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Introduction

In the past twenty years transition metal phosphinidene
complexes, [LnM=PR], have evolved as valuable reagents in
organophosphorus chemistry.[1±3] One of their most intrigu-
ing features is their ability to mimic carbene complexes, as
demonstrated by the availability of both electrophilic (Fisch-
er-type) and nucleophilic (Schrock-type) phosphinidene
complexes.[3] The vertical N±P relationship in the Periodic
Table is not prevalent for low-coordinate species because of
the higher electronegativity of nitrogen with respect to phos-

phorus.[3a] Although comparable nucleophilic phosphinidene
and imido complexes have been prepared, their properties
differ.[4±7] This is a theme we explore in more detail in the
present study.

Recently, we reported on novel iridium phosphinidene
complexes generated by dehydrohalogenation of primary
phosphine complexes 1 (Scheme 1). The linear phosphini-
dene complexes 2 eluded detection, but the highly stable
bent phosphinidene complexes [Cp*(L)Ir=PAr] (3) were ob-
tained in the presence of stabilizing ligands (L=PR3, AsR3,
dppe, RN�C, CO; Ar=Mes*, Is, Mes).[8] Similar complexes
could be prepared for the other members of the Group 9
transition metal triad (Co, Rh). All these complexes show a
surprisingly low reactivity.[9]

Of course, in the absence of a stabilizing ligand a much
higher reactivity is expected. This encouraged us to explore
in more detail the properties of 2 in comparison to that of
its imido analogue. We chose to focus on iridium as the tran-
sition metal since its imido, oxo, and carbene complexes are
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Abstract: The properties of the 16-elec-
tron phosphinidene complex [CpRIr=
PR] were investigated experimentally
and theoretically. Density functional
theory calculations show a preferred
bent geometry for the model complex
[CpIr=PH], in contrast to the linear
structure of [CpIr=NH]. Dimerization
to give [{CpIr=PH}2] and ligand addi-
tion to afford [Cp(L)Ir=PH] (L=PH3,
CO) were calculated to give com-
pounds that were energetically highly

favorable, but which differed from the
related imido complexes. Transient
16-electron phosphinidene complex
[Cp*Ir=PAr] could not be detected ex-
perimentally. Dehydrohalogenation of
[Cp*IrCl2(PH2Ar)] in CH2Cl2 at low
temperatures resulted in the novel

fused-ring systems 17 (Ar=Mes*) and
20 (Ar=Mes), with dimeric [{Cp*Ir=
PAr}2] being the likely intermediate.
Intramolecular C�H bond activation
induced by steric factors is considered
to be the driving force for the irreversi-
ble formation of 17 and 20. ONIOM
calculations suggest this arises because
of the large steric congestion in
[{Cp*Ir=PAr}2], which forces it toward
a more reactive planar structure that is
apt to rearrange.

Keywords: density functional
calculations ¥ iridium ¥ N ligands ¥
P ligands

Scheme 1.
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known experimentally, whereas the Co and Rh congeners
are more elusive.

Results and Discussion

We begin with a density functional theory (DFT) analysis
on unsubstituted model complexes to address the viability
and reactivity of 2 in comparison to that of the well-ex-
plored imido analogue [Cp*Ir�NR].[10] Next, we describe
low-temperature experiments on the dehydrohalogenation
of 1, and the isolation and characterization of novel dimeri-
zation products. The large influence that steric congestion
has on the fate of 2 and its dimer will be illustrated with the
assistance of theoretical calculations.

Theoretical evaluation of
[CpIrPH]: Before evaluating
their susceptibility to ligation
and dimerization, the structural
and electronic properties of
[CpIrEH] (E=N, P) will be an-
alyzed.

Structural and electronic prop-
erties of [CpIrEH] (E=P, N):
Two canonical structures can be
depicted, a bent 16-electron ge-
ometry (I) with an Ir=E double
bond and a linear 18-electron structure (II) with an Ir�E
triple bond.

Most imido complexes prefer a linear geometry (II), an
issue that has been addressed theoretically.[11,12] In contrast,
phosphinidene complexes are typically bent (M=P�R
109±1168).[1b,3] In fact, only two linear phosphinidene com-
plexes are known, namely [{(Me3SiNCH2CH2)3N}Ta�PCy][4a]

and [(CO)(PPh2Me)2Cl2W�PMes*],[5a] both of which are sta-
bilized by bulky ligands and substituents. The linear com-
plexes have electron deficient metal centers with the phos-
phinidene acting as a four-electron donor. The isoelectronic
zirconocene complexes [Cp2(PMe3)Zr=PMes*] (Zr�P�Mes*
116.18)[6] and [Cp2(thf)Zr=NtBu] (Zr�N�tBu 174.48)[7] un-
derscore the differences between the phosphinidene and
imido complexes.

BP86/TZP optimized geometries of imido and phosphini-
dene complexes [CpIr�EH] are depicted in Figure 1. The

1.737 ä Ir�N bond for linear imido complex 4 (C5n) com-
pares well with the experimental values reported for
[Cp*Ir�NR] (1.712±1.750 ä).[10] The 2.075 ä Ir�P bond for
linear compound 5 (C5n) is shorter than the 2.126 ä Ir=P
bond for bent 6, the latter resembling those reported for
bent phosphinidene complexes [Cp*(L)Ir=PMes*]
(2.1783(8)±2.2121(5) ä).[8] In contrast to the imido complex,
6 (aIr�P�H 126.48) is a minimum whereas 5 is not (with a
degenerate imaginary frequency of �79.8 cm�1), but as the
potential energy surface is very flat for this compound
(Figure 2), the inversion barrier is only 1.1 kcalmol�1.

Energy decomposition of the metal±phosphorus bond into
orbital interaction (DEoi), electrostatic interaction (DE8),

Abstract in Dutch: De eigenschappen van het 16e fosfinideen
complex RIr=PR worden theoretisch en experimenteel on-
derzocht. DFT-berekeningen tonen aan dat het model-com-
plex [CpIr=PH] in tegenstelling tot de lineaire structuur van
[CpIr�NH] een gebogen geometrie prefereert. De berekenin-
gen laten zien dat zowel dimerisatie naar [{CpIr=PH}2] als
ook ligand additie tot [Cp(L)Ir=PH] (L=PH3, CO) beide
energetisch zeer voordelig zijn, wat sterk verschilt van het
verwante imido complex. Het kortlevende 16e fosfinideen
complex [Cp*Ir=PAr] kon experimenteel niet waargenomen
worden. In plaats hiervan leidde dehydrohalogenering van
[Cp*IrCl2(PH2Ar)] in CH2Cl2 bij lage temperaturen tot de
nieuwe gefuseerde ring systemen 17 (Ar=Mes*) en 20 (Ar=
Mes), waarschijnlijk met het dimere [{Cp*Ir=PAr}2] als inter-
medair. Intramoleculaire C�H bond activering geÔnduceerd
door sterische factoren wordt als de drijvende kracht achter
de irreversibele vorming van 17 en 20 gezien. ONIOM bere-
keningen suggereren dat op grond van de grote sterische
hinder [{Cp*Ir=PAr}2] in een meer planaire en reaktievere
vorm gedwongen wordt die gemakkelijk omlegt.

Figure 1. BP86/TZP geometries for [Cp�Ir�N�H] (4, C5v), [Cp�Ir�P�H] (5, C5v), and [Cp�Ir=P�H] (6, Cs).

Figure 2. Energy plot for varying the Ir�E�H angle in [CpIr=EH].
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and preparation energy (DEprep) terms illustrates the differ-
ent features of 4, 5, and 6 (Table 1). In the triply bonded
linear complexes the degenerate p bonds result from inter-

action of the px and py singly occupied orbitals (SOMO) of
the EH fragment with the dxz and dyz ones of IrCp,

[13] while
the s bond arises from an interaction between the pz lone
pair of EH with the dz2 orbital of IrCp. As the SOMO
energy of the NH fragment (�8.00 eV) in the equilibrium
geometry is much lower than that of PH (�6.20 eV), a
greater amount of charge is transferred from the CpIr frag-
ment upon bond formation in 4 than in 5 ; this is also evident
from the calculated Hirshfeld charges for N (�0.23) and P
(�0.07).[14] The higher bond dissociation energy (BDE) for
the Ir�N bond (150.0 kcalmol�1) in comparison to the Ir�P
bond (110.0 kcalmol�1) is due to the large difference in the
total orbital interaction energy DEoi (4 �235.6, 5
�153.4 kcalmol�1), as it is only partly offset by the higher
steric interaction (DE8) for the tighter complex. The relative
contribution of s bonds (DEs) to DEoi is similar for both
complexes (~28%).

When the Ir�P�H moiety is bent, the p degeneracy
ceases to exist (P sp!sp2) and a lone pair is found on phos-
phorus; this enhances the DEs contribution (�114.9 kcal
mol�1) to DEoi at the expense of DEp (�49.9 kcalmol�1),
while the other energy terms exhibit only minor changes.
The bonding features of the Ir=P bond in 6 resemble that of
related bent 18-electron complexes like [Cp(PH3)Ir=PH]
(DEs �112.3, DEp �39.1 kcalmol�1).[15]

Bent phosphinidene complex 6 has a low-lying LUMO
(�3.22, 4 �2.10, 5 �2.61 eV) with large coefficients at the
unprotected side of the Ir=P bond (Figure 3a). As its char-

acter differs from the degenerate, higher-lying p* LUMO of
the linear imido complex 4 (Figure 3b), a different reactivity
is expected, one which we explored for ligation and dimeri-
zation.

Ligand addition : The different electronic properties of 6 and
4 are evident from their ligation with, for example, CO and
PH3, the adducts of which are depicted in Figure 4. Ligation

to give phosphinidene complex
[Cp(L)Ir=PH] occurs without
barrier and with high exother-
micity (7 �59.6 kcalmol�1

(CO), 8 �42.2 kcalmol�1

(PH3)). This process concurs
with the reported synthesis of
the stable bent phosphinidene

adducts [Cp*(L)Ir=PMes*], which are shown in Scheme 1.[8]

Clearly, the interaction at the metal center of the LUMO in
6 is very favorable for donor ligands. However, in 4 this pic-
ture is different. Upon addition of CO and PH3 we found
two transition state structures that exhibited barriers of 5.8
and 7.8 kcalmol�1, respectively, and ligand addition to subse-
quently give imido complexes [Cp(CO)Ir=NH] (9) and
[Cp(PH3)Ir=NH] (10) proceeded with much less exothermic-
ity (9 �22.0, 10 �8.7 kcalmol�1). It is not surprising then
that Bergman et al.[10] found the more congested [Cp*Ir�
NtBu] to be unreactive toward phosphines. With the smaller
CO molecule they observed the formation of isocyanate
complex [Cp*(CO)IrC(O)N(tBu)],[16] possibly by initial
metal CO ligation to give [Cp*(CO)Ir=NtBu] (9) followed
by intramolecular attack of the imido moiety at the CO
ligand and subsequent addition of a second CO molecule at
the metal center. The potential energy surface for the model
system is given in Figure 5. It shows the cyclization of
[Cp(CO)Ir=NH] to be isothermic with a modest barrier
(17.5 kcalmol�1), while addition of a second CO molecule is
highly exothermic (�44.0 kcalmol�1). The nucleophilicity of
the imido unit in 9 is supported by the large Hirshfeld
charge at nitrogen (�0.27). In contrast, the phosphorus
center in 7 (�0.02) does not exhibit nucleophilicity, and in
concurrence with experiments is not prone to ring closure.[8]

Table 1. Bond energy evaluation (kcalmol�1)[a] for the Ir�E bonds in 4, 5, and the Ir=P bond in 6.

Complex DEs DEp DEoi DE8 DEtot BDE

[CpIr�NH] (4) �64.6 �171.2 �235.6 +81.2 �154.4 +150.0
[CpIr�PH] (5) �44.9 �107.1 �153.4 +41.0 �112.4 +110.0
[CpIr=PH] (6) �114.9 �49.9 �164.8 +54.7 �110.1 +111.1

[a] For definitions see the Computational Section.

Figure 3. LUMO of a) bent [CpIr=PH] (6), and b) linear [CpIr�NH] (4).

Figure 4. BP86/TZP optimized structures for the CO and PH3 adducts of
[CpIr=PH] and [CpIr�NH].
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Dimerization : In the absence of a stabilizing ligand dimeri-
zation of [CpIr=PR] is a viable option. Although to our
knowledge such dimers have not been reported in the litera-
ture, stable [{Cp*IrNR}2] complexes have been synthesized
by thermal and water-catalyzed dimerization of [Cp*Ir�
NR].[17] For parent 4 this process is exothermic (�39.0 kcal
mol�1), while for phosphorus analogue 6 it is tremendously
exothermic (�96.4 kcalmol�1). Hence, the possibility of
identifying a 16-electron [CpIr=PR] complex must be con-
sidered small. The DFT optimized structures of [{CpIrPH}2]
(11) and [{CpIrNH}2] (12) are depicted in Figure 6, while se-
lected bond lengths and angles are collected in Table 2. The
structure of 12, which agrees well with the experimental one
determined for [{Cp*IrNPh}2],

[17] has elongated Ir�N bonds
(1.987 versus 1.737 ä for 4), a short Ir�Ir distance (2.721 ä),
and a puckered Ir2N2 ring (aIr-N-N’-Ir’ 118.38) that has pyr-
amidal imido centers (sum of
angles 3268). The lower stability
of the planar Ir2N2 isomer
(DE=15.8 kcalmol�1) has been
attributed to second-order
Jahn±Teller distortion.[17b] Like-
wise, [{CpIrPH}2] favors the
even more puckered structure
11 (Ir-P-P’-Ir’ 107.38) by
12.5 kcalmol�1 with pyramidal
phosphorus centers (sum of
angles 2998), long Ir�P bonds
(2.308 ä), and an Ir�Ir distance
of 2.874 ä. This encouraged us
to explore in more detail the
potential dimerization of 2.

Generating and dimerizing [Cp*Ir=PAr]: To identify
[Cp*Ir=PAr] or its primary adducts, the dehydrohalogena-
tion of phosphine complex 1 with the strong phosphazene
base tert-butylimino-tri(pyrrolidino)phosphorane (BTPP;
pKB�26) was monitored by 31P NMR spectroscopy. Addi-
tion of two equivalents of BTPP to 1 a at room temperature
gave a purple-colored dichloromethane solution in which
only the known [Cp*(PH2Mes*)Ir=PMes*] (13 ; Mes*=
2,4,6-tri-tert-butylphenyl)[8] and [{Cp*IrCl2}2] (14)[18] were
identified as the major products (Scheme 2). This suggests
that [Cp*Ir=PMes*], which abstracts PH2Mes* from its pre-
cursor, is an intermediate, and implies that the second dehy-
drohalogenation is faster than the first. However, upon
using only one equivalent of BTPP for the HCl abstraction
at �70 8C, neither 13 nor its precursor [Cp*(Cl)Ir=
P(H)Mes*] were detected. Instead, based on the 31P NMR
doublet of doublets at d=386 (3JP,H=36 Hz) and �126 ppm
(1JP,H=446 Hz) in which the 2JP,P coupling constants were
identical (43 Hz), the major product was identified as 15.

Figure 5. Energy profile (BP86/TZP) for the reaction of CO with CpIr�
NH.

Figure 6. BP86/TZP optimized geometries of [{CpIrPH}2] (11, Cs) and
[{CpIrNH}2] (12, Cs).

Table 2. BP86/TZP bond lengths [ä], angles [8], and torsion angles [8]
for the [{CpIrEH}2] dimers.[a]

[{CpIrPH}2] (11) [{CpIrNH}2] (12)

Ir�E 2.308 (2.325) 1.987
Ir�Ir’ 2.874 (2.894) 2.721
Cp�Ir 1.891 (1.894) 1.865
Cp-Ir-E 140.6 (140.9) 142.7
Ir-Ir’-E 51.6 (51.5) 46.8
E-Ir-E’ 78.8 (78.4) 74.2
Ir-E-E’-Ir’ 107.3 (106.9) 118.3

[a] Values in parenthesis are at the B3LYP/6-31G++ level with
LANL2DZ for Ir.

Scheme 2.
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This asymmetric dimer may be formed by reaction of phos-
phinidene [Cp*Ir=PMes*] with phosphide precursor
[Cp*(Cl)Ir=P(H)Mes*], and does indeed mean that the
second dehydrohalogenation is faster than the first. More
importantly, it also indicates that [Cp*Ir=PMes*] is a highly
reactive intermediate. Formation of 15 is complete with
1.5 equivalents of BTPP. To obtain dimer 16 another HCl
molecule must be abstracted; this was attempted with the
addition of 0.5 equivalents of BTPP and slow warming to
0 8C. While this gave an air-sensitive, high-melting
(>320 8C), dark red solid that crystallized quantitatively
from the reaction mixture, its characterization proved to be
more difficult.

An X-ray crystal structure confirmed the dimeric nature
of the compound isolated (Figure 7). Unfortunately, it also
showed disorder in the ortho tert-butyl groups. As a conse-

quence, the geometry of the central Ir2P2 ring was not relia-
ble, and crystallographic discrimination between a symmetri-
cal dimer [{Cp*IrPMes*}2] (16,
planar or puckered) and an
asymmetric system such as 17
was hampered despite the large
internal differences between
the four Ir�P distances in the
crystal structure (2.167(4)±
2.300(8) ä). However, the
structure could be assigned to
17 with the aid of 31P and
1H NMR spectra recorded in
CD2Cl2 at 50 8C.[19] These
showed two d(31P) resonances
at +183 (2JP,H=34 Hz) and
�176 ppm (2JP,H=25 Hz) with a
large 2JP,P coupling constant of

198 Hz, and d(1H) resonances for an Ir�H fragment
(�14.8 ppm), a CH2 group (3.25 ppm), and an abundance of
different CH3 groups. The formation of 17 likely proceeds
via intermediate 16 even though it could not be detected
during the reaction. Carbon±hydrogen bond activation of a
tert-butyl group through an agostic interaction with a nearby
iridium center may induce the hydrogen transfer and −phos-
phinidene insertion×.

To further explore the [{Ir2P2}2] dimer, we sought to
reduce its steric congestion by replacing the tert-butyl
groups on phosphorus with methyl groups (i.e. Mes=2,4,6-
trimethylphenyl rather than Mes*). This would also have
the further effect of eliminating the formation of phosphini-
denes like 17.[20] However, dehydrohalogenation of
[Cp*IrCl2(PH2Mes)] (1 b) with one equivalent of BTTP in
CD2Cl2 at �80 8C (Scheme 3) gave two symmetrical and one

asymmetrical isomer of
[Cp*(Cl)Ir=P(H)Mes] dimer 18
in a ratio of 1:2:10, as charac-
terized by their respective
31P NMR resonances at d =

�208 (1JP,H=359 Hz), �189
(1JP,H=354 Hz), �147 (1JP,H=
351 and 2JP,P=166 Hz), and
�202 ppm (1JP,H=367 and 2JP,P=
166 Hz). Evidently, less crowd-
ed [Cp*(Cl)Ir=P(H)Mes] di-
merizes rather than undergoing
elimination of HCl. Upon addi-
tion of a second equivalent of
BTPP at room temperature,
and based upon the single
d(31P) resonance at �170 ppm
(1JP,H=308 Hz) as well as
1H NMR resonances for PH,
CH2, and two non-equivalent
CH3 groups, 18 was converted
into phosphametallacycle 20
(68%). An X-ray crystal struc-
ture determination confirmed
the centrosymmetric structure

of 20 (Figure 8, Table 3) in which the [IrP]2 ring is planar
and the phosphorus centers have a tetrahedral geometry.

Figure 7. Structure of 17 (displacement ellipsoid plot; 50% probability level). Hydrogen atoms are omitted for
clarity. The molecule is located on a crystallographic inversion center and was refined with a disorder model.
The disorder component with the phosphinidene ligand is drawn on the right-hand side. The disorder compo-
nent with the iridium hydride and the cyclic phosphide ligand is drawn on the left-hand side. The position of
the hydride could not be determined. Symmetry operation: 1�x, 1�y, 1�z.

Scheme 3.
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The Ir�P distances of 2.2846(4) and 2.2890(3) ä are normal
for Ir�P single bonds.[21] The iridium centers have a three-
legged piano stool geometry with an acute P1-Ir1-P1a angle
of 74.370(15)8. The Ir1�C9a bond length of 2.1330(13) ä is
in the normal range for Ir�C bonds in five-membered IrC4

metallacycles (2.11±2.15 ä).[22]

The strong base BTPP causes double HCl elimination
from 18, but dimer 19, just as 16, could not be detected
during the reaction, and its subsequent conversion is more
speculative. If it is presumed that the iridium centers of the
[IrP]2 ring in 19 are reactive, an agostic interaction with a
Mes methyl group may induce C�H insertion and hydrogen
transfer to the neighbouring phosphorus atom. Carbon±hy-
drogen activation followed by P-insertion, as in 16!17,
would give a strained CCCP ring. After hydrogen transfer,
the change in hybridization of the phosphorus atom (sp2!
sp3) may lead to an even better alignment of the other reac-
tive iridium with the remaining Mes substituent to enable a
second C�H insertion to occur to give 20.

There is precedence for the
formation of structures similar
to 17 and 20. For example, in
the absence of stabilizing li-
gands ruthenium complex [(h6-
C6H6)Ru=PMes*] converges to
dimer 21,[23] while uncomplexed
transient Mes*P undergoes in-
tramolecular C�H insertion to
afford phosphaindane 22.[24]

Tilley et al.[25] isolated rho-
dium±phosphaindane complex
23 from the reaction of [Rh(h3-
benzyl)(dippe)] (dippe=1,2-
bis(diisopropylphosphino)-
ethane) with Mes*PH2. Similar-
ities also arise with zirconocene
analogue [Cp2Zr=PAr]. In the
absence of stabilizing ligands,
when Ar=Mes* dimers are not
formed.[6a] However, transient
[{Cp2Zr=PMes}2] results in the
presence of the smaller Mes
substituent, and is followed by
an intramolecular C�H bond

activation of a Cp ligand to give 24.[26] In the presence of
the bigger Cp* ligand, [Cp*

2 Zr=PMes] does not dimerize,
but instead undergoes intramolecular insertion into an o-Me
group to give 25, which is a monomeric Zr analogue of
20.[27] Still, stable dimers remain rare. An exception was re-
ported only recently by Hey-Hawkins et al.,[28] who pre-
pared and reported X-ray crystal structures for dimeric tan-
talum complexes [{Cp*(Cl)Ta=PR}2] (26).

Theoretical evaluation of the [{IrP}2] dimers : The question
arises as to why dimers 16 and 19 are unstable. After all, for-
mation of [{CpIrPH}2] (11) from the monomer is an exother-
mic process (�96.4 kcalmol�1). We wondered whether steric
effects would enhance the reactivity of 11 by forcing the
[IrP]2 ring into a planar disposition that would require only
19.5 kcalmol�1 (B3LYP, 12.5 BP86) to change. To study any
steric effects, we decided to conduct calculations on the fully

Figure 8. Structure of 20 (displacement ellipsoid plot; 50% probability level). For the purpose of clarity only
the hydrogens on phosphorus and the CH2 groups are depicted. Symmetry operation: 1�x, 1�y, 1�z.

Table 3. Selected bond lengths [ä], angles [8], and torsion angles [8] for
the crystal structure of 20. Symmetry operation: 1�x, 1�y, 1�z.

Ir1�P1 2.2846(4) Cp(cg)-Ir1-Ir1a 154.43(2)
Ir1�P1a 2.2890(3) Cp(cg)-Ir1-P1 139.27(2)
Ir1�C9a 2.1330(13) Cp(cg)-Ir1-P1a 132.80(2)
Ir1�Cp(cg) 1.8793(7) Cp(cg)-Ir1-C9a 124.88(4)
P1�C1 1.8178(13) P1-C1-C6 110.93(9)
C1�C6 1.4070(19) C1-C6-C9 117.17(12)
C6�C9 1.5070(19) C6-C9-Ir1a 110.01(8)

C1-P1-Ir1 119.20(4)
C1-C6-C9-Ir1a �41.16(14) C1-P1-Ir1a 100.76(4)
P1-C1-C6-C9 6.93(15) P1-Ir1-C9a 85.83(4)
P1-Ir1-P1a-Ir1a 0 P1-Ir1-P1a 74.370(15)

Ir1-P1-Ir1a 105.629(15)
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substituted dimer [{Cp*Ir=PMes*}2] (27) using the ONIOM
methodology, and in particular B3LYP/SDD to optimize the
[{CpIr=P}2] geometry and HF/LANL1MB for both the
Mes* substituents and the Me groups on the Cp rings (see
Computational Section for details). Remarkably, structure
27 (Ci) (Figure 9, Table 4) is only 34.7 kcalmol�1 more stable
than its monomer, and reflects a large reduction from the di-
merization energy of [CpIr=PH].[29] Moreover, its geometry
has some resemblance to the crystal structure of 17
(Figure 6). Not only is the structure planar, but the Mes*
substituents are bent towards the iridium atoms (aCb�P�Ir
116.38 instead of aH�P�Ir 124.28 as in 11’ (C1)) with each
iridium and phosphorus atom being in close contact with a
methyl C�H bond (Ir�H 3.155 ä, P�C 3.437 ä). The P�C
distance is slightly less than the sum of the van der Waals
radii. Likewise, the Ir�H distance represents a borderline
agostic interaction. The tight packing of the methyl groups
in the Cp* ligands and Mes* substituents illustrates the sig-
nificant strain in 27; this is also evident from the way in
which the Mes* group tilts and the [IrP]2 ring shows in-
plane distortion (Figure 9, Table 4). The Ir�P bond differs
by as much as 0.209 ä in relation to the Ir�P’ bond and is
rather elongated (2.467 ä, c.f. 11’ Dd=0.027 ä).

Clearly, the large substituents have a profound impact on
the properties of the [{IrP}2] dimer. The close Ir�H and P�C
interactions in 27 are particularly relevant. Formal carbon±
hydrogen insertion followed by hydrogen transfer to Ir and
P�C bond formation gives the 21.4 kcalmol�1 more stable
28 (Figure 10). Structure 28 displayed a structure with fea-
tures similar to the crystal structure of 17 even though

proper comparisons could not be made because of the disor-
der found in the crystal. The calculated activation barrier of
40.8 kcalmol�1 for the rearrangement of 27 is disproportion-
ately high, and is the result of an imbalance in the ONIOM
geometry optimization of TS1 in which hydrogen bridging
and C�P bond formation occurs between the HF and
B3LYP layers (see Computational Section). Further rear-
rangements are also feasible. In fact, structure 29, in which
the Ir hydride is rotated by ~1808, is 14.2 kcalmol�1 more
stable than 28, and has an activation barrier for rearrange-
ment of only 34.9 kcalmol�1. Unfortunately, we were unable
to establish the direct conversion of 27 into 29. The other
rearrangement, which would involve the other Mes* sub-
stituent and afford 30 from 29 (and subsequently 31) has
a much higher activation barrier of 54.5 kcalmol�1 (and
36.4 kcalmol�1) despite being an overall exothermic reaction
(�9.3 and �23.1 kcalmol�1, respectively). This process is not
observed experimentally for 17.

Conclusion

The generation, properties, and reactivity of the elusive
phosphinidene complex [Cp*Ir=PAr] (2) were studied. DFT
calculations reveal significant differences in chemical behav-
iour between model complex [CpIr=PH] (6) and its imido
analogue 4. [CpIr=PH] has a bent 16-electron structure 6
with a small inversion barrier, whereas imido analogue 4
strongly prefers a linear 18-electron geometry. The bent
structure of [CpIr=PH] facilitates barrierless and energeti-
cally highly favorable ligand addition to the electron-defi-
cient iridium center, and leads to bent phosphinidene com-
plexes [Cp(L)Ir=PH] (L=PH3, CO). Ligand additions to
[CpIr�NH] also exhibit small barriers but are much less
exothermic. Dimerizations that lead to puckered bis(phos-
phinidene) 11 and bis(imido) 12 complexes are highly favor-
able.

Whereas dimeric imido complexes [{Cp*Ir=NAr}2] are ex-
perimentally stable compounds when appropriately substi-
tuted, the phosphinidene analogues [{Cp*Ir=PAr}2] could
not be isolated. In the absence of ligands and at low temper-
atures, generation of [Cp*Ir=PAr] renders dimeric structures
in which a single (Ar=Mes*) or double (Ar=Mes) inser-
tion has taken place to give fused-ring systems 17 and 20, re-
spectively. ONIOM calculations conducted on substituted
complexes indicate that steric congestion inflicts a less
stable planar structure 27, which can undergo an intramolec-
ular insertion to give 28.

Computational Section

The DFT calculations were performed with the parallelized Amsterdam
Density Functional package (ADF version 2002.01).[30] All atoms were
described by a triple-z basis set with polarization functions and frozen
cores for the carbon 1s and phosphorus 1s2s2p shells. For iridium, a
triple-z basis set was used for the outer ns, np, nd, and (n + 1s) orbitals.
All calculations were performed self-consistently at the non-local BP86
level using the local density approximation (LDA) in the Vosko±Wilk±
Nusair parametization,[31] and non-local corrections for exchange

Table 4. Calculated bond lengths [ä], angles [8], and torsion angles [8]
for 27 (Ci) and planar 11’ (C1).

[{Cp*IrPMes*}2] (27)[a] [{CpIrPH}2] (11’)[b]

Ir�P 2.258 2.212
Ir�P’ 2.467 2.239
Ir�Ir’ 3.813 3.654
Cp�Ir 1.974 2.003
Ir-P-Ir’ 107.5 110.4
P-Ir-P’ 72.5 69.6
Ir-P-P’-Ir’ 180.0 180.0

[a] ONIOM(B3LYP/SDD:HF/LANL1MB). [b] B3LYP/6-31G++ and
LANL2DZ for Ir.

Figure 9. Optimized geometries for [{Cp*IrPMes*}2] (27; hydrogens omit-
ted for clarity) and [{CpIrPH}2] (planar, 11’).
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(Becke88)[32] and correlation (Perdew86).[33] Geometries were opti-
mized,[34,35] with relativistic effects included, by the zero-order regular ap-
proximation (ZORA).[36] Transition state structures were verified to have
only one imaginary frequency.[37] Atomic charges were calculated accord-
ing to the definition of Hirshfeld.[38] The Ir=P and Ir=N bonds were ana-
lyzed with ADF×s energy decomposition[39] into an exchange repulsion
and electrostatic interaction energy part (DE8), an orbital interaction
energy (charge transfer, polarization) part (DEoi), and a preparation
energy term (DEprep) in order to convert fragments from their ground
state equilibrium geometries to those they acquire in the complex. The
overall bond energy (DEtot) was formulated as DEtot=DE8 + DEoi +

DEprep, and defined as the negative of the bond dissociation energy
(BDE, DEtot=E(molecule) � �E(fragments)). The orbital interaction
term DEoi accounts for charge transfer (interactions between occupied or-
bitals on one fragment with unoccupied orbitals on the other, including
HOMO±LUMO interactions) and polarization (empty/occupied orbital
mixing on the same fragment). The charge transfer part is the result of
both s donation from the ligand to the metal and p back-donation from
the metal into the unoccupied orbitals of the ligand. We used the extend-
ed transition state (ETS) method to decompose DEoi into contributions
from irreducible representations; this is the most informative for systems
with a clear s, p separation.[40] The Gaussian 98 suite of programs (G98
Revision A.11.1)[41] in which the Becke×s hybrid three-parameter func-
tional[32] was combined with the Lee±Yang±Parr correlation functional,[41]

denoted as B3LYP, was used to optimize the geometries for compounds
28 and 29. The Los Alamos National Laboratory basis set for effective
core potentials (ECP) of double z type (LANL2DZ) was used for iridi-
um; this includes relativistic effects and 6-31G++ for the other elements.
Two-layer ONIOM calculations were employed for the large systems 27,
30±33, and transition structures TS1±TS4. Geometries were optimized
using B3LYP and the SDD basis set with effective core potentials for
their central component 27, while Hartree±Fock (HF) and the
LANL1MB basis set was used for the other atoms. Single-point energy
calculations were then performed at the B3LYP/SDD level using the 6-
311G+ basis set for phosphorus.

Experimental Section

All experiments were performed in flame-dried glassware under an at-
mosphere of dry nitrogen or argon. Those on a small scale were per-
formed in Wilmad Ultra-Imperial screw-cap NMR tubes (Aldrich). Sol-
vents were distilled (under N2) from sodium (toluene) and diphosphorus-
pentoxide (CH2Cl2). Deuterated solvents were dried over 4 ä molecular

sieves (CD2Cl2, [D8]toluene). All solid
starting materials were dried under
vacuum. 1H, 13C, and 31P NMR spectra
were recorded on a Bruker Avance
250 spectrometer at 250.13, 62.90, and
101.25 MHz, respectively, while low-
temperature 1H and 31P NMR spectra
were recorded on a Bruker Avance
400 spectrometer at 400.13 and
162.06 MHz, respectively. 1H NMR
spectra were referenced to CHDCl2
(d=5.30 ppm) or C7D7H (d=
2.09 ppm), 13C NMR spectra were ref-
erenced to C7D8 (d=20.4 ppm), while
31P NMR spectra were referenced to
external 85% H3PO4. IR spectra were
recorded on a Mattson-6030 Galaxy
FTIR spectrophotometer. Elemental
analyses were performed by Mikroa-
nalytisches Labor Pascher, Remagen-
Bandorf, Germany.
[Cp*IrCl2(PH2Mes*)] and
[Cp*IrCl2(PH2Mes)] were prepared ac-
cording to literature procedures.[8]

BTPP was purchased from Fluka and
was used as received.

Dehydrohalogenation of 1a at room temperature : BTPP (30.6 mL,
0.100 mmol) was added to an orange solution of 1 a (33.8 mg,
0.050 mmol) in CD2Cl2 (0.6 mL) in a screw-capped NMR tube at room
temperature. The resultant deep purple solution was monitored by
31P NMR spectroscopy to show the formation of 13 (92%). 31P NMR
(101.25 MHz, CD2Cl2, 300 K): d=699 (d, 2JP,P=20 Hz, Ir=P), �85.3 ppm
(dt, 1JP,H=384 and 2JP,P=20 Hz, IrPH2).

Dehydrohalogenation of 1a at low temperature : The same reaction was
executed at �70 8C using 1a (33.8 mg, 0.050 mmol) and 1.5 equivalents of
BTPP (23.0 mL, 0.075 mmol). The major product was identified as 15.
31P NMR (162.06 MHz, CD2Cl2, 203 K): d=386.8 (dd, 2JP,P=43 and
3JP,H=35 Hz), �125.4 ppm (dd, 1JP,H=446 and 3JP,P=43 Hz); 1H NMR
(400.13 MHz, CD2Cl2, 203 K): d=6.36 (dd, 1JP,H=446 and 3JP,H=35 Hz),
7.36 (s, 1H; m-Mes*), 7.46 (s, 1H; m-Mes*), 7.51 ppm (s, 2H; m-Mes*).

Upon warming the solution to �20 8C, a second unidentified product was
formed. 31P NMR (162.06 MHz, CD2Cl2, 253 K): d=285 (d, JP,H=26 Hz);
1H NMR (400.13 MHz, CD2Cl2, 253 K): d=�6.70 (t, JP,H=26 Hz, IrH),
7.30 (s, 1H; m-Mes*), 7.33 (s, 1H; m-Mes*).

The 1H NMR resonances for the tert-butyl and Cp* groups in either of
the two cases above could not be fully assigned because of the presence
of BTPP. Upon further addition of BTPP (7.7 mL, 0.025 mmol) and subse-
quent warming to room temperature all resonances disappeared, except
for those of BTPP¥HCl and a solid that precipitated from the reaction
mixture, which was identified as 17. Upon repeating the same reaction at
�70 8C using 1 a (271 mg, 0.40 mmol) in CH2Cl2 (5 mL) and 2.2 equiva-
lents of BTPP (275 mL, 0.90 mmol), but with slow warming to room tem-
perature, air-sensitive red crystals of 17 (191 mg, 79%) were isolated,
m.p. >320 8C (decomp). 31P NMR (101.25 MHz, CD2Cl2, 323 K): d=

183.6 (dd, 2JP,P=198 and 2JP,H=34 Hz, phosphinidene), �176.7 ppm (dd,
2JP,P=198 and 2JP,H=25 Hz, phosphindole); 1H NMR (250.13 MHz,
CD2Cl2, 323 K): d=�14.80 (dd, 2JP,H=34 and 25 Hz, 1H; IrH), 1.33 (s,
3H; CH3), 1.39 (s, 18H; o-C(CH3)3), 1.41 (s, 9H; C(CH3)3), 1.44 (s, 15H;
C5(CH3)5), 1.45 (s, 15H; C5(CH3)5), 1.74 (s, 3H; CH3), 1.85 (s, 9H;
C(CH3)3), 1.86 (s, 9H; C(CH3)3), 3.25 (dd, 2JH,H=14 and 4JP,H=4.5 Hz,
1H; CH2), 3.47 (dd, 2JH,H=14 and 4JP,H=7.8 Hz, 1H; CH2), 7.13 (d,
4JH,H=2.0 Hz, 1H; ArH), 7.37 (s, 2H; ArH), 7.41 ppm (d, 4JH,H=2.1 Hz,
1H; ArH); 13C NMR data could not be obtained because of the low solu-
bility of 17; elemental analysis calcd (%) for C56H88P2Ir2: C 55.69, H 7.35,
P 5.13; found: C 55.01, H 7.16, P 5.04.

Dehydrohalogenation of 1b : The same small-scale reaction was per-
formed at �80 8C using 1b (27.5 mg, 0.050 mmol) and 1 equivalent of
BTPP (15.3 mL, 0.050 mmol) to give 18 as a 1:2:10 mixture of two sym-
metrical and one asymmetrical isomers as identified by their 31P NMR
resonances at d=�208 (1JP,H=359 Hz), �189 (1JP,H=354 Hz), �147

Figure 10. B3LYP/SDD//ONIOM(B3LYP/SDD:HF/LANL1MB energy profile (in kcalmol�1) for the rear-
rangement of [{Cp*IrPMes*}2] (27). Only the IrH hydrogen atom is depicted for clarity.
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(1JP,H=351 and 2JP,P=166 Hz), and �202 ppm (1JP,H=367 and 2JP,P=
166 Hz). Addition of a further equivalent of BTPP followed by warming
of the reaction mixture to room temperature, and (after 3d) isolation and
crystallization (toluene) of the resultant precipitate afforded 20 (16.2 mg,
68%), m.p. >310 8C (decomp). 31P NMR (101.25 MHz, [D8]toluene,
343 K): d=�169.6 ppm (m, 1JP,H=308 Hz); 1H NMR (250.13 MHz,
[D8]toluene, 343 K): d=1.48 (t, 4JP,H=2.0 Hz, 30H; C5(CH3)5), 2.07 (m,
1JP,H=308 Hz, 2H; PH), 2.20 (s, 6H; CH3), 2.31 (s, 6H; CH3), 2.99 (m,
2JH,H=13.8 Hz, 2H; CH2), 3.59 (m, 2JH,H=13.8 Hz, 2H; CH2), 6.49 (s,
2H; ArH), 6.99 ppm (s, 2H; ArH); 13C{1H} NMR (62.90 MHz, [D8]tolu-
ene, 343 K): d=8.8 (s, C5(CH3)5), 8.5 (s, CH2), 21.1 (s, CH3), 21.3 (s,
CH3), 91.8 (s, C5(CH3)5), 125.3 (s, HCMes), 125.6 (s, HCMes), 135.2 (s,
CH2CMes), 136.9 (s, CH3CMes), 136.9 (d, 3JPC=1.2 Hz, CH3CMes), 159.9
(d, 1JPC=30 Hz, PCMes); IR (KBr): ñ=2226 cm�1 (PH).

Crystal structure determination of complexes 17 and 20 : X-ray intensities
were measured on a Nonius KappaCCD diffractometer with a rotating
anode and MoKa radiation (graphite monochromator, l=0.71073 ä). An
analytical absorption correction was applied using the program
PLATON.[42] The reflections were merged using the program
SORTAV.[43] The structures were solved with automated Patterson meth-
ods using the program DIRDIF,[44] and were refined with the program
SHELXL97[45] against F2 of all the reflections. The structure of 17 was
disordered over an inversion center and the interpretation of the electron
density was based on NMR spectra (see text). One disorder component
contains the phosphinidene ligand, while the other disorder component
contains iridium hydride and the cyclic phosphide ligand. The position of
the hydride could not be determined experimentally. In the structure of
20, the P�H hydrogen atom was located in the difference Fourier map
and kept fixed in that position. The drawings, structure calculations, and
checking for higher symmetry was performed with the program
PLATON.[42] Further crystallographic details are given in Table 5.

CCDC-229359 (17) and CCDC-229360 (20) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or
e-mail : deposit@ccdc.cam.ac.uk).
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