate constants at 
three temperatures [ 1201. According to the principle of microscopic reversibility, 
the energy proflle of the forward reaction is the reverse of the profile for the 
replacement of CO by L. This assumption was used by the authors together with 
the activation enthalpies of L and CO dissociation (PPhJ, 151.9 & 7.9 kJ mol-‘; 
P(OPhh, 133.5 + 4.6 kJ mol-‘; CO, 168.2 f 2.5 kJ mol-’ in hexane) to derive the 
reaction enthalpies shown in Table 7. These can in turn be identified with the 
difference D(Cr-P) - D(Cr-CO). The Cr-P bond dissociation enthalpies shown rely 
on D[(CO)5Cr-CO] = 154 + 13 [121]. A value which is not presented in Table 7 
refers to L = PBu3 and was obtained from the equilibrium constants determined by 
Wovkulich and Atwood in decane (1.3 x 10e4 (170°C) and 5.3 x 10e5 (140°C)) 
[ 1201. This leads to a crude estimate of the reaction enthalpy, 45 kJ mol-‘, and to 
D(Cr-PBu,) z 199 kJ mall’, which looks too high. This is indeed confirmed by the 
result in Table 7, obtained by Yang et al. who used photoacoustic calorimetry to 
probe the energetics of CO replacement by tributhylphosphine in heptane [ 1221. 
This technique affords both the enthalpy of the CO replacement by heptane and the 
enthalpy of replacement of this solvent molecule by the phosphine. An average value 
of the first step, 112.9 f 1.0 kJ mol-‘, together with the above value for 
D[(CO),CrCO] (154 ) 13 kJ mol-‘), leads to D(Cr-heptane) = 41 f 13 kJ mol-‘. 
This result was then used to derive D(Cr-PBu,) = 131_+ 14 kJ mall’ shown in 
Table 7. 

A significant contribution to the knowledge of metal-phosphorus bonding 
energetics for Group 6 elements was provided by the reaction-solution calorimetry 
studies by Hoff and co-workers [123-128-J. Many of these studies involve the com- 
plexes MOOR, where R= H, Me, Et, and Bz. In the case of R = H, the 
enthalpies of reaction of the complex with a number of phosphorus(II1) ligands, L, 
yielding Mo(Cp)(CO),(L)H and CO, can be identified with D(Mo-CO) - D(Mo-L). 
However, D(Mo-CO) in Mo(Cp)(CO),H is not available, so only the trend of 
D(Mo-L), relative to D(Mo-CO) = Ll is displayed in Table 7. 

When R = Me, Et, or Bz, the reaction of Mo(Cp)(CO),R with the phosphorus 
ligand L promotes the CO insertion into the MO-R bond, so that the reaction 
enthalpies are now given by D[Mo(Cp)(CO),-R] + D[Mo(Cp)(CO),-CO] - 
D[C(O)-RI - D[Mo(Cp)(CO),-C(O)R] - D[Mo(Cp)(CO),C(O)R-L]. While 
many of these quantities are unknown, they are constant for each R, allowing the 
relative values of D[Mo(Cp)(CO),C(O)R-L] presented in Table 7 to be derived. 

The enthalpy of reaction of the dimer [Mo(Cp)(CO),], with CO, giving 
[Mo(Cp)(CO)& (- 168.6 f 1.4 kJ mol-‘), was subtracted from enthalpies for the 
reaction of the same complex with PPh,Me and P(OMe)3 (Table 7) to yield the 
enthalpies of the ligand exchange reactions involving [Mo(Cp)(CO),], and 
[Mo(Cp)(CO),L],, also shown in Table 7. These enthalpies can be identified with 
the mean bond dissociation enthalpy difference 2D(Mo-CO)-2D(Mo-L). L5 in 
Table 7 represents D(Mo-CO). It is noted that the two calculated values are smaller 
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than &MO-CO), in contrast to what is observed for the previous families of 
Mo(Cp)(CO),R complexes. As pointed out by Hoff and co-workers, this trend may 
be due to steric strain in the dimer [ 1261. 

The energetics of replacing the $-toluene in Mo(CO),(PhMe) by three phos- 
phines or phosphites were measured by Nolan and Hoff [ 1231. The results are 
displayed in Table 7 and, together with D(Mo-PhMe) = 257 f 44 kJ mol-‘, were 
used to derive the ~Mo-P) values shown in Table 7. The value of D(Mo-PhMe) 
was obtained as follows. The enthalpy of reaction (15) (Mes = mesitylene) 
175.7 f 14.0 kJ mol- ‘, was calculated from tabulated enthalpies of formation 
[110,129]. Recent molecular beam experiments led to several stepwise MO-CO 
bond dissociation enthalpies in molybdenum hexacarbonyl, the sum of the first three 
being 439 f 44 kJ mol- ’ [ 1303. This value and the enthalpy of reaction ( 15) yield 
D(Mo-Mes) = 263 + 44 kJ mol- l, which can in turn be used, together with the 
enthalpy of reaction ( 16) (6.3 f 5.2 kJ mol- ‘), determined by Hoff [ 13 11, to calculate 
D(Mo-PhMe) = 257 f 44 kJ mol-‘. This uncertainty interval is not included in the 
errors assigned to the mean bond dissociation enthalpies in Table 7. 

Mo(CO),(g) + Mes(g) = Mo(CO),(Mes)(g) + 3CO(g) (15) 

Mo(CO),(Mes)(soln) + PhMe(soln) = Mo(CO),(PhMe)(soln) + Mes(soln) (16) 

Nolan and Hoff justified the very low exothermic values observed for the 
reactions with L = P(t-Bu), and PCy, by the formation of the disubstituted coordina- 
tively unsaturated complexes, Mo(CO),L,, which may yield an adduct with a solvent 
(thf) molecule. Maximum values of &MO-L) in these cases can be calculated by 
neglecting this interaction with the solvent and using D(Mo-PhMe) = 257 kJ mol-‘: 
~Mo-L) = 149 and 173 kJ mol-’ for L = P(t-Bu), and PCy,, respectively. 

The enthalpy of reaction of molybdenum hexacarbonyl with PPh,Me in 
bis@ethoxyethyl)ether was used to calculate the Mo-PPh,Me mean bond 
dissociation enthalpy in Mo(CO),( PPh,Me)z by taking D[(CO), MO-CO] + 
D[(CO).,Mo-CO] = 316 kJ mol-’ [130]. The error assigned to the value 
shown in Table 7 (161 f 4 kJ mol-‘) does not include the uncertainty in the sum 
of the Ma-CO bond enthalpies. As noted by Hoff and co-workers [124], the 
difference in &Mo--CO) - @MO-PPh2Me) in these complexes of - 7 kJ mol-’ is 
similar to that derived for the trisubstituted complex Mo(CO),(PPh,Me), discussed 
above, @MO-CO) - @(MO-PPh,Me) = 4 kJ mol-’ (the uncertainties due to the 
assumptions related to solvation enthalpies are at least 10 kJ mol-‘). 

The two final series of molybdenum complexes shown in Table 7 involve the 
reactions of the norbornadiene complex Mo(CO),(nbd) with several phosphines and 
phosphites [125]. In the first of those series, the MO-L mean bond dissociation 
enthalpies presented were derived by taking the enthalpy of reaction (17) and the 
above sum of the first two MO-CO bond dissociation enthalpies in Mo(CO),, 
316 kJ mol-’ (once again the error of this anchor was not considered). 

Mo(CO),(nbd)(g) f 2CO(g) = Mo(CO),(g) + nbd(g) (17) 
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Two values for the enthalpy of this reaction are available in the literature. One, 
- 112.8 + 11.4 kJ mol-r, is calculated from the enthalpies of formation [ 110,129], 
and leads to D(Mo-nbd) = 203 kJ mol-‘. The other, -94.6 & 3.3 kJ mol-‘, yielding 
D(Mo-nbd) = 221 kJ mol-‘, was measured in thf solution by high-pressure calorim- 
etry [ 1251. It is possible that the discrepancy of 18 kJ mol-’ results from differential 
solvation enthalpies, but since the reactions in Table 7 were studied in solution, the 
second value was adopted here. 

The last series of molybdenum complexes in Table 7 is similar to the previous 
series, but norbornadiene is replaced by one bidentate phosphine. The bond dissoci- 
ation enthalpies rely on the same basis, i.e. D(Mo-nbd) = 221 kJ mol-‘. A detailed 
discussion of both series of results was made by Hoff and co-workers in terms 
of steric and electronic properties of the ligands [ 1253. As noted by the authors, 
some of the bond dissociation enthalpies of the bidentate phosphines could be 
predicted from the values for the monodentate ligands. For example, 
D(Mo_Me,PCH,CH,PMe,)/2 = 179 kJ mol-’ is similar to @Mo-PMe,), and 
D[Mo-Ph,P(CH,),PPh2]/2 = 159 kJ mol-’ is similar to &Mo-PPh,Me). On the 
other hand, low values such as D(Mo-Me,PCH,PMe,)/2 = 162 kJ mol-‘, 
and D(Mo_Ph,PCH,PPh,)/2 = 144 kJ mol-’ indicate strain in the metallacycle. 
It is finally noted that the bond dissociation enthalpy obtained for 
L = PhzPCHzCH2AsPhz (302 kJmol_‘) is close to the average between 
D(Mo-PhzPCHzCH,PPhz) and D(Mo-Ph,AsCHzCH,AsPh,) (this one included 
for comparison), 323 and 271 kJ mol-‘, respectively. 

The metal-P(OMeh bond dissociation enthalpies in the complexes 
M(COh(PCy,),P(OMe), (M = Cr, MO, W), shown in Table 7, are rather low (com- 
pared, for example, with the bond enthalpies derived for several molybdenum com- 
plexes). As pointed out by Hoff and co-workers, the low exothermicities of the 
reactions are due to the cleavage of M - * H-C agostic bonds in the molecules 
M(C0)3(PCyJ)2 upon formation of M(COh(PCy&P(OMe), [ 127,128]. 

The enthalpy of reaction between W(CO)#CY~)~(H~) and P(OMe)3 is also 
constant for the two solvents used and can yield D(W-H,) = 40 + 2 kJ mol-’ when 
taken together with the enthalpy of the previous reaction, e.g. in toluene D(W-Hz) = 
-67.8 + 110.9 = 43.1 kJ mol-‘. The value of 40 kJ mol-’ chosen for D(W-H,) 
is an average involving the enthalpies of reaction of W(CO)3(PCy,), and 
W(CO),(PCy,),(H,) with P(OMe), and pyridine in toluene and thf. The 
W-P(OMe), bond dissociation enthalpy can be compared with D(W-CO) because 
the enthalpy of reaction (18) is available: -85.8 f 2.9 kJ mall’ (toluene) and 
-95.4 + 4.2 kJ mall’ (thf) [ 1271. 

W(CO),(PCy&(Hz)(soln) + CO(soln) = W(CO),(PCy&(soln) + H,(soln) (18) 

This reaction is more exothermic (by 18 and 30 kJ mol-’ in toluene and thf, respec- 
tively) than the equivalent reaction in Table 7 for P(OMe),, indicating that D(W-CO) 
is higher by ca. 25 kJ mall’ than D[,W-P(OMe),]. 
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Equilibrium studies in solution by Angelici and Ingemanson afforded the data 
shown in Table 7 for the reactions between W(CO),(PhNH,) and several phosphines 
and phosphites [ 1321. D(W-PhNHJ is not available, so only the trend of D(W-L) 
is displayed in Table 7. 

Group 8. Boudeville and Darchen have used an electrocalorimeter to probe 
the reaction of Fe(Cp)(arene)+ with P(OMe), for several arenes [ 1331. The result for 
arene = C,H, is shown in Table 7. However, D(Fe-C,Hs) is unknown, so D(Fe-P) 
cannot be derived. 

Activation enthalpies for the phosphine dissociation reactions of the complexes 
Ru(Cp*)(PMe&X, for a variety of X, were reported by Bercaw and co-workers 
[ 134,135] and are collected in Table 7. A detailed discussion of these results is made 
by the authors and it is assumed that the activation enthalpies for the recombination 
of trimethylphosphine are small and relatively constant for different X. The trends 
of the activation enthalpies and Ru-PMe, bond dissociation enthalpies are therefore 
considered approximately parallel. As noted by the authors, however, bulky ligands 
X are expected to have larger activation barriers for PMe, recombination “so that 
the differences in the activation enthalpies for PMe, dissociation represent lower 
limits for the differences in D(Ru-P)” [ 1351. Nevertheless, it is in fact observed that, 
for ligands with negligible x interactions, D( Ru-P) decreases with increasing bulkiness 
of x. 

Group 9. The enthalpy of phosphine dissociation from a cobaltacyclopent-Z 
ene complex, leading to a cobaltoxanorbornadiene molecule, was obtained from a 
van’t Hoff plot in toluene by Stolzenberg and Scozzafava [136], and reflects the 
difference D(Co-PPh,) - D(Co-0). 

The available thermochemical information on rhodium-phosphorus bonds was 
derived by Partenheimer and Hoy [ 137,138]. The aim of these studies was, however, 
to probe the energetics of rhodium-olefin bonding by determining enthalpies of 
ligand exchange reactions. This is indeed the main information that can be derived 
from the data in Table 7, as discussed elsewhere [ 1171. For example, the series of 
data in Table 7 starts with reactions where cyclooctatetraene or cyclooctadiene are 
replaced by two triphenylphosphite ligands. As D(Rh-cot) and D(Rh-cod) are 
unknown, @Rh--P) cannot be calculated, but D(Rh--cot) - D(Rh-cod) are easily 
derived. 

The four following sets of reactions start with the dimer [Rh(X)(cod)], and 
PPh, or P(OPhh (X = Cl, Br, I), and are repeated here for X = Cl (the subscripts 
brg and term represent bridging and terminal bonds): 

[Rh(Cl)(cod)],(soln) + 2PPh,(soln) = 2Rh(Cl)(cod)PPh3(soln) 

AH/2 = - 114.2/2 = 2&J Rh-Cl) - &,( Rh-Cl) - D( Rh-PPh,) 

[Rh(Cl)(cod)],(soln) + 2P(OPh),(soln) 

(19) 

(20) 

= Rh,(Cl),(cod)[P(OPh),],(soln) + cod(soln) (21) 
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AH = - 118.0 = Di(Rh-cod) + 26[Rh-P(OPh),] 

Rh,(Cl),(cod)[P(OPh),],(soln) + 2P(OPh),(soln) 

(22) 

= {Rh(Cl)[P(OPh),],},(soln) + cod(soln) 

AH = - 98.3 = Dz( Rh-cod) - 2D[ Rh-P(OPh),] 

{Rh(Cl)[P(OPh),],},(soln) + 2P(OPh),(soln) = 2Rh(C1)[P(OPh),13(soln) 

AH/2 = -98.7/2 = 2D,,(Rh--Cl) - D,,(Rh-Cl) - D[Rh-P(OPh),] 

(23) 

(24) 

(25) 

(26) 

It is not possible to extract accurate values for the rhodium-triphenylphosphite 
bond enthalpies from these data. It is noted, however, that the second substitution 
of cod is less exothermic (by ca. 20 kJ mall’) than the first. On the other hand, if it 
is assumed that the complexes [Rh(Cl)(cod)], and {Rh(C1)[P(OPh),],}z have 
similar D,(Rh-Cl), and D,,(Rh-Cl) is constant in Rh(Cl)(cod)PPh, and 
Rh(Cl)[P(OPh),],, eqns. (20) and (26) lead to D(Rh-PPh,) - D[Rh-P(OPh),] = 
8 kJ mall’, which looks sensible (see the data for molybdenum complexes). 

The thermochemistry of reactions (21) and (23) was also studied for other 
q4-bonded olefins, as shown in Table 7, and, as above, it is not possible to 
extract information on the energetics of Rh-P(OPh)3; only differences 
D( Rh-olefm) - 2D[ Rh-P(OPh),] and relative trends of D( Rh-olefin) can be derived 
[ 1173. The same comment applies to the last pair of reactions for Group 9 complexes, 
involving the replacement of two $-olefins (cyclooctene) by P(OPh)J. 

Group 10. The enthalpies of the reactions of Ni(cod), with two, three or four 
phosphorus(II1) ligands (Table 7), measured by Tolman et al. [ 1391, lead to trends 
of Ni-P mean bond dissociation enthalpies. The absolute values shown in Table 7 
rely on D(Ni-cod) = 209 f 2 kJ mol-‘, which was estimated from the measured 
enthalpy of reaction (27) in toluene [ 1391, - 12.6 f 4.2 kJ mol-‘, together with the 
enthalpy of sublimation of nickel, 429.7 kJ mol-’ [ 1403. It is assumed, of course, 
that the solvation enthalpies of Ni(cod), and two molecules of cod are similar. 

Ni(cod),(soln) = Ni(c) + 2cod(sohr) (27) 

The use of @Ni-cod) instead of D[(cod)Ni-cod] to derive @Ni-P) 
in the case of the reaction of Ni(cod), with two phosphites is clearly an approxi- 
mation and so these two mean bond dissociation enthalpies in Table 7 are not 
strictly comparable with those derived from the reactions with three or four 
ligands, where both Ni-cod bonds are cleaved. It is likely that D[(cod)Ni-cod] 
is lower than @N&cod), so that &Ni-P(O+Tol),] < 146 kJ mol-’ and 
6[Ni-P(O-o-C,H,-i-Pr),] < 136 kJ mol-‘, in keeping with the cone angles for 
these phosphites (Table 1). The conclusion seems consistent, for example, with the 
values observed for &Ni-P(O-p-Tel),] (142 kJ mol-‘), and @Ni-P(OPhh] 
(145 kJ mol-‘). The cone angle of P(O-o-To~)~ (141”) is significantly higher than 
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the cone angles of P(O-p-Tel), and P(OPh), (both 128”; note, however, that the 
cone angles reported by Trogler and Marzilli [ 50,511 are identical (128”) for the 
three latter phosphites; see Table 1). Assuming similar electronic contributions to 
the bonds, it is expected that the most sterically congested complex will have the 
weakest bond. 

Solution values for the Jirst Ni-P bond dissociation enthalpies of several NiL4 
complexes were measured by Tohnan’s group [ 141,142] through equilibrium studies 
at several temperatures. It is noted that these values are substantially lower than 
@Ni-P) for NiL, and NiL4 complexes. 

The first Ni-P bond dissociation enthalpy in Ni[P(O-o-Tol),], was also 
reported by McKinney and Roe [143]. The value obtained (71 f 2 kJ mol-‘) is 
17 kJ mol-’ higher than the one given by Tolman, but still well below @Ni-P). 
McKinney and Roe have also determined the enthalpy change associated 
with replacing one P(O-o-Tol), in Ni[P(O-o-Tol),], by ethylene (Table 7), which 
reflects the difference D(Ni-P) - D(Ni-C,H.+) = - 17 f 4 kJ mol-’ and allows 
D(Ni+H,) to be calculated as 88 kJ mol-‘. Also interesting is the comparison of 
D[Ni-P(O-o-Tel),] values in Ni[P(O-o-Tol)& (71+ 2 kJ mol-‘) and in 
Ni[P(O-o-Tol),],(C,H,) (53 + 4 kJ mol-‘), also shown in Table 7. Although these 
values have been obtained from van’t Hoff plots over different temperature ranges 
[143], their difference is such as to indicate that the ethylene weakens the Ni-P 
bond. It is finally noted that the difference D[Ni-P(O-o-Tol),] - D(Ni-C2Hq) = 
-14kJmol-’ [ 1441 for the complexes Ni[P(O-o-Tol),], and 
Ni[P(O-+Tol)3]2(CzH,) compares with the same difference for the complexes 
Ni[P(O-o-Tol),], and Ni[P(O-o-Tol)3]3(CzH4) (- 17 kJ mol-‘). 

Information on the difference between b[Ni-P(O-p-Tol),] or 
D[Ni-P(O-p-CsH4C1)3] and D(Ni-L) is obtained from Tolman’s equilibrium 
studies in benzene involving the complexes Ni(PR,),, where PR, = P(O-p-T01)~ or 
P(O-p-CsHqC1)3, and several olefins [ 1451 (Table 7). The aim of these results was, 
however, to probe the influence of the phosphite on D(Ni-L). No absolute values of 
aNi-P) can be derived. 

The enthalpies of the reactions of [Ni(q3-MeC,H,Me)],b-Me), with a variety 
of phosphines and phosphites were measured by Schenkluhn et al. [146]. Although 
the results presented in Table 7 do not allow one to calculate absolute values of 
D(Ni-P), they yield a relative trend (L7 = D(Ni-PMe,)). A correlation of the reaction 
enthalpies with steric and electronic parameters of the phosphorus ligands was 
presented by the authors. The exothermicity of the reaction increases with the acidity 
of L and decreases for bulky ligands. 

Partenheimer measured the enthalpies of a series of reactions of 
Pd(Cl),(PhCN), with olefins, aiming to derive a relative trend of D(Pd-olefin) 
[ 1471. One of the values refers, however, to the reaction with diphos, yielding 
D( Pd-NCPh) - D( Pd-diphos) = 211 f 7 kJ mol-‘. Partenheimer and Hoy exam- 
ined the reaction of the same complex with PPh, [138], which affords 
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D(Pd-NCPh) - aPd-PPh,) = 82 f 5 kJ mol-‘. These two values lead to 
D( Pd-diphos)/2 - fi(Pd-PPh,) = 24 5 4 kJ mall’, which is in the same range as 
the value observed for the molybdenum tetracarbonyl complexes, 16 kJ mol-‘. The 
same authors measured the enthalpy of the reaction of Pd(Cl)&od) with P(OPh),, 
yielding D(Pd-cod) - 2d[Pd-P(OPli),] = -89 f 2 kJ mol-‘. This value is close to 
D(Ni-cod) - 2&Ni-P(OPh),] = -82 + 2 kJ mol-‘, i.e. one half of the enthalpy of 
reaction between Ni(cod)z and P(OPh), (Table 7). 

The enthalpy of the last reaction for palladium listed in Table 7 is a direct 
measurement of Pd-PPh, bond dissociation enthalpy in the complex trans- 
Pd(PPh,),(Cl)(COCOPh) [148]. A van’t Hoff plot was also the source of the first 
Pt-PCy, bond dissociation enthalpy in Pt(PCy,),, 55 + 2 kJ mol-’ [56], shown 
in Table 7. 

Calorimetric studies by Partenheimer led to the enthalpy of ethylene displace- 
ment by triphenylphosphite in Pt(Cl),(py)(C,H,) [149]. The enthalpy of reaction 
of the product complex Pt(Cl),(py)[P(OPh),] with another P(OPhh molecule, 
giving Pt(Cl),[P(OPh),],, was also measured. These results, presented in Table 7, 
lead to D(Pt-C2Hq) - D[Pt-P(OPh),] = -58 kJ mall’ and to D(Pt-py) - 
D [ Pt-P(OPh),] = - 44 kJ mall ‘, respectively. 

The last series of reaction enthalpies involving platinum complexes in Table 7, 
measured by Manzer and Tolman, do not allow one to derive the absolute values 
of D(Pt-P), but yield their trend [ 1501. 

Group Il. Partenheimer and Johnson reported the enthalpy of replacement of 
cyclooctadiene in Ag( hfacac)(cod) by triphenylphosphine as - 49.0 + 0.8 kJ mol- ‘, 
which reflects D(Ag-cod) - D(Ag-PPh,) [ 1511. The last enthalpy of reaction in 
Table 7, measured by the same authors, is identified with the first Ag-PPh, bond 
dissociation enthalpy in Ag( hfacac)( PPh,), . 

4.2.2 Enthalpy offormation data 
The available standard enthalpies of formation of organometallic complexes 

containing phosphorus ligands, together with the enthalpies of sublimation of some 
compounds for which no enthalpy of formation data are known, are presented in 
Table 8 [ 152-1631. Also included in the table are the calculated values of 
metal-phosphorus bond dissociation enthalpies or mean bond dissociation 
enthalpies. 

Group 4. The enthalpies of formation of the bis(cyclopentadieny1) titanium 
complexes shown in Table 8 were determined from the enthalpies of their reactions 
with iodine [ 1521: 

Ti(CpL(PR&(c) + I,(c) = Ti(Cp)&) + 2PR,(l) 

AH = - 144.7 f 5.5 kJ mol-’ 

(28) 

Ti(Cp),(CO)PR,(c) + I&z) = Ti(Cp&(c) + CO(g) + PR,(l) (29) 
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AH = - 102.7 f 9.2 kJ mol-’ (R = Me) 

AH = - 104.2 + 5.6 kJ mol-’ (R = Et) 

The results in Table 8 rely, therefore, on the enthalpy of formation of Ti(Cp),Iz. This 
was calculated as - 148.3 f 13.1 kJ mol-’ from the enthalpy of reaction (30), also 
determined from reaction-solution calorimetry experiments [153]: 

Ti(Cp),(C%(c) + I,(c) = Ti(Cp),I,(c) + 2CWg) 

AH = -74.1 + 2.1 kJ mol-’ 

(30) 

The value of AHF[Ti(Cp),I,,c], and hence the enthalpies of formation of the 
phosphine complexes, are based on AHfo[Ti(Cp),(CO)p,c] = -295.3 f 12.9 kJ mol-’ 
[ 1541. This value has been recalculated by the same group as - 371.5 + 12.9 kJ mol-’ 
[ 1551, but more recent experimental evidence [ 1561 about the reaction from which 
A@[Ti(Cp)z(CO),,c] was derived questions the reliability of those values. 
Experiments are in progress to settle this problem, but meanwhile the values in 
Table 8 should be regarded as provisional. The above reaction enthalpies, however, 
are considered reliable and allow the mean bond dissociation enthalpies shown in 
Table 8 to be estimated. 

Relative gas-phase values of @T&-CO), n(Ti-PMe,), and D(Ti-I) can be 
obtained from the enthalpies of reactions (28) and (30), together with the sublimation 
enthalpies of the complexes, D(I-I) = 151.1 + 0.1 kJ mol-‘, and the enthalpy of 
vaporization of PMe, (Table 6): @Ti-I) - D(Ti-PMe,) = 135 f 8 kJ mol-‘, 
@Ti-I) -@T&CO) = 126 f 8 kJ mol-’ and 4 T&CO) - D( Ti-PMe,) = 
9+6kJmol-‘. The estimated enthalpies of sublimation of Ti(Cp),I,, 
120 & 10 kJ mol-’ [ 1533, and Ti(Cp),(PMe,),, 90 If: 10 kJ mol-‘, are thought to be 
fairly reliable, in particular that for the bis(trimethylphosphine) complex (the experi- 
mental value of the enthalpy of sublimation of Ti(Cp)z(CO), is 84.2 f 3.5 kJ mol-’ 
[ 1531). The conclusion that @T&CO) x @Ti-PMe,) looks sensible. Note, however, 
that, for the molybdenum complexes discussed in the previous paragraph, 
D(Mo-CO)-@MO-PMe,) is in the range of -10 to -23 kJmol_‘. 
@N&CO) - @Ni-PMe,), in Ni( PMe,), and Ni(C0)4, on the other hand, is 
5 kJ mol-’ (@Ni-PMe,) was taken from Table 7 and @Ni-CO) = 147 + 1 kJ mol-’ 
was calculated from the enthalpy of formation given in ref. 110. As stressed before, 
it is hardly possible to extract many meaningful conclusions from these comparisons 
between gas-phase and solution data, except that the bonding energetics of M-CO 
and M-PMe, are similar. 

It is interesting to compare the enthalpy of reaction (29) for R = Me with the 
enthalpies of reactions (28) and (30). It is noted that [AH(28) + AH(30)]/2 = 
- 109.4 + 2.9 kJ mol-’ is close to AH(29), meaning that reaction (31) is approximately 
thermoneutral: AH(31) = - 13.4 f 19.3 kJ mol-‘. 

Ti(CpWCW) + Ti(Cp),(PMeUc) = 2Ti(CpWO)PMe,(c) (31) 
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In other words, as it is very likely that the enthalpy of this reaction in the gas phase 
is also about - 13 kJ mol-‘, the Ti-CO and/or Ti-PMe3 bonds are only slightly 
strengthened in the mixed complex. 

A comparison between the enthalpies of reaction (29) for R = Me and R = Et 
leads to D(Ti-PMe,) - D(Ti-PEtJ) = 1.5 f 10.8 kJ mol-‘. As above, it was assumed 
that the enthalpy of reaction (32) is the same in the gas phase. 

Ti(Cp),(CO)PMe,(c) + PEt,(l) = Ti(Cp),(CO)PEt,(c) + PMe,(l) (32) 

The “absolute” value of the Ti-PMe, mean bond dissociation enthalpy shown 
in Table 7 relies on aTi-I) = 294 + 2 kJ mol-‘, the mean bond dissociation enthalpy 
in TiL, [ 157,140], which was therefore identified with @Ti-I) in Ti(Cp),I,. 

Group 6. The chromium-trifluorophosphine mean bond dissociation enthalpy 
in Cr(PF,), was evaluated as 107 + 3 kJ mol-’ (Table 8), matching the value of 
D(Cr-CO) in Cr(CO),, 107 f 1 kJ mol-’ [ 1101. 

The tungsten-triphenylphosphine bond dissociation enthalpy in W(CO)sPPh,, 
319 f 16 kJ mol-‘, is presented in Table 8 and was derived from the enthalpy of 
formation of this molecule, AHF[W(CO),,g] = -581 f 13 kJ mol-’ [110,121], and 
A@(PPh,,g) (Table 6). It is noted that D(W-PPh3) - D(W-CO) = 126 kJ mol-’ is 
one order of magnitude greater than D(Mo-PPh,) - D(Mo-CO) = 5 kJ mol-’ in 
the complexes Mo(Cp)(CO),(PPh,)H and Mo(Cp)(CO),H; &MO-PPh,) - 
D(Mo-CO) values, on the other hand, are in the range of -4 to - 12 kJ mol-’ 
for several molybdenum compounds shown in Table 7. 

Group 10. The enthalpy of formation of gaseous Ni(PF& leads to the value 
of @Ni-PF,) = 147 f 3 kJ mol-‘, which is in the same range as the data presented 
in Table 7 for Ni(PR,), and Ni[P(OR),],. The value of @Ni-CO) in nickel tetra- 
carbonyl is also 147 + 1 kJ mol-’ [ 1101. 

The palladium-triphenylphosphine mean bond dissociation enthalpy in the 
complex cis-Pd(PPh,),C& (133 kJ mol-‘) was calculated from the enthalpy of reac- 
tion (33) obtained from the enthalpy of formation in Table 8 and AHF(PdCl,,g) = 
128 kJ mol-‘. This value is an estimate by Skinner and co-workers [ 1061 and is 
based on A@(PdCl,,c) = - 163 + 8 kJ mall’ [ 1581. 

cis-Pd(PPh,),Cl,(g) = PdClz(g) + 2PPh,(g) (33) 

The enthalpies of formation of a number of complexes of the type Pt(PR&L2 
are presented in Table 8. They were all derived from Calvet microcalorimetry and 
reaction-solution calorimetry studies. The Calvet experiments by Skinner and co- 
workers [ 1061 afforded A@[Pt(PPh&Cl+] = 194 & 12 kJ mol-‘. This value was 
then used as an anchor to calculate the enthalpies of formation of several other 
triphenylphosphine platinum complexes for which reaction-solution calorimetry 
data were available. The exercise was made by Mortimer [ 1591, and the values are 
displayed in Table 8. As stated before, changes in those values reflect different 
auxiliary data used. The large uncertainties assigned to the enthalpies of formation 
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of the crystalline complexes Pt(PPh,),L, result from the uncertainty in the enthalpy 
of formation of the anchor complex. The errors in the gas-phase data, on the other 
hand, also result from the uncertainties assigned to the estimated enthalpies of 
sublimation. 

Platinum-phosphine mean bond dissociation enthalpies in Table 8 were de- 
rived as described for the palladium complex, i.e. by calculating the enthalpies of 
reaction (34). A@(PtCl,,g) was taken as 111 + 10 kJ mol-‘, along with Skinner and 
co-workers [ 1061. 

WWKMg) = PtCMg) + 2PR,(g) (34) 

The enthalpies of formation of the gaseous phosphines PEt,, P(i-Pr),, PCy,, and 
PPhMe2, respectively - 108, - 148, -205, and 37 kJ mol-‘, were also estimated in 
ref. 106. The large (mostly unknown) uncertainties that affect @Pt-P) in Table 8 
hinder a detailed discussion of their trend. However, the large &stabilizing effect of 
the phenyl groups in the phosphine is apparent. 

4.2.3 General discussion of thermochemical data 
It is apparent from Tables 7 and 8 that most studies (about 80%) on the 

energetics of the metal-phosphorus(II1) bond have been devoted to Group 6 and 
Group 10 transition metals. The great majority of the available data refers to 
enthalpies of reaction in solution, from which solution-phase bond dissociation 
enthalpies have been derived (Table 7). These may not be comparable with gas-phase 
bond dissociation enthalpies (Table 8) due to solvation effects, particularly when 
coordinatively unsaturated species are involved [ 1221. 

Despite the paucity of data, significant efforts have been made to disclose and 
interpret trends in the energetics of the transition metal-phosphorus(II1) bond, 
particularly by the analysis of the PR3 or P(OR), ligand effects on those bonds. 
Tolman found that the enthalpies of reactions, AH,, involving the cleavage or 
formation of M-P bonds in Ni(0) or Pt(I1) complexes, could be correlated with the 
steric (cone angle, 8; see Sect. 3.1 and Table 1) or electronic (v, x; see Sect. 3.2.2 
and Tables 4 and 5) properties of the phosphorus(II1) ligands (eqn. (35)) 
[46(b),139,141,142,144,145,150]. 

AH,=&+bv+c (35) 

While fair correlations can be obtained by applying eqn. (35) to different reactions, 
large deviations are observed, and Tohnan’s equation cannot be regarded as a reliable 
method for the estimation of AHr. For example, m&inear regression analysis of 
the enthalpies of the reaction 

[trans-F’t( PPhMq),( Me)( thf)] PF,(soln) + L(soln) 

= [cisltrans-Pt( PPhMe2)2( Me)( L)] PF&oln) + thf(soln) (36) 
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(L = PRJ or P(OR)3, Table 7) as a function of Tolman’s 13 (Table 1) and 
v (v/cm -i = 2056.1+ FTx; Table 5) parameters gives eqn. (37) (r = 0.87). The average 
deviation of the enthalpies of reaction; estimated by eqn. (37) from the experimental 
values is ca. 15 kJ mol-‘, but deviations up to ca. 35 kJ mol-‘, as in the case of 
L = (P-o-Tol), , are obtained. 

-AH,(36)/(kJ mol-‘) = -(1.0523 + 0.1543)8 - (0.2870 f 0.4030)~ - 826.3 + 15.8 

(37) 

Giering and co-workers have discussed the enthalpies of a series of reactions, 
including reaction (36), by using a method called “quantitative analysis of ligand 
effects” (QALE) [ 17,441. The main assumptions are summarized below and the 
application of the method is illustrated for reaction (36) [44(b)]. The QALE method 
is still under development and the changes introduced in recent versions will be 
discussed later. (1) It is assumed that the M-P interaction includes contributions 
from d and 7c electronic effects, as well as cr and x steric effects. (2) The B electronic 
contribution is measured by the pK, of PR3H+ [44(b)]. (3) Steric ligand effects are 
represented by Tohuan’s cone angle, 0. It is observed that the onset of steric effects 
occurs abruptly when the size of the ligand exceeds a given value, 8,, (steric threshold). 
(4) A critical point of the QALE analysis is the classification of ligands into classes 
based on their electronic character. Initially [44(b)] three classes of ligand were 
introduced: B donor/x donor (class I), cr donor (class II), and r~ donor/x acceptor 
(class III). These classes were defined, to a first approximation, from the analysis of 
the correlations of formal reduction potentials, E”, for Mn(MeCp)(CO)zL 
(L = phosphine or phosphite) complexes with the pK, of LH+ [44(a)#(b)]. In the 
case of class II (a donor) ligands, E” is linearly related to pK,. Complexes containing 
class III ligands (n acids) are more dil%zult to oxidize than predicted by the correla- 
tion, whereas those containing class I Iigands (n bases) have lower oxidation potentials 
than predicted by the correlation. The deviations observed for class III and class I 
ligands, E, and Enb, respectively, (Table 9) are used as measures of the II interaction 
in the M-P bond. A x electronic threshold, rctr is observed and assigned to the onset 
of phosphorus-metal 7c bonding. (5) The enthalpies of reaction (AH,) can be decom- 
posed into four contributions (eqn. (38)): c electronic (AH,), d steric (A%), ‘II electronic 
(AH,), and n steric (AW,‘). 

AH, = AH, + AH”,’ + AH, + AH; (38) 

(6) The d electronic contribution is a linear function of the pK, values of the 
protonated ligands before and after the steric threshold (eqn. (39)). 

-AH,=apK,+c (39) 

The pK, dependence of AH, is considered to be the same for all classes of l&and, 
regardless of the presence or absence of steric effects. The coethcients a and c in 
eqn. (39) can therefore be obtained; from a linear plot of data for pure (T donor 
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(class II) ligands before the steric threshold. Alternatively, if the data for class II 
ligands are not sufficient to define a correlation, a is determined by multilinear 
regression analysis of data for class I or class III ligands before the steric threshold 
(see below). (7) The rt electronic term, AH,, is given by the deviations of class III or 
class I ligands from eqn. (39) in the absence of steric effects. AH, is linearly related 
to E, (or En,,) before and after the steric thresholds (eqn. (40)). 

-AH, = bE,, + cl (4) 

(8) Steric effects generate deviations of class II ligands from the linear relation (39), 
AH: representing these deviations. A linear plot of AHzt vs. the cone angle 0 generates 
the c steric profile of the reaction (eqn. (41)). 

-AH$=dt’+c, (41) 

If steric effects are important for all the class II ligands, the a and d coefficients are 
derived by multilinear regression analysis of the data (eqn. (42)). 

- dH&Aass II) = -AH, - AHzt = up& + d0 + cg (42) 

AH;=&+c, (43) 

(9) The x steric profile of the reaction (eqn. (43)) is obtained by plotting the deviations, 
Aw,t, of class I or class III ligands from eqn. (40). 

Figure 9 represents a plot of the enthalpy of reaction (36) (L = PR, or P(OR),, 
Table 7) as a function of the pK, values of LH+. In this case, only three class II 
ligands are available for which no steric effects are expected: PMe,, PPh,Me, and 
PPhMe,. The slope, a = 5.71, of the line shown was therefore calculated by multi- 
linear regression analysis of data for the five class III ligands with the smallest 
cone angles (eqn. (44), r = 0.96): P(OCH,),CPr, P(OMe),, P(OEtb, P(OPh),, and 
P(O-i-Pr),). 

-AH,(36)/(kJ mol-‘) = 5.71pK, + 162.88E,, + 60.71 (44) 

While not explicitly indicated in their paper [44(b)], Giering and co-workers have 
assumed that the ply, and E,, of P(OCH,),CPr were the same as for P(OCH2)3CEt 
(pK, = 1.74 and E,, = 0.25 V). The line in Fig. 9 was adjusted to pass through the 
data points for PPhlMe and PPhMe,, which Giering and co-workers found to 
behave consistently as class II ligands [44(b)]. This leads to an ordinate c = 66.93 
and therefore the 0 electronic profile of reaction (36) is given by eqn. (45). 

-AH,(36)/(kJ mol-‘) = 5.71pK, + 66.93 (45) 

Class III ligands with cone angles smaller than 170” lie above the line defined by 
eqn. (45) and class I ligands lie below that line. It should be noted that PMe,, which 
is a class II ligand based on the correlations of formal reduction potentials for 
Mn(MeCp)(CO),L (L = phosphine or phosphite) complexes with the pK, of LH+, 
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PKtY 
Fig. 9. u electronic profile of reaction (36) (see text). 1 = PMe,; 2 = PEt,; 3 = P(t-Bu),; 4 = PPh,; 
5 = P(o-To&; 6 = PCy,; 7 = PBz,; 8 = PPhMe,; 9 = PPh,Me; 10 = P(CH,CH,CN),; 
11 = P(OMe),; 12 = P(OEt),; 13 = P(O-i-Pr)& 14 = P(O-t-B&; 15 = P(OPh),; 16 = P&Lo-Tol),; 
17 = P(O-2,6-C6H,Me,h; 18 = P(O--o-C,H,-LPr),; 19 = P(O-o-C,H,-t-Bu)J; 20 = P(O-o-C,H,Ph),; 
21= P(OCH,hCPr. 

also lies below the line in Fig. 9. Giering and co-workers [44(b)] attributed this 
deviation to the fact that data for manganese complexes were used in the preliminary 
definition of the classes and that by changing the metal to Pt(I1) the classification of 
the ligands is affected. According to these authors, PMe, should be regarded, in this 
case, as a class I ligand. 

The 0 steric profile (Fig. 10) is obtained by plotting the deviations, AH”,‘, of 
bulky class II and class III ligands from the line in Fig. 9 as a function of 8. 
AH: = 0 before the steric threshold, which occurs at 8 2 165”. After the steric thresh- 
old, AHB,’ is given by eqn. 46(b). 

8 d 165” -AH”,‘=0 (46a) 

8 2 165” -AH”,‘/(kJ mol-‘) = -2.5158 + 413.87 (46b) 

Figure 11 represents a plot of the deviations of all class III ligands from eqn. (45). 
The line shown has a slope of 162.88 (see eqn. (44)), and was adjusted to the data 
for ligands without steric effects (P(OCH,),CPr, P(OMe),, P(OEt),, P(OPh),, and 
P(O-i-Pr),) to generate the 71 electronic profile (eqn. (47)). 

-AH, = 0 E,, < 0.038 (47a) 

-AH,/(kJ mol-‘) = 162.88E,, - 6.11 E, > 0.038 (47b) 

The onset of II electronic effects (AH, = 0 kJ mol-‘) occurs when E, = 0.038 V. The 
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Fig. 10. u steric profile of reaction (36) (see text and caption of Fig. 9). 
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Fig. 11. n electronic profile of reaction (36) (see text and caption of Fig. 9). 

K steric profhe (Fig. 12) corresponds to a plot of the deviations of large class III 
ligands from eqn. (47), and is given by eqn. (48). In this case the rc steric profile 
exhibits two steric thresholds, one at 19 = 130” and another at 8 = 169”. Equations 
(4S)-(48) can be used to estimate the enthalpies of reaction (36) for class II and 
class III ligands. Class I phosphines were not considered in the above example 
because only four of these ligands are present and the Enb values needed to determine 
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Fig. 12. n steric profile of reaction (36) (see text and caption of Fig. 9). 

their n electronic profile are not available for PMe, and P(t-Bu), (ref. 44(b) and 
Table 9). 

-AH;=0 8<130 (4ga) 

-AW,‘/(kJ mol-‘) = -0.528 + 64.09 130” < 8 < 169” (4gb) 

- AH:/(kJ mol-‘) = - 3.4398 + 555.79 8 2 169” (48c) 

The QALE method relics on four parameters (AH,, e, AH,, and @), and 
it is therefore not surprising that it reproduces the data for reaction (36) much better 
than eqn. (37). For example, the estimated enthalpy of reaction (36) for P(o-Tel), 
is - 10.5 kJ mol-‘, which represents a deviation of only 2.6 kJ mol-l relative to 
the experimental value (-7.9 kJ mol-‘; Table 7). This result contrasts with the 
35 kJ mol-’ deviation obtained by using eqn. (37). The major problem in applying 
the QALE method to estimate enthalpies of reaction seems to be the definition of a 
general criteria for classification of ligands into classes. For example, as noted above, 
the selection based on the correlation of formal reduction potentials for 
Mn(MeCp)(CO)zL (L = phosphine or phosphite) complexes with the pK, of LH+ 
indicates that PMe, is a class II ligand, but the analysis of reaction (36) suggests 
that it is a class I l&and. Another relevant aspect is the fact that the existence of 
class I (a donor/lc donor) phosphines does not seem to conform to the bonding 
properties of these compounds. These problems were recognized by Giering and 
co-workers who, in the most recent versions of the QALE method, redefined the 
criteria for separation of phosphorus(II1) ligands into classes [17,44(c)]. This led to 
the assimilation of class I ligands into class II (pure Q donor). According to the new 
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TABLE 9 

Electronic parameters of the QALE method for phosphorus(II1) ligands 

Molecule” Xlib &SC 
(m-l) (V 

PCl, 48.00 
PMe, 8.55 
PEt, 6.30 
P(CH#JH&N), 16.79 
P(i-Pr)S 3.45 
PBu, 5.25 
P(i-Bu)s 5.70 
P(t-Bu), 0.00 

PCYJ 1.40 
PPh, 13.25 

PbCsH,I% 15.70 

P(P-GH~C~)S 16.80 

P(P-C,H,CF& 20.2 
P(o-Tel), 9.9 

PbTol), 11.5 

P(@6H,QMe), 10.50 

P(p-GH,NMe& 5.25 
PBz, 10.35 

P(OMe), 16.70 

P(OEt)3 15.51 
P(O-i-Pr), 12.90 

P(OBu)s 15.2 
P(O-t-Bu), 9.3 

P(OPh)s 22.05 
P(O-o-Tel), 20.8 
P(O-&,H,-i-Pr)3 20.1 
P(O-~-C,H,-~-BU)~ 17.2 
P(O--u-CsH4Ph), 20.21 
P(O-2,6-C,HjMe,), 15.3 

P(OMe@, 12.7 

PPh,R 

PPh,H 17.35 
PPhz Cl 24.65 
PPhz Me 12.10 
PPhzEt 11.30 
PPh,(i-Pr) 10.85 
PPh,(t-Bu) 8.95 
PPh&y 9.40 
PPh,Bz 12.30 
PPh,(OMe) 14.82 

0.004 

0.027 

0.07 
0.069 

0.19 
0.155 
0.14 

(0.155) 
0.082 
0.25 
0.24 
0.24 
0.258 
0.24 

(0.24) 
0.109 

0.11 
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TABLE 9 (continued) 

Molecule” Xdb J%8C 
(cm-‘) (V) 

PPh,(OPh) 9.3 (0.129) 
PPh,(o-C,H,OMe) 10.30 

PPhR, 

PPhHz 20.85 
PPhClz 36.4 
PPhMez 10.60 
PPhEt, 9.30 
PPh(t-Bu), 4.95 
PPhCLz 5.55 
PPh(OMe), 15.73 
PPh(OEt), 14.98 
PPh(OPh)z 19.1 (0.193) 
PPh(OMen)l 11.8 0.099 
P(OCH,),CPI 18.39 0.25 

“Bz = benzyl; Cy = cyclohexyl; To1 = tolyl; Men = mdnthyl. 
bData calculated from eqn. (49) (see text and ref. 17). 
‘Data from ref. 44(b). Values in parentheses are estimates. 

criteria [44(c)], for complexes containing pure cr donor ligands a plot of the CO 
stretching frequency (vco) as a function of the formal reduction potential, E”, gives 
a straight line, and complexes containing cr donor/n acceptor ligands deviate 
from this correlation. Note, however, that the need for reference substances is not 
eliminated by this new rule of selection because, for example, in [aans- 
Pt(PPhMe,),(Me)(thf)]PF, there are no carbonyl ligands to enable the determina- 
tion of vco. Another modification introduced in the QALE method is the choice of 
a new parameter, b, to measure the u donation ability of a ligand (Table 9) [17,44(c)]. 
xd is identified with Tohnan’s electronic parameter (x or FTx) for pure IIJ donor ligands 
and is a function of the pK, of PR3H+ and of Tohnan’s cone angle, 0 (eqn. (49)) 

C17,Wc)l. 

b/cm-’ = 27.79 - 1.47pK, - 0.0690 (49) 

According to Giering and co-workers [17,44(c)], Xd is a better measure of the ligand 
TV bonding ability than PK., because the latter depends on the steric properties of 
the ligand while the former does not. Figure 13 shows a plot of the enthalpies of 
reaction (36) as a function of h. The solid line (eqn. (50), r = 0.88) was generated 
by regression of data for all pure u donor ligands with 8 < 136”, for which no steric 
effects are expected (PMe,, PEt,, PPh,, PPhMe,, PPh,Me, and P(CH2CH2CN)3). 
Equation (50) reproduces the data for the above ligands with an average deviation 
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Xd/cm-’ 

Fig. 13. r~ electronic profile of reaction (36) (see text and caption of Fig. 9). 22 = P(i-Pr),. 

of 6 kJ mol-’ and a maximum deviation of 9 kJ mol-’ (in the case of PEt,). If the 
same set of data is correlated with the pK, of PR3H+ instead of &, eqn. (51) 
(I = 0.95) results. 

-AH,/(kJ mol-‘) = -3.345x, + 131.6 (50) 

-AH,/(kJ mol-‘) = 4.378pK, + 70.2 (51) 

This equation reproduces the experimental AH, values with an average deviation of 
5 kJ mol-’ and a maximum deviation of 7 kJ mol-‘. Therefore, at least for reac- 
tion (36), the introduction of xd does not seem to improve the QALE analysis if the 
goal is estimating enthalpies of reaction. Once the e electronic profile of the reaction 
is defined (eqns. (50) or (51)), the calculation of AH:, AH,, and AHit is similar to 
that presented above for the three-class version of the QALE method. 

The bond dissociation enthalpy data in Table 7 show that, in general, for Ti, 
MO, and W complexes D [ M-P(OR),] -C D( M-PR,), while for Ni and Pt complexes, 
D[M-P(OR),] = D(M-PR3) (see also Fig. 14). This conclusion does not seem to be 
significantly affected by the oxidation state of the metal and may reflect the predomi- 
nance of the c bonding over the x back-bonding interaction in early transition metal 
complexes. The above trend is consistent with the decrease of the R-P-R angle and 
the increase of the P-R bond distance observed by Orpen and co-workers [16(b)] 
for those complexes and referred in Sect. 2. 

It is also indicated by the data in Tables 7 and 8 that D(M-PR,) and 
D[M-P(ORh] decrease along the series R = Me, Et, Bu and that the M-P bond 
dissociation enthalpies increase on descending a metal group. 
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Fig. 14. Trends of several metal-phosphine and metal-phosphite bond dissociation enthalpies. An arbi- 
trary value was assigned to the highest value for each family so that comparisons between two series of 

complexes cannot be made in the figure. The bar at the bottom represents 2 kJ mol-’ for the tungsten 

family and 1 kJ mol -’ for all the others. 
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As mentioned at the beginning of Sect. 4, the effect of the nature of the 
phosphine or phosphite on the energetics of other metal-ligand bonds is only briefly 
covered in the present review. The available information on this important topic is 
scarce: for example, there are very few studies where the systematics of 
metal-hydrogen or metal-carbon bond dissociation enthalpies have been examined 
for a series of phosphorus(II1) ligands. In the case of metal-carbon 0 bonds, most 
of the available data has been collected elsewhere [ 1171, including a set of interesting 
results by Geno and Halpern [ 1641 who measured the activation enthalpies for 
co-c homolysis in complexes Co(dmg),(L)Bz and Co(oep)( L)Bz 
(Hdmg = dimethylglyoxime; oep = octaethylporphyrin; L = PBu,, PPh,, PCyJ, 
PMe,Ph, and PPh,Et). Under the assumption that the activation enthalpies for the 
radical recombination reactions are small (ca. 8 kJ mol-‘), the authors derived the 
Co-Bz bond dissociation enthalpy for each case and plotted these data against 
Tolman’s cone angles and the pK, values for the phosphines. In the case of the 
dimethylglyoxime complexes, an approximate linear decrease of D(Co-Bz) with f3 
was observed, but no correlation with pK, was apparent. By contrast, the linear 
correlation involving the data for the octaethylporphyrin complexes was only ob- 
served by plotting D(Co-Bz) against pK,. The steric congestion in Co(dmg),(L)Bz 
complexes is probably responsible for the fact that D(Co-Bz) values are determined 
by the bulkiness of the phosphine, whereas in the less sterically congested 
Co(oep)(L)Bz complexes, they depend mainly on the basicity of the phosphines 
(higher pK, values correspond to stronger cobalt+arbon bonds). 

Most of the available examples regarding the influence of phosphorus ligands 
on metal-hydrogen bond dissociation enthalpies have also been collected elsewhere 
[ 1171, and many involve Vaska-type complexes, Ir(X)(CO)(L),H, (X = Cl, Br, I; 
L = phosphine or phosphite). The main conclusion obtained from the data is that 
the nature of the phosphine or phosphite seems to have a small effect on 
iridium-hydrogen mean bond dissociation enthalpy. For example, in the series of 
complexes with X = Cl and L = P(i-Pr),, PPh,, PCy,, PBz,, P(Tol),, PPh,Bu, and 
P(OPh),, @Ir-H) varies in the range 240-251 kJ mall’. A similar conclusion is 
drawn from a recent study by Tilset and Parker [ 1651, who used an electrochemical 
method to investigate the energetics of metal-hydrogen bonds in several Cr, MO, 
W, Mn, Re, Fe, Ru, and Co carbonyl complexes. In the compounds Co(CO),(L)H, 
for example, D(Co-H) is 278,272, and 273 kJ mol-‘, respectively, for L = CO, PPh,, 
and P(OPh),. The approximate constancy of metal-hydrogen bond dissociation 
enthalpies is also supported by reaction-solution calorimetry results by Hoff and 
co-workers [ 1661: in the series of complexes Cr(Cp)(CO),(L)H, D(Cr-H) is 257, 250, 
251, and 262 kJ mall ‘, respectively, for L = CO, PPh,, PEt,, and P(OMe),. 

Angelici and co-workers [ 1671 observed that the enthalpies of protonation of 
Ir(Cp)(CO)PR, and Fe(CO),( PR,), (PR, = phosphine) complexes in 1,2-dichloro- 
ethane become more exothermic as the basicity of the phosphine increases. In the 
case of the Fe complexes, for example, the enthalpy of protonation changes by 
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-38 kJ mol-’ when PPh, (pK, = 2.73) is replaced by PMe, (pK, = 8.65). This trend 
corresponds to an increase in the basicity of the metal in these complexes with the 
increase of the phosphine basicity. In contrast, the enthalpies of protonation of 
Fe(C0)3[PhlP(CH,),PPh,] (n = l-4) complexes in 1,Zdichloroethane become less 
exothermic by about 16 kJ mol-’ when the chelate ring size increases from n = 1 to 4, 
which corresponds to an increase of the phosphine basicity [ 1683. The reversed trend 
observed for the bidentate phosphines was attributed by the authors to the distortions 
associated to the formation of the chelate ring. 

The effect of the nature of the phosphorus ligands on the energetics of other 
bonds, such as metal-metal, metal-halogen, metal-oxygen, and metal-acyl, can 
also be found in the literature [ 169,170]. Whenever possible, these data have been 
rationalized on the basis of electronic and steric properties of the phosphorus ligands 
by using methods similar to those described in the present survey. 

5. ADDENDUM 

Some relevant articles came to our attention after this review had been submit- 
ted. Ab initio molecular orbital calculations using model compounds of the type 
Pd(PX3), Pd(L)(PX,), and Pd(CO),(PX,) (L = CO or NH,; X = H, F, Me, and 
OMe) [171] indicate that all the phosphine ligands considered are good cr donors, 
with PF, being a moderately weaker base than PMe,. This suggests that the pK, 
and the proton affinity are not reliable measures of the 0 basicity in zero-valent 
transition metal complexes. In contrast to the small variation in cr basicity, the R 
acidity increases markedly along the series PMe, < PH, < P(OMe), < PFJ. The 
authors also conclude that the phosphorus 3d orbitals are not directly involved in 
the charge transfer from the metal. They are, however, essential for the correct 
description of the M-P bond, combining with the P-X G* orbitals to form hybridized 
orbitals which are better suited for rc back-bonding than the P-X c* orbitals alone. 
For example, the z acidity of PHJ and PMe, is considerably reduced when the 
phosphorus d orbitals are neglected in the calculations. This conclusion is in keeping 
with the results of previous theoretical studies [6,7]. 

Although we have not tried to make a comprehensive review of the methods 
of estimating the steric requirements of ligands, it is worth mentioning that the 
so-called “ligand repulsive energy parameter”, E,, was recently introduced as a new 
measure of the steric demands of ligands [ 1721. Values of ER have been tabulated 
for a considerable number of phosphines and phosphites [ 1721. The ER values 
correlate moderately well with Tolman’s cone angle. 

Reaction-solution calorimetric data for reactions involving the replacement of 
benzene in M(C6Hs)(C0)3 complexes (M = Cr, MO, and W), by a series of phosphines 
and phosphites show, as expected, an increase in D( M-P) on descending a transition 
metal group [ 1733. 
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Finally, the reactions in thf 

Fe(BDA)(CO),(soln) + 2L(soln) = trans-Fe(CO),L,(soln) + BDA(soln) 

(BDA = benzylideneacetone; L = PPh,, PPhlMe, PPhMe,, PMe,, PBu3, and PEt3) 
have been studied by reaction-solution calorimetry [ 1741. The measured enthalpies 
give a good linear correlation with the carbonyl stretching frequencies in the 
trans-Fe(CO),Lz complexes (more exothermic reactions correspond to smaller vco). 
As those reaction enthalpies reflect the difference D(Fe-BDA)-2@Fe-L), the ob- 
served correlation indicates that the Fe-phosphorus bond dissociation enthalpies 
increase with the basicity of the phosphine. 

ACKNOWLEDGEMENTS 

We thank Dr. Joaquim Marcalo (INETI, Sacavem, Portugal), Prof. 
Joel F. Liebman (University of Maryland, Baltimore, USA), and Dr. Geoffrey Pilcher 
(University of Manchester, UK) for helpful discussions. Financial support from Junta 
National de Investigacgo Cientifica e Tecnologica (Project PMCT/C/CEN/42/90) is 
gratefully acknowledged. 

APPENDIX. AUXILIARY THERMOMECHANICAL DATA 

Compound A@(clllg) 
(kJ mol-‘) 

Ref. 

COZ? g 
H,O, 1 
H,Oz, 1 
NaF, aq 
NaOH: 112H,O, aq 
HF, is 
HCl, g 
HCl: 1000H20, aq 
HCl:2OOOH,O, aq 
HCl: 2638H20, aq 
HCl:2825H20, aq 
HC1:6150Hz0, aq 
Br,, aq 
HBr, g 
HBr:2OOOH,O, aq 
HBr: 3000Hz0, aq 
HI, g 
HI:3OOH,O, aq 
HCN, ao 

PF,, g 
P,Hlo, am 
H,P% aq 

-393.51 + 0.13 
- 285.830 f 0.040 
- 187.86 
- 575.69 _+ 0.65 
- 469.647 
- 273.30 + 0.70 

-93.31 + 0.10 
- 166.653 + 0.004 
- 166.770 f 0.004 
- 166.808 f 0.004 
- 166.819 _t 0.004 
- 166.900 If: 0.004 

- 2.594 &- 0.042 
- 36.32 f 0.16 

- 121.215 f 0.004 
- 121.265 + 0.004 

26.50 f 0.10 
- 56.379 f 0.0017 
107.1 

- 1593.590 + 0.895 
-3041.77 
-958.771 + 1.787 

175 
175 
140 
175 
140 
175 
175 
107 
107 
107 
107 
107 
107 
175 
107 
107 
175 
107 
140 
107 
140 
107 
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HJPG,, c - 1285.981 f 1.368 107 
H,P0,:40Hz0, aq - 1295.443 f 1.046 107 
H,P0,:4000Hz0, aq - 1299.210 f 1.046 107 
HsPO,: 5000H20, aq - 1299.424 + 1.046 107 
HsPO,: 1000OHzO, aq - 1300.323 k 1.046 107 
H.,PzO,, c - 2248.458 & 3.464 107 
SOCl,, 1 - 245.6 &- 4.2 108 
SO*C12, 1 - 394.1 f 4.2 108 
CHd> g - 74.5 + 0.4 129 
CzHs, g - 83.8 * 0.4 129 
C~HIO, g - 125.6 f 0.7 129 
CsHs, 1 49.0 f 0.6 129 
CSH14r 1 - 198.7 + 0.8 129 
MeOH, 1 -239.1 & 0.3 129 
EtOH, 1 - 277.5 + 0.4 129 
PrOH, 1 - 302.6 k 0.5 129 
i-PrOH, 1 -318.1 + 0.5 129 
BuOH, 1 - 327.3 k 0.4 129 
i-BuOH, 1 - 334.7 * 0.9 129 
PhOH, c - 165.1 rf: 0.8 129 
EtsN, 1 - 127.7 f 0.6 129 
Et,NHCl, c - 379.7 f 1.0 129 
Et2NH, 1 - 103.7 f 1.2 129 
Et,NH,Cl, c - 358.6 + 1.4 129 
Me,PhN, 1 47.7 + 3.2 129 
Me,PhNHCl, c - 151.0 f 3.8 129 
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