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Density functional calculations have been carried out to model various pathways for F/Ph exchange in
[RhF(PPh3)3]. Calculations on the full experimental system showed this process to occur via a novel
pathway involving initial attack of fluoride on phosphine. This results in the formation of a
metallophosphorane intermediate featuring a 5-coordinate phosphorus center. From this species P-Ph
activation is very facile and leads to the F/Ph-exchanged product,cis-[RhPh(PPh3)2(PFPh2)]. The computed
activation energy of 22.3 kcal/mol is in excellent agreement with the experimental value. Alternative
pathways based on initial Ph group transfer are significantly higher in energy. A key factor favoring the
metallophosphorane route is the reduction in coordination number at the metal center that occurs in the
initial fluoride transfer step; in contrast Ph group transfer creates a more sterically encumbered metal
center. The metallophosphorane pathway indicates that “hard” donor species such as fluoride can induce
facile P-C bond activation. This novel mechanism of phosphine ligand disruption may have general
significance for the stability of transition metal-phosphine complexes in the presence of such species.

The use of phosphines in transition metal catalysis is usually
founded on their acting as essentially innocent “spectators” while
at the same time conferring a specific electronic, steric, or chiral
environment on the metal center. Any process that compromises
phosphine ligand structure is therefore usually highly undesir-
able. Such processes include the well-known orthometalation1

and P-C bond cleavage reactions.2 While orthometalation is
often a reversible process and so may have a limited effect on
catalysis, P-C bond cleavage, in contrast, can be highly
damaging as it often leads to the formation of phosphido-bridged
higher nuclearity species which exhibit reduced catalytic activity.
Closely related to P-C bond cleavage are P-R/X exchange
reactions.3 In this case a phosphine substituent (R) aryl, alkyl)
is replaced by another group, X (X) aryl,4 alkyl,5 NR2,6 OR,7-9

F10). A phosphine ligand is therefore retained but now in a
modified form as PR2X. Such processes have been exploited
in synthesis, most notably those involving aryl/aryl exchange.4a,c,d,f

More generally, however, the alteration in the bonding character
of the phosphine can have a detrimental effect on catalyst
activity. Moreover, there are many examples in metal-mediated
coupling reactions where P-Ph/X exchange leads to the
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formation of undesirable side products, especially when X is
another aryl group.4g,11

One particularly clear example of P-Ph/F exchange has been
observed in [RhF(PPh3)3], 1, the characterization of which was
recently reported by Grushin and Marshall.12 Upon heating of
1 in chlorobenzene a remarkable process involving Rh-F, P-C,
and C-Cl bond cleavage and P-F, P-C, and C-C bond
formation occurs to givetrans-[RhCl(PPh3)2(PFPh2)], 4, and
biphenyl (Scheme 1). Subsequent mechanistic studies demon-
strated that the novel reactivity of [RhF(PPh3)3] is initiated by
an F/Ph exchange process to givecis-[RhPh(PPh3)2(PPh2F)],
cis-2.13 cis-2 is sufficiently electron-rich to activate chloroben-
zene to givecis,cis-[RhCl(Ph)2(PPh3)2(PPh2F)], 3, from which
reductive elimination releases biphenyl and4. Kinetic studies
revealed that the1 to cis-2 interconversion is a reversible
intramolecular process, independent of PPh3 concentration, with
∆Hq ) 22.0 ( 1.2 kcal/mol and∆Sq ) -10.0 ( 3.7 eu. All
this behavior is in sharp contrast to that exhibited under similar
conditions by the chloro analogue, [RhCl(PPh3)3] (Wilkinson’s
catalyst), where precipitation of the chloro-bridged dimer [Rh2-
(µ-Cl)2(PPh3)4] formed via PPh3 dissociation is observed.14

A range of mechanisms has been put forward for P-R/X
exchanges of the type exemplified by the1 to cis-2 intercon-
version. These differ most fundamentally in the order of the
transfer events (see Scheme 2). In pathway 1 exchange is
initiated by attack of X at P (either intramolecularly, as shown,
or externally). This is followed by R group transfer to M. The
P-R/X exchange process may in principle be concerted (A),
involve a metallophosphorane intermediate,15 (B) or may involve
the formation of a phosphonium salt (C). Experimental prece-
dent is available for both intermediatesB and C: Riess has
characterized a metallophosphorane intermediate in a P-Ph/
NR2 exchange process on Fe,6a while phosphonium salts are
implicated in P-aryl/aryl exchange processes on Pd.4b-g In
pathway 2 exchange is initiated by P-C bond activation with
R group transfer to M. This formal oxidative addition results
in phosphido species (D) from which P-X bond-forming
reductive elimination completes the P-R/X exchange.

In our previous study of [RhF(PPh3)3], we employed density
functional (DF) calculations on a small model system,

[RhF(PH3)2(PH2Ph)],1′, to assess possible mechanisms for the
F/Ph exchange reaction.13 These were based on the two general
processes outlined in Scheme 2, and within each pathway two
variations were seen (see Scheme 3). Along pathway 1, the
formation of a metallophosphorane species via initial F transfer
to phosphine was found. This process could occur either with
(pathway 1a) or without (pathway 1b) the concomitant move-
ment of a second phosphine ligand, such that the [PFPh3]-

phosphoranide ligand formed is either trans or cis to the vacant
site respectively. Along pathway 2, Rh-phosphido species were
located via initial Ph to Rh transfer, a process that could occur
either from a cis (pathway 2a) or trans (pathway 2b) phosphine.
Formal P-F reductive elimination then completed F/Ph ex-
change, with both pathways 2a and 2b leading directly tocis-
2. These calculations on the small [RhF(PH3)2(PH2Ph)] model
system showed three of the four possible mechanisms had very
similar computed activation energies of around 31 kcal/mol with
only pathway 1b, with an activation energy of 37 kcal/mol, lying
to significantly higher energy. Thus, these calculations were
inconclusive in terms of defining which of pathway 1 or 2 was
the more likely mechanism for P-Ph/F exchange in1. In
addition, the computed activation energies were all significantly
higher than the experimental activation enthalpy of 22.0( 1.2
kcal/mol.

In this paper we have extended our computational studies to
the full [RhF(PPh3)3] complex to discriminate between the
various mechanistic possibilities presented by pathways 1 and
2. We show that the introduction of the PPh3 ligands produces
a clear preference for F/Ph exchange via the metallophosphorane
structure of pathway 1a. In addition, the comparison of pathways
1 and 2 provides the opportunity for a reassessment of the P-Ph
bond cleavage reaction. To our knowledge this fundamental
process has been the subject of only one previous computational
study. In this study, Hoffmann and co-workers employed
extended Hu¨ckel calculations on model species of the type
[Pd(H)3(PH2R)]- (R ) Me, Ph)16 to assess the ease of R group
transfer from P to Pd. This process was shown to be more facile
for R ) Ph compared to Me, but while the comparison of
relative barriers for this process is reasonable, it is likely that
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the absolute computed barriers are unreliable.17 The present work
therefore provides a high-level study of the fundamental P-Ph
bond cleavage step and establishes that for1 P-Ph activation
via Ph group transfer from P to Rh is disfavored over a more
accessible pathway involving a metallophosphorane intermedi-
ate. Our study suggests that the presence of “hard” donor species
such as fluoride in1 may induce P-C bond activation by attack
at phosphorus. It also adds to the growing list of examples where
metallophosphoranes play an important role as intermediates
in transition metal chemistry.6a,15,18

Computational Details

To study the large [RhF(PPh3)3] system we have employed a
combination of hybrid DF/Hartree-Fock and full DF calculations,
and all geometries were optimized and characterized at the former
level using the ONIOM scheme within Gaussian 03.19 In this
approach the full [RhF(PPh3)3] molecule is effectively divided into
layers that are described at different levels of theory. In the present
case a reactive [RhF(PH3)2(PH2Ph)] core was defined and computed
with the BP86 functional. For this layer Rh and P were described
using the Stuttgart RECPs and the associated basis sets20 with
d-orbital polarization added for P (ú ) 0.387).21 6-31G** basis
sets were used for C, F, and H atoms.22 Within the ONIOM
approach lower level Hartree-Fock calculations are required for
both the full [RhF(PPh3)3] model and the [RhF(PH3)2(PH2Ph)] small
core model, and these used the LANL2DZ pseudopotentials23 and
basis sets for Rh and P (retaining the same d-orbital polarization
on P as above), while C, F, and H atoms were described with the
6-31G basis set. All stationary points were fully characterized at

the BP86/HF level via analytical frequency calculations as either
minima (all positive eigenvalues) or transition states (one imaginary
eigenvalue). Calculations were based on the published molecular
structures of112 andcis-2,13 although for all other stationary points
the existence of alternative conformations was checked through the
“scan” facility in the TINKER molecular mechanics program.24 As
IRC calculations are not available in Gaussian 03 for hybrid
calculations, transition states were further characterized by displac-
ing the geometry in such a way to mimic the unique imaginary
frequency and then allowing these structures to relax to the adjacent
local minima. The inclusion of zero-point energies and temperature
effects was found to have only a minor effect on the key activation
barriers, reducing all of these by between 1 and 1.5 kcal/mol at the
BP86/HF level. Likewise entropic effects (298.15 K) were minimal
with the exception of steps in pathways 2a and 2b involving
phosphine dissociation (see text). The energies of all stationary
points generated with the BP86/HF calculations were then recal-
culated with the BP86 functional, employing LANL2DZ pseudo-
potentials and basis sets for Rh and P (the latter with polarization)
and 6-31G** basis sets on C, F, and H. These single point full DF
energies are reported in the text. Calculations to assess the effects
of solvation were performed using the polarized continuum model
(PCM) approach25 (benzene,ε ) 2.24), and these showed the
relative energies of the key transition states to be changed by less
than 0.5 kcal/mol.

(17) Indeed, a barrier of only 1.8 kcal/mol for Ph group transfer in
[PdH3(PH2Ph)]- model was reported. However, this figure is relative to a
[PdH3(PH2Ph)]- reactant in which the PH-2Ph ligand has a highly distorted
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Scheme 3

Figure 1. Computed geometries (Å) for [RhF(PPh3)3] (1) andcis-
Rh(PPh3)2(PPh2F)Ph (cis-2). Equivalent experimental values12,13are
given in parentheses.
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Results

To test the performance of the hybrid DFT/HF approach, the
computed geometries of1 andcis-2 were compared with those
determined crystallographically (see Figure 1).12,13 The Rh-F
(1) and Rh-Ph (cis-2) distances are well reproduced, as are
the trends in Rh-P distances, with a shorter bond trans to
fluoride in 1 and a longer Rh-P distance trans to Ph incis-2,
which also features a shorter Rh-PPh2F bond. The Rh-P
distances are, however, all somewhat overestimated by between
0.03 and 0.1 Å. This does not appear to reflect the BP86/HF
methodology employed, as test calculations at the full DF theory
level (BP86) did not show any significant change in the Rh-P
distances. Moreover, a BP86/HF calculation on1 where all Rh-
ligand distances were fixed at their values determined experi-
mentally gave a result only 1 kcal/mol higher in energy than
the fully optimized structure. It appears therefore that the Rh-P
bonds in1 andcis-2 (and related structures) are associated with
a rather soft potential and that their elongation in the calculations
will not contribute to a significant energetic error.

F/Ph Exchange via Metallophosphorane Species. Pathway
1a. The computed reaction profile for pathway 1a is presented
in Figure 2, along with the associated atom numbering scheme.
The initial transfer of fluoride onto a cis phosphine is ac-
companied by rotation about the Rh-P1 bond to give a transition
state (TS1-I1a, E ) +22.3 kcal/mol) featuring a 5-coordinate
trigonal bipyramidal phosphorus center where fluoride and one
phenyl group occupy the axial positions (F-P1-Rh-P2 )
84.1°). In addition, a rearrangement of the metal coordination
geometry also occurs with the P1-Rh-P3 angle narrowing from
160° in 1 to 110° in TS1-I1a. TS1-I1a links to an intermediate,
I1a (E ) +19.3 kcal/mol), which retains an intact [PFPh3]
phosphoranide ligand but also features two short Rh-C
distances (Rh-C1 ) 2.21 Å; Rh-C2 ) 2.24 Å). This indicates
a degree ofη2-alkene interaction between Rh and the phenyl
group, and this is supported by an elongation of the C1-C2

distance to 1.46 Å. Completion of F/Ph exchange requires
transfer of the phenyl group to Rh; however, a transition state
for this process could not be located directly fromI1a. Instead
an additional process corresponding to rotation about the Rh-

P1 bond was characterized, during which the phosphoranide
ligand moves from a relatively upright orientation inInt1a (F-
P1-Rh-P2 ) 70.4°) through a transition state (E ) +19.3 kcal/
mol; F-P1-Rh-P2 ) 59.0°; not shown in Figure 2) to a new
intermediateI1b (E ) +15.0 kcal/mol; F-P1-Rh-P2 ) 27.9°).
This process also results in the P1-Rh-P3 angle opening up to
146° creating a vacant site cis to the phosphoranide into which
phenyl group transfer can take place. This final transfer occurs
with virtually no barrier viaTSI1b-2 (E ) +15.0 kcal/mol) to
give the F/Ph exchange product,cis-2.

Pathway 1b.This alternative pathway was found to involve
a single transition state,TS1-cis-2 (E ) +27.5 kcal/mol), which
directly links 1 and cis-2 (see Figure 3).TS1-cis-2 exhibits a
metallophosphorane structure and is formed from1 in a similar
fashion toTS1-I1a above, except that in this case no isomer-
ization of the coordination geometry around Rh occurs (P1-
Rh-P3 is only slightly reduced from 160° in 1 to 151° in
TS1-cis-2).

F/Ph Exchange via Rh(III)-Phosphido Species. Pathway
2a. Initial Ph group transfer from one of thecis-phosphine
ligands in1 to the Rh center entails an activation barrier of
33.3 kcal/mol (see Figure 4). In the transition state for this
process,TS1-I2a, the participating phosphine ligand has rotated
to present one Ph group toward the metal, with the remaining

Figure 2. Computed reaction profile (kcal/mol) for F/Ph exchange in [RhF(PPh3)3] (1) via pathway 1a with key distances given in Å.
Spectator phenyl substituents are truncated at the ipso carbon, and hydrogen atoms are omitted for clarity.

Figure 3. Computed structure ofTS1-cis-2 for F/Ph Exchange in
[RhF(PPh3)3] (1) via pathway 1b. Key distances given in Å.
Spectator phenyl substituents are truncated at the ipso carbon, and
hydrogen atoms are omitted for clarity.
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PPh2 moiety being staggered with respect to the forming
Rh‚‚‚C1 bond. This arrangement is common to all the P-C
activation (and the subsequent P-F bond forming) processes
discussed here. During Ph group transfer a significant lengthen-
ing of thetrans-Rh-P3 bond is computed to 2.43 Å inTS1-I2a,
and this further increases to 2.89 Å in the initial intermediate
formed (I2a, E ) +22.7 kcal/mol).I2a is therefore best thought
of as a 14e Rh(III) phosphido species with a loosely associated
PPh3 ligand. The d6 [Rh(F)(Ph)(PPh2)(PPh3)] moiety in I2a
adopts a butterfly structure with axial F and PPh3 ligands and
a tight equatorial P1-Rh-C1 angle of 96°. Similarly distorted
geometries have been observed in the isoelectronic species [M(It-
Bu′)2]+ (M ) Rh, Ir, where ItBu′ represents the cyclometallated

1,3-bis(tert-butyl)imidazol-2-ylidene ligand)26 and [Ru(Ph)(CO)-
(PtBu2Me)2]+.27

To complete Ph/F exchange fromI2a, a P-F bond-forming
step is required and a transition state for this formal reductive
elimination was located (TSI2b-I3, E ) +34.3 kcal/mol).
Characterization ofTSI2b-I3, however, indicated that it does not
derive directly fromI2a but from a new intermediate,I2b (E
) +25.4 kcal/mol), in which the PPh2 ligand is staggered with
respect to the Rh-F bond and one PPh3 ligand has now
completely dissociated (Rh‚‚‚P3 > 4.5 Å). I2b is a rotamer of

(26) Scott, N. M.; Dorta, R.; Stevens, E. D.; Correa, A.; Cavallo, L.;
Nolan, S. P.J. Am. Chem. Soc. 2005, 127, 3516.

(27) Huang, D.; Streib, W. E.; Eisenstein, O.; Caulton, K. G.Angew.
Chem., Int. Ed. Engl.1997, 36, 2004.

Figure 4. Computed reaction profile (kcal/mol) for F/Ph exchange in [RhF(PPh3)3] (1) via pathway 2a with key distances given in Å.
Spectator phenyl substituents are truncated at the ipso carbon, and all hydrogen atoms are omitted for clarity.

Figure 5. Computed reaction profile (kcal/mol) for F/Ph exchange in [RhF(PPh3)3] (1) via pathway 2b with key distances given in Å.
Spectator phenyl substituents are truncated at the ipso carbon, and all hydrogen atoms are omitted for clarity.

[RhF(PPh3)3]/[RhPh(PPh3)2(PFPh2)] InterconVersion Organometallics, Vol. 26, No. 5, 20071147



I2a, and the reorientation of the PPh2 ligand appears sufficient
to cause complete phosphine dissociation, although this process
linking I2a to I2b was not studied further. The presence of the
dissociated PPh3 ligand in the calculations was necessary,
however, to locateTSI2b-I3, as reaction profiles in its absence
simply rose to very high energies without passing through any
energy maximum. The P-F bond-forming step is therefore a
ligand-assisted process in which the Rh-P3 distance shortens
to 2.48 Å in TSI2b-I3. This species also features a significant
lengthening of both the Rh-P1 and Rh-F bonds such that P-F
bond formation results in dissociation of the newly formed
PFPh2 ligand. The remaining species, 14e [RhPh(PPh3)2], I3
(E ) +26.8 kcal/mol, including free PFPh2), is stabilized by
an agostic interaction with oneo-C-H bond of the Ph ligand.
Addition of PFPh2 to I3 will lead to the F/Ph exchange product,
cis-2, although this ligand addition process was not studied in
any more detail.

Pathway 2b. In this process, initial P-C bond cleavage
occurs from the phosphine ligand trans to F in1. This process
is characterized by a shortening of the Rh‚‚‚C1 distance and
movement of the PPh2 moiety into an axial position in the
eventual 5-coordinate intermediate formed,I4a (see Figure 5).

I4a is a stable square-pyramidal species and contrasts to the
intermediatesI2a/b located along pathway 2a where PPh3

dissociation was seen. As in pathway 2a, rotation about the Rh-
PPh2 bond is required to orient the phosphido ligand inI4a for
P-F bond formation. From this new rotamer (I4b, E ) +14.7
kcal/mol) P-F bond formation occurs viaTSI4b-I5 with an
activation barrier of 6.5 kcal/mol, only slightly lower than the
8.9 kcal/mol computed for the equivalent step along pathway
2a. Consideration of the geometry ofTSI4b-I5 might suggest
that the product of P-F bond formation would be the trans
isomer of2; however, instead an unexpected intermediate,I5
(E ) +10.8 kcal/mol), was located.I5 exhibits an unusual
trigonal geometry, related to a trigonal bipyramidal with Ph in
one axial site but with the other axial position being vacant.
Pathways linkingI5 to bothcis- andtrans-2 were subsequently
located with minimal activation barriers in both cases. This is
illustrated in Figure 5 for the formation oftrans-2; full details
of TSI5-cis-2 are given in the Supporting Information.

It is interesting to note thatI5 is actually an intermediate in
the cis-trans isomerization of2. This process has been fully
characterized by the present calculations and is closely related
to the textbook square-planar-tetrahedral-square-planar mech-
anism.28 Indeed, another view ofI5 could be as a flattened
tetrahedron (the C1-Rh-P angles average 98°), and its location
as a local minimum may reflect the strong trans influence of
the Ph ligand. The cis-trans isomerization of2 via I5 occurs
with a rather low computed activation barrier of only 14.2 kcal/
mol relative to the more stable cis isomer.

Discussion

The computed total activation energies for the four F/Ph
exchange pathways are summarized in Table 1, where com-
parison is also made with the equivalent data from our previous
study of the smaller model [RhF(PH3)2(PH2Ph)],1′.13 The results
for the full model system clearly indicate the most accessible
mechanism is via pathway 1a. Moreover, the computed activa-
tion energy along pathway 1a is in excellent agreement with
the experimental activation enthalpy of 22.0( 1.2 kcal/mol.
Use of the full PPh3 ligands is vital in obtaining this agreement,

as it causes a significant reduction in activation energy for both
metallophosphorane pathways, by about 10 kcal/mol. This is
the key factor that differentiates pathway 1a from pathways 2a
and 2b, as the decrease in activation energy along pathway 1a
is reinforced by smaller increases along pathways 2a and 2b
when the full model is employed.

The key transition state along pathway 1a,TS1-I1a, features
a metallophosphorane structure, and its formation involves a
reorganization of the metal coordination geometry such that the
[PFPh3] phosphoranide moiety is placed trans to the vacant site.
This is consistent with [PFPh3] having a larger trans influence
than PPh3, and indeed, the alternative metallophosphorane
transition state along pathway 1b,TS1-cis-2, where PPh3 is trans
to the vacant site, is 5 kcal/mol less stable. Along pathway 1a
two metallophosphorane intermediates,I1a and I1b, were
located. However, the negligible barriers involved in their
subsequent conversion tocis-2 means that such species are
unlikely ever to be isolatable. Stable metallophosphoranes
generally feature electronegative substituents at phosphorus.15

Examples of metallophosphoranes bearing aryl substituents have,
however, been reported by Riess6aand Miyamoto,18cand in both
cases, the transfer of an aryl group from phosphorus to metal
appears to be facile, especially once a vacant site is created at
the metal center. It is therefore not surprising that Ph transfer
occurs so readily inI1b as it features a cis vacant site at Rh.
This in turn suggests that blocking any available coordination
sites may provide a means to stabilize metallophosphorane
intermediates. In the absence of such stabilization, pathway 1a
is probably best described as a concerted process in which F
attack at P induces Ph transfer to Rh (cf. structureA in Scheme
2). This description certainly applies to pathway 1b where no
metallophosphorane intermediates were located.

The reasons for the reduction in activation energies associated
with the metallophosphorane pathways for1 as compared to1′
are not clear. Our computational approach means that both the
electronic and steric effects of the Ph substituents in1 are taken
into account. On the basis of Tolman’s electronic parameter,
PPh3 is expected to be somewhat more electron-rich than PH3.29

Therefore, intramolecular nucleophilic attack of F on PPh3 in 1
might be expected to be less easy than on PH2Ph in1′. In fact
the calculations indicate the reverse to be true. One possible
important difference in the structures of1 and 1′ is a slight
lengthening of the Rh-F bond, from 2.01 to 2.05 Å: the
weakening of the Rh-F interaction that this implies may
facilitate the key F to P transfer steps along pathways 1a and
1b. Alternatively, it may simply be that the inclusion of the
full steric bulk of the PPh3 ligands favors the reduction in metal
coordination number that occurs when 3-coordinate structures
such as the metallophosphorane-likeTS1-I1a andTS1-cis-2 are
formed.

(28) Atwood, J. D.Inorganic and Organometallic Reaction Mechanisms;
Wiley-VCH: New York, 1997. (29) Tolman, C. A.Chem. ReV. 1977, 77, 313.

Table 1. Computed Activation Energies (kcal/mol) for F/Ph
Exchange via Pathways 1a and 1b and Pathways 2a and 2b

in 1 and cis-1′13,a

computed tot. activation energies (kcal/ mol)

pathway [RhF(PPh3)3] (1) [RhF(PH3)2(PH2Ph)] (1′)

1a (F to P transfer) 22.3 31.8
1b (F to P transfer) 27.5 37.3
2a (P-F formation) 34.3 32.3
2b (P-C activation) 34.9 31.7

a For each pathway the nature of the highest energy transition state is
indicated in parentheses.
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Pathways 2a and 2b are based on initial P-C activation via
Ph group transfer to give Rh-phosphido intermediates and for
the full model system both are considerably less accessible than
either metallophosphorane pathway. Pathways 2a and 2b each
have similar total activation barriers of around 34 kcal/mol,
although the nature of the high point along each differs (P-F
formation along pathway 2a and P-C activation along pathway
2b). In addition to its high activation energy, pathway 2a also
features two phosphine dissociation steps which suggest it
cannot be operative for F/Ph exchange in1. The loss of PPh3
after P-C activation would be inconsistent with the experi-
mental kinetics of F/Ph exchange which showed no dependence
on PPh3 concentration. Moreover, the dissociation of PFPh2 after
P-F bond formation might be expected at higher PPh3

concentration to result in the direct formation of some [RhPh-
(PPh3)3] and free PFPh2, as the two phosphines compete for
binding to the metal center in intermediateI3.

To investigate the factors controlling the total activation
energies along pathways 2a and 2b it is instructive to consider
the individual P-C activation and P-F forming steps involved.
The relevant data for both1 and 1′ are collected in Table 2,
and this also gives us the opportunity to assess the energetics
of these two fundamental processes. For1′ P-C activation is
more accessible when the PH2Ph ligand is cis (Ea ) 24.7 kcal/
mol) rather than trans to fluoride (Ea ) 30.0 kcal/mol). In the
full model system both activation energies increase; however,
this effect is greater for pathway 2a with the net result that very
similar activation energies are computed for thecis- or trans-
P-C activation steps. The electronic effect of introducing all
the Ph groups in going from1′ to 1 would be expected to be
similar for both these processes. Therefore, the destabilization
of the P-C activation transition states computed with1 is
apparently a steric effect, reflecting the fact that this process
entails the system moving from 4- toward 5-coordinate. The
greater destabilization for P-C activation along pathway 2a is
probably due to the “fac” arrangement of bulky PPh3 and PPh2
ligands inTS1-12a, as compared to their “mer” arrangement in
TS1-14a along pathway 2b. Thus, differential electronic and
steric effects combine to make P-C bond activation equally
accessible from either a cis or trans site in [RhF(PPh3)3].

The greater steric encumbrance along pathway 2a is also
evident in the PPh3 dissociation that occurs inI2a, and this can

be compared with the intact square-pyramidal geometry that is
maintained forI4a along pathway 2b.I2a (E ) +22.7 kcal/
mol) and I4a (E ) +17.4 kcal/mol) are also both relatively
destabilized than their analgoues computed with model1′ (E
) +10.4 and 13.1 kcal/mol, respectively;13 once again this effect
is greater along pathway 2a). The higher relative energies of
these [RhF(Ph)(PPh2)(PPh3)2] intermediates means that the
subsequent P-F formation steps have lower activation energies
when computed with the full model,1, than with1′. As this
formal reductive elimination process results in a reduced
coordination number, it will be favored by steric bulk, and the
reduction in activation energy for this step is again more
apparent along pathway 2a than pathway 2b.

Conclusions

In this study we have used DF calculations to show that F/Ph
exchange in [RhF(PPh3)3] occurs via a novel metallophospho-
rane pathway. The inclusion of the full steric bulk of the phenyl
substituents plays a crucial role in differentiating this pathway
from alternatives based on initial P-C activation via Ph group
transfer. This steric effect is linked to the reduction in metal
coordination number that occurs during the formation of a
metallophosphorane geometry, whereas Ph group transfer neces-
sitates an increase in coordination number. The computed
activation energy for F/Ph exchange is 22.3 kcal/mol, in
excellent agreement with experimental value. The calculations
indicate that the attack of a “hard” ligand such as fluoride at a
neighboring phosphine can induce P-C bond activation with a
much lower activation barrier compared to alternative pathways
based on initial Ph group transfer to the metal. Such a process
is potentially quite general and may play an important role in
affecting the stability of metal-phosphine complexes in the
presence of such “hard” donor species3,6-10 and indeed may be
related to aryl-aryl exchange reactions prevalent in Pd-mediated
cross-coupling reactions.4,5,11
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Table 2. Computed Activation Barriers (kcal/mol) for P-C
Activation and P-F Formation along Pathways 2a and 2b

for 1 and cis-[RhF(PH3)2(PH2Ph)], 1′13

computed activation energies (kcal/mol)

pathway [RhF(PPh3)3] (1) [RhF(PH3)2(PH2Ph)] (1′)

2a (P-C activation) 33.3 24.7
2a (P-F formation) 8.9 19.9
2b (P-C activation) 34.9 30.0
2b (P-F formation) 6.5 12.3
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