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[. Introduction

Bernard Shaw’s pioneering research'~1® on cyclo-
metalated phosphine-based pincer complexes has
inspired many others.6-208 Although the first metal
complexes with ligands 1 and 2 were reported about
30 years ago, it is still a hot and emerging topic
covering all aspects of modern organometallic chem-
istry and touching other fields as well.

PR, PR,
2: Q: R = alkyl, aryl
PR> PR2

During the past decade, interest and activity in this
area have rapidly increased. For instance, cyclo-
metalated phosphine-based pincer complexes and
structurally/electronically related systems are about
to become a valuable asset in the formation of
functional nanoscale assemblies, while various mecha-
nistic, structural, catalytic, synthetic, theoretical, and
coordination studies are ongoing.266083%0 Major recent
findings have been the generation of efficient dehy-
drogenatiOn24728,31,33,1167120,122,187,191,202,205 and Heck
type catalysts,19-2129.3055,91,128,141-144 getivation of strong
C_OGG,GB and Cc—-C bOﬂdS,18'22’41’44'46_48'52_54'56'58_62'67’70’71’73
and trapping of various intermediates and unusual
molecules.® Pincer-based metal complexes possess an
unique balance of stability vs reactivity which can
be controlled by systematic ligand modifications and/
or variation of the metal center, allowing enhance-
ment of metal complex reactivity, stability, reaction
selectivity, and simultaneously provide a flurry of
new fundamental insight. The use of the PCP ligands
1 and 2 opens a large number of interesting research
possibilities given the complex reaction chemistry
which is not yet fully understood. For instance, how
are the physicochemical properties of PCP-based
metal complexes influenced by (i) the nature of the
metal center (i.e., periodic table position, oxidation
state), (ii) substituents on P and on the aryl and alkyl
ligand backbones, (iii) ancillary ligands, and (iv)
coordination geometry? Systematic structural/envi-
ronmental variations can be studied with 1 and 2 in
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detail by focusing on and acquiring quantitatively
analyses describing reactivity and metal complex
stability by varying only one component while other
variables are held constant. For the interested
reader: catalytic dehydrogenation with 2-based
iridium complexes and metal-stabilized formation of
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guinonoids has been reviewed in Chemical Communi-
cations as a feature article®® and in Accounts of
Chemical Research,®® respectively. Two general re-
views on metal-promoted C—C bond cleavage®® and
nitrogen and phosphine-based pincer systems® have
been published in Angewandte Chemie. This review
covers the latest developments in transition metal
chemistry with PCP ligands 1 and 2 and derivatives
and consists of three detailed sections primarily fo-
cusing on the mechanistic aspects of (i) catalysis, (ii)
ligand coordination and activation of various organic
substrates, and (iii) bond activation. Structurally re-
lated PCN (3),%17%> PCO (4),% SCS (5),19:20:129.208 gn(d
NCN (6) Iigands,85‘90'9293'95‘97'99‘101'103‘109111'112'114*134'1571170'171
which have evolved from 1 and 2, are highlighted
wherever appropriate.

PR, D
C{ Q: R = alkyl, aryl
D D

3:D=NR;
4:D=0R

5D =SR
6:D=NR;

ll. Catalytic Applications

Various homogeneous catalytic processes with cy-
clometalated phosphine-based pincer complexes have
been reported, including asymmetric adol condensa-
tion of methyl isocyanoacetate and aldehydes,!30131
ketone reduction by hydrogen transfer,8%° dehydro-
genation Of a|kanes,24728,31,33,1187120,122,187,191,202,205 Su-
zuki biaryl coupling,'33 polymerization of phenylacet-
ylene,'® and Heck olefin arylation.19-21.29.30,55,91,128,141-144
Conceptually new, nanosize multimetallic pincer
compounds (7) have been applied by van Koten et al.
as Lewis-acid catalysts in the double Michael reaction
between methyl vinyl ketone and ethyl a-cyanoac-
etate (eq 1),°6°% and modified ruthenium pincer
complexes (8) having fluoro-alkyl arene substituents
show good solubility in fluorinated solvents allowing
the formation of biphasic catalytic systems.%0.137.138
Moreover, fundamentally important catalytic C—X
(X = C, N) single bond activation processes were
demonstrated using PCP- and PCN-based sub-
strates.*3:54.60

¢l
PhoP—Pd—PPhypy,
P
Cls, \ o
O \ PPh,
PhyP. PPh, | wPPhg
(n-CH,CHoCgF 17)3Si RuU—Cl
Ph,R PPh, |
\ PPh,
e ~cl 8

P
Ph,P—Pd—PPh, "2
¢l
7

~ . /Y catalyst % o
N coet + AN Toem A A
& PraNEt NC”~ “CO,Et

The scope of catalytic processes reported with
one ligand system and structurally/electronically
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Table 12

Arx catalyst time (h) TON yield
1 Phl 9 60 142900 100
2 Phl 11 20 142900 100
3  Phi 12 40 142900 100
4 PhBr 11 63 132 900 93
5 4-CHO—-CgH4Br 11 63 113 300 79

aTemp = 140 °C, haloarene/methylacrylate = 5/6 (mmol/
mmol), catalysts: 3.5 x 107> mmol. Yield determined by
GC and is based on both haloarene and product formed
(PhC(H)=C(H)COOMe).

related metal complexes is remarkable and is not
fully explored yet. For instance, enantiomerically
pure complexes functionalized at the benzylic posi-
tions89.93.130,131,135,136 and novel P-stereogenic!'® PCP-
based catalysts afforded only moderate ee’'s. An
efficient chiral PCP-based catalyst will open a win-
dow of opportunities in all of the aforementioned
catalytic processes. Moreover, large numbers of re-
ported selective, stoichiometric transformations with
PCP complexes may be amenable to catalysis (section
111).3157.75,81,124,126,139,173,174 The robust, rigid aromatic
backbone of the tridentate PCP ligand 2 tolerates
structural modifications and limit the number of open
(= reactive) sites on the metal center ensuring
reaction selectivity and catalyst stability. Reactions
with relatively high Kinetic barriers may proceed
smoothly at elevated temperatures without notice-
able catalyst degradation. Fine-tuning of steric and
electronic properties resulted in enhanced cataly-
tic reactivity by orders of magnitudes with turn-
over numbers (TONSs), yields, and catalyst life-
times rapidly approaching industrial figures-of-
merit.21'24‘31'33‘55’91'122133'140‘141 Furthermore, the rlgld
PCP backbone can impose planarity on the metal
center, which may have significant consequences
on reactivity and stability.?°21® New mechanistic
insight in catalysis supported by computational
studies has been obtained and catalysis utilizing
less reactive substrates (i.e., aryl bromides and
chlorides in the C—C bond forming reactions, al-

kane C—H bond activation) has been accom-
p|ished_19721,24731,33,43,54,55,91,1187120,122,128,1417144

A. Heck Olefin Arylation

The cyclometalated d® palladium pincer com-
plexes 9—15 are extremely efficient catalysts for
the synthetically important Heck reaction (eq
2).21,29,305591,141-144 Eycellent catalysts based on Pd-
(1) complexes of metalated monophosphines were
reported previously.?**~212 The first pincer-type com-
plexes reported to catalyze the Heck reaction were
9, 11, and 12 leading to turnovers numbers >100 000
and high yields for unactivated aryl bromides without
observable catalyst degradation (Table 1).55

PR2 O-PR, P'Bu,
Cgpd —TFA %;g\Pd—TFA Ild—x Cgld—TFA
PR3 O—i|3R2 F|:f|3u2
=pr 11.R=Pr 13. R=4-MeOCgH40, X=1 15
10 R c-CsHg 12.R=1Bu 14.R=Pr,X=Cl
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X R
Pd catalyst / base
R_@ R );-|x R“©/\/ @

Intramolecular Heck reactions with 10 afforded
carbocyclic ring systems (eq 3),%* and 980.000 TONs
(98% yield) were obtained with the extremely active
catalyst 13 using p-iodoanisole and n-butyl acry-
late.!** The highest TONs with this catalyst were
obtained with iodobenzene as substrate (8 900 000
TONSs, 400 000 TONSs per h, 89% yield). Thermally
induced radical polymerization of the starting ma-
terials was prevented by addition of hydroquinone

to the reaction mixtures.
_ 10 (5 moi%) @ £OzMe
(3)

Q COoMe
"NMP, 135°C ’
Br O Na,COs, 19 h Q

Notably, complex 13 was prepared by a one-pot
reaction starting from 2-iodoresorcinol and can be
purified by conventional silica gel column chroma-
tography. The industrially important aryl chlorides
were successfully functionalized with good yields and
~200 TONs by the modified pincer system 14.3°
Similar catalytic activities with unactivated aryl
chlorides were observed previously with other sys-
tems as well.9>103214-218 For instance, bisphosphine
Pd(0) systems are equally efficient with unactivated
aryl chlorides.?!”?'® The PCP catalyst design 9—15
prevents known decomposition routes such as P—C
or P—0O bond cleavage usually accompanied by pal-
ladium black formation, and even allows aerobic
reaction conditions at elevated temperatures. Berg-
breiter has supported PCP and SCS—Pd complexes
on polymers, allowing easy catalyst recovery and
reuse.’®?° The observed reactivity trend 11 > 9 and
11 > 12 reveals a delicate balance between metal
complex reactivity, electron density, and steric hin-
drance. The metal center of 11 is more electron-rich
than in 9 and less sterically crowded than in 12.
Milstein’s catalysts (9, 11, 12)% and related com-
plexes (10’ 13_15)21,29,30,91,128,141,143,144,213 are also hlghly
intriguing for mechanistic reasons. The vast majority
of textbook palladium-catalyzed Heck reactions pro-
ceed by five consecutive steps: (i) aryl halide oxida-
tive addition to a coordinately unsaturated, 14 elec-
tron Pd(0) species, (ii) phosphine ligand dissociation
followed by olefin coordination, (iii) olefin migratory
insertion in the Pd(ll)—aryl o-bond, (iv) Pd(I1)—H
generation by S-H elimination and product dissocia-
tion, and (v) regeneration of the catalytically active
Pd(0) complex by deprotonation of Pd(I1)—H or by HX
reductive elimination followed by trapping by base
(Scheme 1).142.219.220

An intriguing issue is the mechanism of these
reactions. Is the traditional Pd(0)/Pd(11) mechanism
operative in these systems? For the metalated mono-
phosphine complexes, this is proposed to be the case,
the metalated complex being reduced to the active
Pd(0) complex.??! In contrast, a non-Pd(0) mechanism
may be operative in the case of pincer PCP com-
plexes, possibly a Pd(11)/Pd(1V) mechanism.

Competition experiments in the Heck olefination
reaction with the PCP catalyst 9 and various para-
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Scheme 1
PdL.
i
L// \\H L/, \\R
X( \L X’ \L
L// \\X L/, \\R
T

R H
substituted aryl iodides and methyl acrylate sug-
gested the olefin insertion step to be rate-determin-
ing.% Similar observations were reported by Shibasaki
et al. with complex 13, n-butyl acrylate, and aryl
iodides,'** and kinetic studies on Pd-systems with
monodentate phosphorus ligands also identify alkene
coordination or insertion as the slow step.?12222
Pathways involving Pd(0) are unlikely with the
PCP—Pd complexes. Formation of an anionic PCP—
Pd(0) complex followed by a nucleophilic attack of the
metal center on an aryl halide to afford a PCP—Pd-
(1)—Ph complex can be discarded.®® A mechanism
involving intermediacy of a PCP—Pd—H complex as
a route to Pd(0) by reductive elimination is also
highly unlikely. This is based on the fact that Pd-
(R)[2,6-(CH2P'Pr,),CeH3) (16, R = Ph, H) complexes
were prepared and shown not to be involved in the
overall process, rendering a classical Pd(0)/Pd(II)
mechanism in the PCP-based systems a remote
possibility.®®* Complex 16—Ph reacted with para-
substitutes aryl halides affording the Pd—I complex
(17) and mixed biaryls (eq 4), whereas reactions of
16—Ph with olefins did not lead to formation of
organic coupling products and 16—H (eq 5).51%°
Complex 16—H reacted with p-iodoanisole to afford
17 and anisole. Biaryl or arene formation was not
observed during catalysis.

T’Prz

Pd—I +Ph-Ph 4)
P'Pr2 |

P’Pl'z
Pd Ph 17

P’Pr2

N2 \ CO,Me (5)

Beletskaya and Cheprakov proposed a mechanism
for Heck catalysis by PCP—Pd complexes involving
Pd(0) formation, ring opening, and phosphine dis-
sociation.'*® They suggested that the PCP—Pd(II)
complex is regenerated by air oxidation of an unob-
served, catalytically active Pd(0) species (without
affecting the PCP ligand). No experimental data were
provided. However, the catalytic reactions are equally
efficient when carried under an inert atmosphere or
under air, and the PCP catalyst can be recovered
under inert atmosphere as well as in air, ruling out
possible O,-mediated oxidation of Pd(0) to Pd(Il) as
a major route. Moreover, complex 15 is a highly
efficient, air-stable precatalyst with a relative large
P—Pd—P angle (~166°) arguing also against a phos-
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phine dissociation mechanism driven by release of
strain.'?8

The controversial issue of Pd(1V) intermediacy in
phosphine-based palladium-catalyzed Heck reactions
attracted much interest and is still under de-
bate.21'3055'141211'2121220'223‘227 Recent reports by Jensen,
Shaw, and others suggested Pd(I1)/Pd(IV)-based mech-
anisms.30:141.223224 For instance, tri(1-naphthyl)phos-
phine cyclopalladates (18) are highly stable and
excellent Heck-type catalysts proposed to involve
Pd(IV).?** A recent report of an isolated Pd(IV)-
monophosphine intermediate has been retracted.??®
A recent density functional theory (DFT) study by
Martin et al. on a model system consisting of 1,2-
diphosphinoethane-based palladium complexes iodo-
benzene and ethylene demonstrated that a Pd(I1)/
Pd(1V) cycle may be indeed an alternative to the well-
known Pd(0)/Pd(I1) mechanism (Scheme 1).226

In general, kinetic and mechanistic studies in other
metal-mediated transformations implied formation
of Pd(IV)—phosphine complexes.??87232 For instance,
reaction of optically active a-deuteriobenzyl bromides
with Me,Pd(PRs3), resulting in formation of a-deute-
rioethylbenzene with inversion at the o-carbon pro-
ceed evidently by Pd(1V)—phosphine intermediacy.??®

_ R = naphthyl
Pd—0O,
O 6JR' R'=CH3, CF3

18 R

Catalysts 13 and 14 show an enhanced reactivity
relative to analogous phosphinato-based systems in
Heck coupling reactions (9—12).2° Similar trends
have been observed with other palladium systems as
well.??2 The phosphinito complex 13 showed good
catalytic activity with unactivated aryl chlorides,
whereas the related Pd—Cl analogue of 9 under
identical reaction conditions did not. Moreover, com-
mercially important trisubstituted alkenes were
formed by reaction of aryl bromides and styrene in
the presence of 14 under aerobic conditions.?® This
example of catalyst fine-tuning demonstrates the
importance and potential of PCP-ligand modifica-
tions. A fundamentally new Pd(I1)/Pd(IV) cycle was
proposed by Jensen et al. involving four key steps:
(i) oxidative addition of a vinyl C—H bond (A), fol-
lowed by (ii) rate-determining HX reductive elimina-
tion (B), (iii) aryl chloride oxidative addition (C), and
(iv) subsequent reductive C—C bond elimination to
afford the desired organic products and 14 (Scheme
2).30

Migratory insertion—a key step in the Pd(0)/Pd-
(I1) and the proposed Pd(I1)/Pd(1V)-based Heck reac-
tion mechanisms—is not necessary here. The rela-
tively lower catalytic activity of 9-Cl in this reaction
supports the involvement of a rate-determining Pd-
(1V) to Pd(Il) step—the reduced electron density by
the more electron withdrawing iPr,P—OR groups on
the metal center with the phosphinito system 14 is
expected to facilitate Pd(IV)/Pd(I1) reductive elimina-
tion processes. No direct experimental data were
provided to support this postulated mechanism
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Scheme 2
O-P'Pr,
R
< Pd—C
I SR
(iv) O-PPr, @
14
-Pd—Ar Pd—H
ol cr|
c O-PPr, A O-PPr,
(i) 0O—-PPr, (i)
ArCl - HCI
Pd
| \g
g O-PPr
Table 2

catalyst, Na,CO3

Br
%

see below
reaction conditions ©/\/002Me
half-life (h)
reaction conditions (ta2)?

10 (0.5 mol %), Na,CO3, NMP, 135 °C, no diene 4.5
10 (0.5 mol %), Na,CO3, NMP, 135 °C, diene 150

(2 equiv)
Pd(OAC), (2 mol %), PhsP (6 mol %), Na,COs, 4.5b

NMP, 135 °C, no diene
Pd(OAC), (2 mol %), PhsP (6 mol %), Na,COs, 35

NMP, 135 °C, diene (2 equiv)

a Reaction did not proceed to completion presumably due
to catalyst decomposition as evidenced by the formation of
palladium black.

(Scheme 2).3° Step 14 — A is partly based on
deuterium labeling studies with tert-butylethylene
and the Ir(l11) pincer complex 19 showing a room-
temperature H/D exhange process, suggested to
proceed by reversible Ir(V) (D) mediated vinylic C—H
bond activation (eq 6).2”

PiPr, P/Pr,
WH gy H,,| N

Iy, —=— 7 6)
H  room temperature H | H

P/Pry P/Pry

19 D

Bergbreiter and Sulikowski observed that 1-meth-
yl-1,4-cyclohexadiene and other 1,4-dienes inhibit the
catalytic activity of 10,2! probably by coordination
(Table 2), whereas typical Pd(0)/Pd(11) Heck catalysts
(i.e., Pd(OAC)./PhsP) are not affected by 1,4-diene-
based substrates lending support to a non-Pd(0)/Pd-
(11) mechanism with PCP catalysts. While 1,4-diene
ligands can coordinate to Pd(11)233234 in both systems,
coordination to (PCP)Pd(I1) probably results in satu-
ration and hence deactivation.

Thus, in some systems, a classical Pd(0)—Pd(I1)—
Pd(0) catalytic cycle may be not readily accessible,
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and other routes might be operative instead. The
challenge is clear: more detailed mechanistic studies
are certainly needed to provide compelling evidence
to clarify or to disregard some of the here presented
fascinating Pd(I1)/Pd(1V) reaction pathways. In this
respect, the metalated catalyst 20 was suggested to
operate by a Pd(I1)/Pd(IV) mechanism;?1212 however,
recent Kinetic studies by Herrmann revealed inter-
mediacy of Pd(0).??* Regardless of the exact mecha-
nism involved with the present (PCP)Pd systems
9—15,21,29.30.5591,128,141-144.213 the recent flurry of activ-
ity in this field catalyzed by arguable interpretations
of mechanistic data led to highly efficient olefin
arylation processes with a wide range of olefins and
unactivated aryl halides and contributed to the
development of new, structurally related catalysts,
including carbene-pincer (21)?%-2%7 and (polymer
supported) sulfur-based complexes (22).192012% Enan-
tioselective Heck reactions and related palladium-
catalyzed C—C bond forming reactions (i.e., Stille
reactions)®® perhaps by utilizing new chiral PCP-
based catalysts (23)° and perfluoro-aryl or -alkyl
halides?®® are awaiting further exploration.

HsC oToI o-ToI

o7 o P\
@E\ Pd Br Pd Cl M—OHZ
o-Tol’ oToI P‘Ph

M=ptpd BU
20 21 22 23

B. Suzuki Biaryl Coupling Reactions

Coupling of aryl halides with arylboronic acids is
mechanistically similar to the abovementioned Heck
chemistry and therefore proceeds with many Heck
catalysts.129.213227.239.240 The phenyl analogues (24, 25)
of 14 (with phenyl groups replacing isopropyl sub-
stituents on P) were readily prepared by reaction of
chlorodiphenylphosphine with aromatic 1,3-diols in
the presence of triethylamine and successfully ap-
plied as high activity catalysts in the Suzuki reaction
by Welch and co-workers (eq 7).2%39133 High TONs
with moderate to very good yields were observed for
various aryl bromides (i.e., 92 000 TON, 92% with
24 and 4-bromoacetophenone). Catalytic Caryi—Caryi
bond formation with sterically hindered, electroni-
cally deactivated substrates such as 2-bromo-p-xylene
and 2-bromo-m-xylene was demonstrated as well.
Moderate activity was reported with activated aryl
chlorides such as 4-chloronitrobenzene, whereas little
or no activity was observed with unactivated chlo-
rides. The analogous complex 14 showed good cata-
lytic activity in the Heck olefin arylation with unac-
tivated aryl chlorides,*® which can be attributed to
electronic factors. The higher electron density on the
metal center may promote an unobserved Ar—Cl
oxidative addition process despite the higher steric
bulk of isopropyl vs phenyl substituents on P. Com-
plexes 24 and 25 are robust catalysts: no noticeable
decomposition was observed in wet solutions at
elevated temperatures under air. Catalysts 24 and
25 show essentially the same activity with 4-bro-
moacetophenone and 4-bromoanisole, suggesting that
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Scheme 3
HaC
RubX + - )<CH3
_x-l
R, HaC
HO Y R (|) cris
HR [Ru] CHa
) \~H3C\\<
| R ]“\\\0
R s us,,
X
, HsC”~ “CH
HI/M[RU]ﬁ[RU]_H ° °
P
S X
R™ R

aryl bromide oxidative addition is not the slow, rate-
limiting step in the overall process. Similar observa-
tions were made in the Heck reaction with 9,13 and
aryl iodides.®®14! The reaction efficiency depends on
the nature of the base: Suzuki reactions with 24 and
25 proceed well in the presence of K,COs, whereas
only a few hundreds of turnovers and low yield were
observed with KF.

0-PPh,
R Pd—TFA

24 R H O—PPh,

O BT o 5
r/
2 Base R \ T R2

C. Ruthenium-Catalyzed Hydrogen Transfer

Van Koten’s NCN- and PCP-Ru(ll) pincer com-
plexes (26—28) efficiently catalyze the reduction of
ketones to the corresponding alcohols with 'PrOH as
the hydrogen source and KOH as promotor (eq 8).%°
Inorganic bases are often used to increase the 2-pro-
poxide ion concentration.?*® Coordination of the latter
to the metal center followed by 3-hydrogen elimina-
tion yield acetone and the reactive metal-hydride
species, capable of efficiently reducing carbonyl sub-
strates to secondary alcohols (Scheme 3).241

_ R
NMez PPhy PPh.
 PPhs 2
Q{ ng e e
N N
NMez o) ‘—Pth PPh,
R

27;X=Cl 30

28; X = 0S0,CF3 31; R = Me, Et
29; X=H
(0] OH OH 0
26-28, KOH
R1J\R2 * )\ 82°C R1J\R2 * /k ®)

The PCP-based catalysts 27, 28 showed higher
turnover frequencies than the related NCN complex
26. Excellent turnover numbers and good yields were
observed under reflux conditions with alkyl—aryl,
diaryl, and dialkyl ketones (i.e., 27 000 h~1 for cyclo-
hexanone; 98% vyield with 27) exceeding those re-
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ported with established monodentate phosphine com-
plexes such as [RuCly(PPhs)s] and [RuCI(H)(PPhs)s].24
Reduction of cyclohexanone occurred even at room
temperature. In situ 3!P NMR studies under catalytic
conditions did not reveal free PPh; or PCP ligand
dissociation. Formation of an anionic ruthenium(ll)—
alkoxyhydrido complex (30) was observed by NMR
in the absence of ketone substrates, suggesting that
Ru—H species akin to known (PCP)Ru(ll)—H (29)
complexes may catalyze the hydrogen transfer pro-
cess.3"165 Most probably 30 represents a resting state
of reactive, neutral d® ruthenium hydrido complexes,
which are generally believed to be the actual cata-
lysts in reduction processes (Scheme 3).24* Hydroge-
nation of prochiral ketones to chiral secondary alco-
hols is highly desirable, but a difficult process.*®
Asymmetric hydrogen transfer from alcohols to
prochiral carbonyl compounds to afford enantiomeric
pure alcohols using recently reported chiral PCP and
NCN ruthenium(ll) complexes may be an interesting
alternative.891 The chiral ruthenium complex 31
exhibits very high catalytic activity similar to the
achiral analogues (26—28) in the hydrogen transfer
process between ‘PrOH and acetophenone.®%> How-
ever, at present, the asymmetric induction is rather
poor (14% ee).®

D. Iridium-Catalyzed Alkane Dehydrogenation

The thermally robust iridium pincer complexes 19,
32, 33 are efficient alkane dehydrogenation catalysts
affording alkenes and dihydrogen, including dehy-
drogenation of cycloalkanes to cycloalkenes and

arenes, tetrahydrofuran to furan, and ethylbenzene
to Styrene_24728,31,33,119,122,187

PRz O P'Buy
I| wH 19; R =/Pr |“\\H
r. 4 Ir\
|\H 32;R="Bu | H
PR, O P'Bu,

33

The endothermic dehydrogenation of alkanes is
symmetry forbidden and usually takes place under
UV irradiation or in the presence of a hydrogen
acceptor.?'®242 Although several homogeneous cata-
lysts capable of alkane dehydrogenation have been
reported,120:219.242-247 the performance of the PCP-
based systems is superior in terms of TONs, stability,
and scope (for an excellent feature article, see ref 26).
The combination of high catalyst stability, efficiency,
and process reversibility are desirable also for ad-
vanced fuel cell technologies utilizing hydrocarbons
as hydrogen storage. Selective dehydrogenation of
linear alkanes to afford a-olefins was achieved with
32 and the analogous isopropyl complex 19 (with
isopropyl groups replacing tert-butyl substituents on
P).28 Steric factors play an important role in PCP-
based catalyst activity. Complex 19 yields turnover
rates an order of magnitude larger than the sterically
crowded tert-butyl complex 32 for the dehydrogena-
tion of cyclodecane. Bulky substituents also largely
influence catalyst activity with Heck catalysts 9, 11,
and 12.55 Interestingly, no sacrificial hydrogenation
sink (i.e., tert-butylethylene)?*” is necessary to drive
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the overall process,® although the process is more
efficient in the presence of tert-butylethylene. Dihy-
drogen can be removed from the equilibrium by
purging the reactor with an inert gas other than
dinitrogen. However, the relatively large endother-
micity of the acceptorless dihydrogenation process
requires higher temperatures. Complex 32 is a much
more effective catalyst than the isoelectronic rhodium
complexes,*? in line with the general trend that third
row transition metal complexes undergo more readily
C—H oxidative addition than iso-structural second
row complexes. Catalyst preparation is straightfor-
ward, i.e., catalyst 32 is obtained in good yield by
treatment of the hydrochloride precursor 34 with
LiBEtsH under H,, followed by thermolysis of the
resulting tetrahydrido iridium(V) complex (35) in
vacuo (eq 9). Recrystallization of the dehydrogenation
catalysts is essential to remove possible borate
impurities which may inhibit catalysis.

tBUz
P'Bu, PBu,
LiBEtzH H/,,'\“\‘H vacuum | H
Ir=Cl ——> N T IrS ©)
H Hz [ - Hz | H
P'Bu, P PBu,
34 35 By, 32

The Ir(l11) catalyst remains active after the reac-
tion is complete and upon addition of more alkane
substrate catalysis is resumed, leading to the same
dehydrogenation products at essentially the same
rate. The mercury test did not affect the reactivity,
suggesting that metallic iridium is not involved.
Catalysis is inhibited by high alkene concentration
(hydrogen acceptor and/or product) and by traces of
“inert” nitrogen gas affording catalytically inactive,
crystallographically characterized u-N, complex (sec-
tion 1113, Scheme 7, 67).2” Dinitrogen coordination
to unsaturated low-valent PCP complexes is com-
mon.35:37.45687481 End-on dinitrogen coordination to
(PCP)RN(I) systems is known to inhibit intramolecu-
lar 5-H elimination (section 111M; Scheme 9, 60, 95).7”
Homogeneous dehydrogenation was observed at very
high temperatures (200—250 °C) with the structur-
ally related, rigid “antraphos” PCP complexes 33,
allowing the pursuit of new solution-based catalytic
processes with high kinetic barriers.*?? Related Ni-
(11) and Pd(11) complexes were reported as well. 122145146
The rigidity of the polycyclic aromatic ligand appar-
ently enhances the metal complex thermostability.
On the other hand, catalysts 19 and 32 show much
higher reactivity than 33 at lower temperatures but
decompose above 200 °C. Comparison of calculated
relative accessible molecular surfaces (ams)?*® of
catalysts 19, 32, and 33 showed a distinctly lower
ams value for 33, which is in good agreement with
experimental observations.'#® Mechanistically, both
dissociative and associative pathways for accep-
torless dehydrogenation processes can be consid-
ered.16.17.26.117.219.249 |n combined experimental and
computational studies, Goldman and co-workers have
shown that a dissociative route involving reductive
elimination of H, from 32 has a slightly higher
calculated energy barrier (AE¥) and a significantly
lower free-energy barrier than the barriers for an
associative Ir(V)-based mechanism (Scheme 4).117-119
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Scheme 4
PtBU2 PtBU2 PtBUZ
oH !r CoHsR | <CoHaR
‘H -Hy ’ ‘H
32 PBu, E PBu, F P!Bu,
\
/:/R
\
P'Bu, PBu PR
s 2/CHs | N
r—\;-l R Ir“‘CH‘ - \’R
H/ R o -
| —PBu H —PBu G —PBu,

These findings strongly indicate that the associative
mechanism is not kinetically viable under the reac-
tion conditions. Ir(V) species have been reported (i.e.,
D, eq 6; 35 eq 9).2>?” Hall proposed that the large
endothermicity of the overall dehydrogenation pro-
cess involving an associative mechanism is overcome
stepwise in energetically balanced stages.'” The dis-
sociative route is likely to involve the following four
key-steps: (i) rate determining*® reductive elimina-
tion of H; (32 — E), (ii) alkane C—H bond activation
by a Ir(l)/Ir(111) oxidative addition process (E — F),
(iii) B-H elimination to yield an olefin z-complex (F
— G), and (iv) product dissociation. (G — 32; Scheme
4).%8 If product release is slow (G — 32), substrate
double bond migration may occur (H, I).

E. Enantioselective Platinum-Catalyzed Adol
Condensation of Methyl Isocyanoacetate and
Aldehydes

The first enantiomerically pure PCP ligands, com-
plexes, and asymmetric catalysis were reported by
Venanzi et al.,'31%6 and have been further developed
by others.89.93.115130.135 Chiral PCP ligands function-
alized on the benzylic positions with acetals can be
generated by enantioselective Sharpless epoxidation.
Optically active platinum complexes such as 36 can
catalyze the asymmetric aldol addition of methyl-a-
isocynaoactetate to aldehydes, giving moderate ee’s
of 65% for the trans and 32% for cis oxazolines with
excellent yields (eq 10).%3! For the aldol condensation,
a cocatalytic amount of base is needed to generate
the (unobserved) isocyano enolate metal complex J.

>r° )r"

*NHRS
PPh2 PPh2

OMe
Pt—CI Pt—C N
PPh2 Pth

R COOMe R COOMe
% catalyst 36 ']_( H
I +CNCH,COOMe —"2 5 + (10
R™ "H base O N ON
trans cis

Competition experiments between para-substituted
benzaldehydes indicated that electrophilic attack of
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Scheme 5
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the aldehyde on a coordinated isocyano enolate is the
slow step. Hammett analysis showed a linear free
energy relationship with a positive slope (p = 1.6),
indicative of a reduced electron density at the car-
bonyl carbon in the transition state of the C—C bond
forming step,?®° suggesting that coordination of the
aldehyde to the platinum center is not involved. A
significantly improved synthetic route to related
optically pure PCP ligands and their Pt(Il) and Pd-
(1) complexes was reported by Zhang et al. which
may lead to a new family of chiral PCP-based
catalysts.’39135 Higher efficiency and enantioselec-
tivity in the adol reaction (eq 10) was observed with
a palladium catalyst analogous to 36. The enantio-
selectivity was also enhanced by solvent polarity:
THF > CH.CI;, > toluene. In contrast to Venanzi's
Lewis acid catalyst 36, other factors including con-
centration, addition rate, and base had little effect
on the reaction outcome with the Pd(Il) analogue.
Moreover, the stereochemical product distribution
with 36 differ from palladium-based systems, under-
scoring again the importance of metal—ligand modi-
fications.

F. Palladium-Catalyzed Hydroamination

Hydroamination of olefins with alkali metals re-
quires high temperatures and pressures (eq 11).251.252
Catalytic amination of olefins under mild reaction
conditions has been reported with lanthanide and
early transition metals.?53-2% Very few examples of
catalytically active late transition metal complexes
are known 257260

RoN
%R + H-NR, catalyst 2 \/\R

(1

Mechanistically, oxidative addition of amine N—H
bonds to low-valent late transition metals may pro-
duce hydrido amido complexes. Olefin insertion into
the metal-amide bond may afford a hydrido-alkyl
species, which may be followed by facile C—H reduc-
tive elimination of the product amine, regenerating
the coordinatively unsaturated catalyst. Such a mech-
anism was demonstrated with Ir(l) as catalyst.?%’
Another mechanism may involve nucleophilic attack
of the amine on the coordinated alkene as shown by
theoretical calculations. Trogler reported catalytic
amination of activated olefins with palladium(ll)
complexes 37 and 38 (eq 12), which proceed via the
latter mechanism (Scheme 5).148.150

Catalytic amounts of the catalyst precursor Pd—
Me complex 37 and [NH3Ph][BPh,], combined with

van der Boom and Milstein

aniline and acrylonitrile at room temperature, are
almost quantitatively converted to 3-anilinopropioni-
trile. Hunderds of turnovers with no loss of activity
were observed. Catalyst 38 is robust and therefore
active longer than the known PdR2(R,’PCH.CH,-
PR")-based catalysts, where R = CHj3; or CH,SiMes
and R' = Me, Ph. The reactions with 37 and 38
appear also to be more selective. Protonolysis of 37
with ammonium salts yields the solvent coordinated
complex 38 and not the corresponding amine com-
plexes (eq 12).

T'BUz PBu,
INHoR,I* |
Pd—CH; —— 22 » ) —pgd—Solvent (12)
| solvent |
PBuy PBuU,
37 38

However, Kraatz and Milstein showed that addi-
tion of aniline to a THF solution of 39 (having phenyl
substituents on P) resulted in the exclusive formation
of the crystallographic characterized amine complex
40 (eq 13).%

Tth Pth
c@—f @ C%

PPh, Pth

39

The difference in coordination behavior between
Trogler’'s catalyst 38 and complex 39 is likely to be
of steric origin. Amine complexes akin to model
complex 40 are postulated intermediates in hy-
droamination processes with 37 (Scheme 5). Like-
wise, the cationic dimethylamine complex [Pd-
(NHMe,){2,6-(CH,PPh,),CeH3} ] (41) and analogous
neutral [Pd(NRz){2,6-(CH2PPh2)2C6H3}] (R = Me, Cy)
(42) systems have been reported recently.52.153
Pregosin reported several cationic bivalent platinum
complexes 43 containing N—H---Pt interactions.'®
Amination of olefins involving metal-mediated N—H
bond cleavage may involve similar metal-substrate

interactions.
Pth —| Pth PPh2
CgPd NHMe, CZ<EPd —NR, Pt
PPh, th N

42 R=Me, Cy H3C
G. Phenylacetylene Polymerization by Dinuclear
Rh(lI—Rh(l) Complexes

Reaction of phenylacetylene with the dinuclear Rh-
(1D)—=Rh(I) complexes (44—46) at room-temperature
resulted in the formation of stereo regular cis-
transoidal poly(phenylacetylene) with a molecular
weight of about 50 000 (~490 TONSs; eq 14).1%2 X-ray
analysis unambiguously confirmed the structure of
45, which is similar to the previously reported
dinuclear RhCI(NCN)(u-CIl),Rh(COD) complex (48;

(¢}
43
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COD = 1,5-cyclooctadiene).>” The polymerization
process is probably catalyzed by the (COD)Rh(I)
moiety of 44—46, since the (PCP)Rh(I11) moeties are
coordinatively saturated. As expected, the PCP-
bridged dinuclear Rh(l11) complex 47 is not catalyti-
cally active. Numerous d® Rh(diene) complexes are
known to polymerize terminal aromatic acetylenes
in a similar fashion.?62-264 |n-situ NMR studies did
not reveal any intermediates with 45 and 46, whereas
formation of several uncharacterized rhodium com-
plexes (lacking a Rh—H moiety) was observed with
44,

catalyst 44-46 \ — —
Ph—C=C-H —————— \— — \ (14)
room temperature

HPh H
PPh, |l
|CI—Rh [N J
Rh—Cl Rh Pth thP—Rh
R ’ c’
PPh, 46
44R=H
45:R=Cl
NMe, % PPh2 PhoP
| CI—Rh— | C| cl.|
Rh cl Rh—Pth PhZP—R
cr| H |
NMe, PPh,
48

H. Asymmetric Allylic Alkylation by Palladlum

The palladium-catalyzed reaction of dimethylma-
lonate with 1,3-diphenyl-2-propenyl acetate in the
presence of 49 afforded the alkylation products with
high yields and promising enantioselectivities (ee
range: 50—79%; eq 15). The reaction proceeds
smoothly at room temperature; however, running the
reactions at lower temperatures resulted in signifi-
cant ee enhancements by about 23% (0 °C) and 27%
(=20 °C), respectively. Pd(OAc), and [Pd(C3Hs)Cl].
were used as catalyst precursors and much higher
yields (>99%) were observed with the latter. The
enantiomerically pure PCP ligand 49 was readily
prepared from commercially available starting ma-
terials.?® Although various PCP complexes (M = Ru,
Ir, Rh, Pd, Ni, Pt) were prepared starting from
racemic 49,3 no comprehensive study on the cata-
lytic properties in the allylic alkylation or closely
related reactions using enantiomerically pure 49-
based complexes has been reported yet.

49

o

o oh COOMe PPhy PPh;
+
\/ﬁ/ CcOOMe N,O-bis(trimethylsilyl)acetamide-KOAc
OAc Pd-precursor, THF or CH,Cl,
(R)
Ph s ~-Ph

(19)
MeOOC” "COOMe

|. Catalytic C—C and C—-N Bond Activation by
Rhodium

Catalytic metal-mediated C—C and C—N single
bond activation are rare processes; catalytic C—C
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bond activation is often limited to relatively weak
bonds a to a carbonyl group and/or strained sys-
tems,®0265-273 gnd even fewer examples have been
reported with C—N single bonds.?747276 Catalytic
hydrogenolysis of strong C—C and C—N single bonds
by rhodium was demonstrated with PCP (50 — 51;
eq 16) and PCN (52 — 53; eq 17) substrates, respec-
tively.4354 Catalytic transfer of a CH, group from 50
to a silane and de-ethylation of a PCP substrate was
observed as well.>*

HaC, P/Pry HsC, PPr
[RhCI(CgH14)2]2
CH3 H (16)
A, Hy/-CHy
HaC PPry HsC P'Pr,
50 51
HsC P'Bu, H3C, P!Bu,
RhCI(CgH
CH [RhCI(CgH14)2]2 . CHs (17)
A, Hy /- HNEt,
HsC NEt, HsC  CHs
52 53

The bond activation reactions are remarkably
selective and highly substrate dependent. Only one
alkyl group is affected with the PCP substrate 50,5
whereas with the PCN system 52 selective sp® C—N
bond cleavage occurs.*® Although the catalytic pro-
cesses were not fully optimized, 109 turnovers were
observed with 50. The postulated catalytic cycle for
the C—C bond activation process is outlined in
Scheme 6 and is based on stoichiometric reactions.

Scheme 6
HiC PPry
H

HsC PiPr, H3C P’Prz
51

CH3 Rh—Cl
HiC PiPr.
s 2 HiC P’Prz
CHs
HiC PiPr.
3 50 2 .
HaG RPrz P/Pry
\ | CH3
H /Rh—CI h Cl
HC | PiPry P'Prz

Reaction of 50 with 0.5 equiv of [RhCI(CgH14)2]2
(CsH14 = cyclooctene) resulted in selective oxidative
addition of only one of the three strong Ar—CHjs;
bonds available (54), presumably by precoordination
of both phosphines “arms” to one metal center (K).
Subsequent treatment of the reaction mixture with
dihydrogen (25 psi) at elevated temperatures afforded
the Rh(IIl)—H complex 55 and one equivalent of
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methane. The latter process is suggested to proceed
via an unobserved Rh(V) intermediate or o-bond
metathesis. Mild heating in the presence of excess
PEt; gives the dealkylated substrate 51 and RhCI-
(PEts); by phosphine exchange (L).5* Interestingly,
different reactivity is observed with the similar PCN
system (52).%% Reaction of 52 with a catalytic amount
of [RhCI(CgH14)2]2 resulted in C—N bond activation
affording 53 and diethylamine in good yield (eq 17),
which is in sharp contrast with the stoichiometric
reactions (eq 18). Treatment of 52 with 0.5 equiv of
[RhCI(CgH14)2]2 quantitavively yielded the crystal-
lographic characterized (PCN)Rh(CH3)Cl complex
56.# No C—C or C—H bond activation was observed
in parallel to the catalytic C—N bond cleavage.
Reaction of 56 with dihydrogen yields the hydrido
chloride complex 57 and one equivalent of methane.
Formation of a stoichiometric amount of methane
(based on Rh) is observed during catalysis indicating
that 57 is formed initially. Indeed, 57 can be used
instead of [RhCI(CgH14),]2. The catalytic cycle prob-
ably involves a complex exchange sequence of
competing phosphine/amine coordination in line
with recent reported transcyclometalation reac-
tions with late transition metals in which pincer
NCN complexes are precursors for the formation
of PCP complexes by amino/phosphine ligand ex-
change.87:92.9398.113 |n general, phosphines coordinate
more strongly to low-valent transition metals than
amines.?’” Consumption of all the PCN substrate 52
does not lead to decomposition of the catalytically
active species. Catalysis is resumed by addition of
more substrate; however, the yield decreased with
higher ligand/catalyst ratios indicative of inhibition
of the overall process by the substrate and/or product.

HaC P'Buy PBu, PfBu2
CZ{ 1/2[RhCICsH14)z]2 Cg| CHy  H %;g
CH3 R— C|—> RA—CI  (18)
208”14
HaC NEt, NEt, NEtz
52

[ll. Coordination and Activation of Small
Molecules

Reversible substrate coordination is a prerequisite
for almost any catalytic metal complex transforma-
tion to occur. Therefore, in-depth fundamental stud-
ies of the coordination behavior of potential reagents
and substrates are crucial for further development
of metal-mediated transformations. For a given sub-
strate, what are the necessary requirements to bal-
ance coordination with substrate reactivity? Strong,
irreversible coordination may shut down a catalytic
process, while relatively weak metal—substrate bind-
ing may not lead to substrate activation and func-
tionalization. In the latter case, nonproductive sub-
stitution reactions may dominate. A substantial
amount of solid data are available regarding alkene
and dihydrogen coordination to unsaturated metal
complexes,?19:242.278-282 hile less is known about the
coordination chemistry of water and carbon dioxide
and relatively chemically “inert” compounds such as
molecular nitrogen. Dinitrogen is generally consid-
ered and widely applied as a relatively cheap source
of an inert gas, believed to not affect reaction

van der Boom and Milstein

outcome, product distribution, or rate. Formation of
transient N, adducts during metal-mediated trans-
formations is often not considered, but it may play a
significant role in organometallic chemistry by coor-
dinating to catalytically active complexes, slowing
down or even inhibiting reactions. Recent findings
with unsaturated, low-valent PCP and similar pincer
complexes unambiguously demonstrate that dinitro-
gen is certainly not an innocent spectator, but
actively participates in the following reactions: (i)
traces of N, inhibit iridium-catalyzed dehydrogena-
tion of alkanes,?*2627 (ii) N, competitively coordinates
to Rh(l) complexes by replacing »?-bound carbon
dioxide, ethylene, and r?-bound dihydrogen,” (iii) N,
trapping of an unsaturated intermediate inhibits
intramolecular B-H elimination,”” and (iv) N, coor-
dination may result in formation of various bimetallic
dinitrogen bridged PCP and related pincer com-
p|exes_26,27,31,34,35,37,45,68,74,77,81,85,174 Rhodlum IOW-valent
dinitrogen complexes undergo readily alkyl-1 oxida-
tive addition,f”7°"72 and are excellent precursors
for formation of metal-carbenes.*>81174 Coordination
and/or activation of H,,32:36.38.74,160.200 g]kynes,39:154.155
a|kene5’50,74 solvents,5°v74vl73 H20,31'115'147’149 and

CO; have been reported with various PCP sys-
tems_74,123,126,151

A. Rhodium, Iridium, Osmium, and Ruthenium
Dinitrogen Complexes

Formation of low-valent Rh(l), Ir(l), Os(ll), and Ru-
(I dinitrogen pincer complexes have been reported
in the past five years by Milstein,224567.68,74,77.81174 ygn
Koten,® Jensen,?62” and Gusev.3*3537 Examples and
crystallographically determined N—N bond distances
are listed in Scheme 7. The N; ligand is coordinated
“end-on” to one (58—66) or two low-valent metal
centers (67—71). There are several issues here to be
addressed. Which factors govern the dimerization
process of some of the mononuclear complexes? No
dimerization of 58—60 having an “aliphatic” PCP
ligand has been reported. Is it possible to activate
and functionalize the 7*-N; or u-N, ligands? Mono-
meric dinitrogen complexes might be in equilibrium
with unobserved 14-electron complexes (i.e., section
111, Scheme 10, O; Figure 6, N).%8 Subsequent recom-
bination of these species may afford the observed
dinitrogen bridged complexes. In Gusev's ruthenium
systems (70), associative pathways cannot be ruled
out.®” All reported PCP-based dinitrogen complexes
have basic, sterically demanding tert-butyl or iso-
propyl substituents on the phosphorus donor atoms.
Steric factors undoubtedly play here a major role in
stabilizing the kinetically labile Rh-7!-N, moiety by
preventing or at least hindering associative ligand
exchange and prohibiting coordination of relatively
large substrates, including solvents.”* However, it
seems that electronic factors are equally important
as evidenced by van Koten’s bimetallic NNN-based
dinitrogen complex 71,8 in which the far less bulky
and strongly electron donating NMe, groups are
present. Crystallographic studies in combination with
IR data (for the monomeric complexes) show that #?-
N2,—M and M—u—N,—M coordination only slightly
affects the N—N bond order. Bond lengths vary from
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Scheme 7
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0.963(14) A (60) to 1.13(4) A (70), suggesting a
relatively small zz-delocalization in the M—N; moeties
in comparison with other dinitrogen complexes and
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is in range with that of molecular nitrogen (1.0977
A) and N,* (1.116 A; bond order 21/,).283-285 Since an
elongated bond length of coordinated N is not a
necessary prerequisite for N, activation,?®® N, func-
tionalization in the recent series of new, well-defined
PCP-based dinitrogen complexes (58—71) is worth
studying.

B. Competitive Coordination of Np, CH;=CH,, Hy,
and CO, to Rhodium(l)

The Rh(I11) complex 72 and the analogous Ir(H)-
(CH[HC(CH,CH2P'Bu,),] (73) are readily obtained by
reaction of 1 (R = '‘Bu) with MCIl; x H,O (M = Rh,
Ir) as metal complex precursors (Scheme 8).12 Reac-
tion of 72 with an excess of NaH results in the
quantitative formation of the Rh(l) »*-dinitrogen
complex 59 and H,.”* Apparently, the reaction pro-
ceeds by the formation of an (unobserved) Rh(lll)—
dihydride complex, which undergoes H, reductive
coupling to afford the 7?-dihydrogen Rh(l) complex
74. The coordinated H; is replaced by N, used as an
“inert” gas. The IR spectrum of 59 showed a band at
v = 2108 cm~1,7* characteristic of “end-on” coordi-
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Table 32
incoming Keg AG3ggys
ligand (L) (298 K) kcal/mol
74 H, 8.08 (& 0.48) —1.24 (4 0.04)
75CH,=CH, 7x102(x1x107%  +1.57 (+0.01)
76 CO, 7 x 1073 (1 x 1073) +2.97 (+ 0.06)

aRh—N (59) + L = Rh—L + Ny with K¢q =
[Rh—N_][L]. Temp = 25 °C in cyclohexane.

[Rh—L][Nz)/

nated N to low-valent Rh(1).81287.288 Treatment of 59
with various gaseous molecules (H;, ethylene, CO,,
and CO) and resulted in replacement of the kineti-
cally labile dinitrogen ligand and formation of the
corresponding #?-H; (74), n>-CH,=CH, (75), #?>-CO,
(76), and 5*-CO (77) complexes.”™ Although all com-
pounds (59, 74—77) are coordinatively unsaturated,
the sterically demanding tert-butyl substituents on
the phosphine donor atoms may hinder an associative
mechanism for ligand exchange. Exposing 74—76 to
a dinitrogen atmosphere resulted in rapid ligand
exchange affording quantitative formation of the Rh-
()—n*N, complex 59.

31P{1H} NMR equilibria studies of the reaction:
Rh—N; (59) + L ==Rh—L (74—76) + N, with L = H,,
C,H,4, CO,, respectively, showed that the relative
stability toward ligand (L) dissociation is as follows:
n?-Hy (74) > n*-N; (59) > 5?-CyH,4 (75) > 5?-CO, (76;
Table 3). The basic trialkyl P groups certainly pro-
mote complexation of weak donor ligands and stabi-
lize the resulting adducts; however, steric factors play
here a dominant role given that ethylene is a much
better o-donor and s-acceptor than dinitrogen. Simi-
lar observations were made with RhCI[P(C¢H11)3]2-
(7?-N), which does not undergo ligand exchange with
C,H4 or H,.288 Slow H/D exchange between deuter-
ated aromatic solvents and the aliphatic backbone
of 59 was observed. Although no Kinetic studies were
performed, it is likely that reversible Na/solvent
exchange occurred followed by C—D bond activation.
All abovementioned observations are in line with the
fact that even traces of N, inhibit catalytic alkane
dehydrogenation with iridium and rhodium PCP
complexes (section 11, i.e., 32).2627

C. CO, Activation—Iridium and Rhodium Formate
Complexes

Reduction of CO, is a topic of rapidly increasing
interest,5128 since efficient functionalization of this
cheap greenhouse gas to valuable liquid fuels (i.e.,
methanol) may contribute to a balanced CO, emis-
sion. Stoichiometric reduction of CO, with PCP
complexes has been observed.?3126.151 pglladium
complexes have been used in studies toward the
electrochemical reduction of CO,, including [Pd-
(NCCHj3)(2,6-(CH,PPh,),CsH3)]"BF4~ (79).51 Com-
plex 79 exhibits significant catalytic currents in the
presence of acid and CO,. Formation of an unob-
served hydroxycarbonyl intermediate Pd(CO,H)[(2,6-
(CH,PPh;),CsH3)] (M) was suggested, which decom-
poses in the presence of acid to give H; as catalytic
product. Although these results seem encouraging,
more detailed studies are definitely needed to further
characterize the processes involved.

van der Boom and Milstein
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Formation of a Rh(I11) hydrido formate complex 78
was observed by treatment of 74 with CO, and by
reaction of 76 with H, (Scheme 8).7* The rarely
observed formate complexes are possible intermedi-
ates in rhodium-catalyzed CO, hydrogenation to
formic acid.?®° Kaska et al. reported that complex 80
(analogous to 74)7 reacts also with CO, to afford an
unstable formate species 81 which undergoes a
secondary transformation forming carbonyl (82) and
hydrido hydroxy (83) complexes (eq 19).2® This
interesting reaction (80 + CO, — 82 + 83) can be
viewed as a metal-mediated reverse water-gas shift
process: CO; + Hy = CO + H0.

P Bu, P Buy P Bu, P'Buz

H COz
Rh_| Rh o—<0—> Rh co + Rh OH (19)
P'BUZ P’Bu P'Buz P‘Bu

Reaction of the Ir(l111)—dihydride complex 84 with
CO; resulted in the formation of the unstable 85,
followed by formation of hydrogencarbonate complex
86 and carbonyl dihydride (88) complexes (eq 20).1%¢
The mechanism of this reaction sequence is not
crystal clear, but may involve formate dissociation
from 85 followed by an unsymmetrical disproportion-
ation process. Complex 88 was independently pre-
pared by reacting CO with Ir(H)4HC(C,H4P(‘Bu),),]
(89).%1%6 In all three systems (Scheme 8, eqgs 19 and
20), formate formation (78, 81, 85) has been ob-
served,’#123.126 byt the final reaction outcome seems

highly metal dependent.
Bu2 P'Bu,
Ir >—OH + g" co (20
P'Bu

Buz Buz
_H co
g 2 glr O‘« o
P‘Buz P'Buz

Notably, crystallographic analysis showed the hy-
drogencarbonate 86 as a hydrogen bonded dimeric
structure (Figure 4).1%6 Bennett and co-workers re-
ported a similar dimeric structure with Pt(l1) exhibit-
ing hydrogen-bonded carboxylate groups in the solid
state.’®® Reaction of Pt(OH)[2,6-(CH,PPh,),CsH3] (90)
with CO resulted in the formation of the hydroxy-
carbonyl complex Pt(CO,H)(2,6-(CH2PPh,).CsHs3) (91)
by insertion of CO into the Pt—O o bond. The latter
is the Pt(I1) analogue of the postulated M.'5* Complex
91 is monomeric in solution and reacts with methanol
to afford Pt(CO,Me)(2,6-CH,PPh,C¢H3) (92).

M: M =Pd
91:M = Pt



Cyclometalated Phosphine-Based Pincer Complexes

Figure 1. ORTEP drawing of the molecular structure of
the Heck catalyst 12. From ref 55. Copyright 1997 Ameri-
can Chemical Society.

Figure 2. ORTEP drawing of the molecular structure of
the dehydrogenation catalyst 32. From ref 25. Copyright
1997 American Chemical Society.

Figure 3. ORTEP drawing of the molecular structure of
69 showing the N, ligand coordinated to two Rh(l) metal
atoms with d(N=N) = 1.129 A. From ref 68. Copyright 1998
American Chemical Society.

D. Dinitrogen Controlled trans #-H Elimination

Thermolysis of the Rh(l11) hydrido chloride complex
93 resulted in the formation of 94, presumably by a
fp-H elimination process and H, formation (Scheme
9).12 Treatment of 93 with NaH resulted in formation
of the Rh(I) »*-dinitrogen complex 60 and the hydrido
olefin complex 95.77 Both complexes (60, 95) cocrys-
tallized within one crystal lattice. Complex 60 was
converted into 95 by sweeping the solution with
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Figure 4. ORTEP drawing of the hydrogen-bonded mo-
lecular structure of 86. From ref 126. Copyright 1999
American Chemical Society.

Figure 5. ORTEP drawing of the molecular structure of
the dioxoalkene hydride complex 96. From ref 75. Copy-
right 1996 Royal Society of Chemical.

argon, whereas exposing 95 to N, reversed the
process. Formation of dimeric Rh—u—N;—Rh com-
plexes was not observed here (Scheme 7). Treatment
of 95 with argon containing a trace amount of O,
resulted in the selective formation of a crystallo-
graphically characterized, rare dioxo-alkene hydride
complex 96 (Figure 5).”> Complex 96 is stable at
elevated temperatures (~60 °C), but in CDCl; quan-
titative H/CI exchange and deoxygenation was ob-
served, affording 94. Catalytic alkene oxidation pro-
cesses are believed to involve intermediates akin to
96,2°! but only few isolated complexes containing
alkene, dioxygen, and hydride ligands (mutually cis
oriented) are known.292293

The quantitative free energy profile for the overall,
reversible transformation, 95 + N, = 60, was deter-
mined by kinetic and equilibrium NMR studies
(Figure 6). This represents a rare case in which the
free energy profile of a migratory insertion process
has been completely mapped out. Variable temper-
ature 3'P{H} NMR studies showed that 60 and 95
interconvert with an 1:1 equilibrium ratio at room
temperature, while at elevated temperatures only 95
is observed. Equilibrium parameters at different
temperatures are listed in Table 4. The AG ~ —3
kcal/mol for the equilibrium between 60 and 95
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AG*=18.8 Kcal/mol

AG,*=24.1 Keal/mol

PBu,
HaC |
Rh + Ny
' PBu,
PBu, N PBu,
4 HaC
Ny+ / Rh—H 95 AG = 2.9 Keal/mol ) Rh—Nz 60
P'Bu, PBuy

Figure 6. Free energy profile (95 + N, = 60): olefin insertion into Rh—H and N, trapping. Adapted with permission

from ref 77. Copyright 1997 VCH Verlagsgesellschaft.

Table 4. Temperature Dependence of the
Equilibrium: 95 + N, = 60

T(K) Keq AG (kcal/mol)
294 163.7 —2.98
303 110.1 —2.83
313 77.9 -2.71
323 50.6 —2.51

indicates that N, coordination is preferred. Indeed,
pressurizing a mixture of 60 and 95 with N, (80 psi)
resulted in quantitative formation of 60, representing
a rare example of a N, controlled chemical transfor-
mation. The large negative entropy of activation,
AS# = —39.3 eu, for the migratory insertion process
is consistent with a concerted, highly organized
transition state. NOE spin saturation transfer dif-
ference experiments show that N, coordination to a
transient 14-electron species (Figure 6, N) has a
higher activation barrier than the competing trans
B-hydrogen elimination, making N dissociation from
60 the slow step for the transformation of 60 to
95 with AGjee = 24.1 (+ 0.1) kcal mol~2. Thus, this
clearly demonstrates that N, can act as a trap in a
migratory insertion process. Combined structural
(NMR, X-ray) and kinetic studies suggest that es-
sentially the trans geometry remained during the
reversible 5-H elimination step,”” although 5-H elimi-
nation and hydride migration to an olefin generally
proceed via cis intermediates and/or involve trans—
cis isomerization.”? Structural disorder of the trans
configuration of 95 in the ground state and the high
AS*# for the migratory insertion step are in support
of this hypothesis. The methyl olefin complex 97,
obtained by reacting 94 with MeL.i, does not undergo
migratory insertion, in line with the normally Me <
H migration rate and supporting the hypothesis that
cis-intermediates are not readily available in these
geometrically constrained systems.”7:82294

E. Coordination and Oxidative Addition of H,O

Oxidative addition of H,O by late transition-metal
complexes has been proposed to occur in various
catalytic processes,'*%2% and is a key step in the
design of water-based metal-mediated transforma-
tions. Isolation and full characterization of late-

transition-metal complexes having H—M—0OH func-
tionalities is relatively rare.31:2%-304 The X-ray
structure of trans-Rh(Cl),(OH,)[2,6-(CH,PCy,),CsHj3]
(98) (Cy = cyclohexyl) revealed that metal-coordi-
nated H,O is simultaneously hydrogen-bonded to
propan-2-ol.14” H,O coordination is even favored in
the presence of excess propan-2-ol. This M-OH,
stability may be attributed to the sterically demand-
ing cyclohexyl groups on the P donor atoms.147:164.190
Likewise, the coordination chemistry of N, (59), H;
(74), CH,=CH; (75), CO, (76) to Rh(l) PCP systems
is controlled by bulky tert-butyl substituents on P
(Scheme 8). Trogler (99),148 Bullock (100),*° and van
Koten (23)'*° reported the formation of (PCP)Pd—H,0
complexes. Interestingly, recrystallization of 100
from a THF solution resulted in a complex having
H,O coordinated to the palladium center and simul-
taneously hydrogen-bonded to a BF, counteranion
and a THF molecule (Figure 7).14° Crystallization of
100 from toluene resulted only in formation of a BF,
counteranion adduct.

N
_BF
PCy, PlBu, | PBu  f7°
| ¢ | |
cl .
PCy, P'BU, P'Bu, ?3
98 99 100

A comparison by Muir between various structurally
characterized aqua complexes indicated that Rh—0O
bond distances are influenced by the electronic
properties of trans ligands.'*” Unexpectedly, metal
oxidation state, sterics, and charge play only a minor
role. For instance, the Rh—O bond distances of 98
and the NCN analogue are 2.274(3) and 2.269(2) A,
respectively. Some of van Koten’'s unsaturated
NCN-based complexes form adducts with wa-
ter.86:88,9099-101,106,114 Eor instance, water exchange
on a Pt(ll) center has been studied with [Pt(OH,)-
(2,6-(CH2NMez)2C6H3)]+(0802CF3)7 (101) by 170
NMR.% Moreover, H,O induced C—C bond activa-
tion was observed with NCN platinum complexes
(IVC, eq 40 124 — 101).8688.90.100.101,106,114 jensen re-
ported that 63 undergoes dinitrogen dissociation
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c17

Figure 7. ORTEP drawing of the molecular structure of
100 having both a BF,4 counteranion and a THF solvent
molecule hydrogen bonded to the coordinated H,O ligand.
From ref 149. Copyright 2002 Elsevier.

affording the postulated intermediate O followed by
H—OH oxidative addition to afford the fully charac-
terized hydrido hydroxy complex 102 (Scheme 10).3!
The reverse process, H—OH reductive elimination,
was observed by addition of CO to 102 affording the
Ir(l) carbonyl complex Ir(CO)[2,6-(CH2P'BuU,),CsH3]
(103).22 Treatment of the dihydrogen complex 32 with
tert-butylethylene followed by addition of H,O to the
product solution resulted also in the selective forma-
tion of 102. The latter is a suitable catalyst precursor
for catalytic transfer dehydrogenation of cyclooctane
to cyclooctene at elevated temperatures (1200 TON/
h). The analogous Rh(l1l) complex 83 is obtained by
reaction of Rh(H)(CI)[2,6-(CH2P'Bu,),CsH3] (203; sec-
tion IVA, eq 38) with NaOH or by reaction of 80 with
CO; (eq 19).12% Alkane dehydrogenation with 32 or
102 proceeds even in the presence of water,3! whereas
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N, competely inhibits the reaction by formation of
63 and 67 (Scheme 7).2426.27 Although no alcohols,
ketones, or ethers were observed yet, these H—OH
oxidative reactions provide hope that future metal
complex modifications may lead to catalytic hydrox-
ylation of alkanes by water.

F. Reactions of Azines (R,C=N-N=CR;) with
Rh(l) Dinitrogen Complexes

Various transition metal complexes of cobalt, iron,
titanium, zirconium, and uranium are known to
activate azine N—N bonds in a symmetrical fash-
ion.305-30% The two resulting imide units, —N=CRy,
remain bound to a metal center. No catalysis has
been observed. Recently, reactions of azines with
PCP-based Rh(I) dinitrogen complexes has been
reported.'”® The low-valent metal center promotes a
cascade of unique transformations, including asym-
metric N—N bond cleavage accompanied by sym-
metric N—N coupling, C—H activation, and even
catalysis. For instance, reaction of complex 104 with
a stoichiometric amount of benzalazine (105) at
—30°C results in the formation of three complexes
(107—-109; Scheme 11).

Apparently, complex 107 is an intermediate in the
formation of complexes 108 and 109 as 107 converts
to 108 and 109 in a 1:1 ratio within 1 h at room
temperature. The imine coordination of 108 is not
fully understood and may involve an equilibrium
between 7*-N and #2-C,N coordination. Interestingly,
performing the reaction of 104 with a 10-fold excess
of benzalazine results in the catalytic formation of
benzonitrile. No reactivity between 104 and the
ketazine CH3(Ph)C=N—-N=C(Ph)CH; was observed,
whereas complexes 108 and 109 were formed in a
1:1 ratio upon reaction of 104 with the asymmetrical
azine, PhC(H)=N—N=C(Ph)CHjs; (106). Quantitative
formation of the symmetrical ketazine CH3(Ph)C=N-—
N=C(Ph)CHj3; (110) was also observed by NMR and
GC-MS. DFT calculations suggest that the N—N
cleavage step does not proceed through direct rho-
dium insertion into the N—N single bond (P, Q; eq
21). Most likely a complex bimolecular reaction
mechanism involving C—H activation takes place.

Scheme 11
e PPry
; | C-Ph
I Rh—N
H
H PPr,
Ph . N 2CJ 108
, C*ON C-pn , +
'S’z R iPry /Ph '
| 105,R = H T e P/Pr,
. 106, R =Me )
Rh=N; Rh—N, ——> X 1, Rh—N=C—Ph
[
P .
Pry iErz Ph P'Pr
104 107 109
(observed for 104 + 105, R = H) +
R
1 |
/ .
2 Ph\clz,/N\N,C\Ph
R
- 105,R=H

110, R = Me
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CH
H> Hy |f 2

F|’ HaG, E /N

Th—N\\CHZ —K > Rh\ (21)
P P =

H, Hy N=CH,

P Q

G. Formation and “Hydridic” Reactivity of
trans-Dihydride Complexes

Addition of H, to 111 resulted in the reversible
formation of the cis-dihydride complex 112 (eq 22).
Complex 112 converts upon warming (under mild H,
pressure to reverse H, reductive elimination) to the
trans-dihydride 113, indicating that the latter isomer
is thermodynamically favored.5”

P’Pr2 PiPry P’Pr2

+H2 | co
Ir CO Ir— Ir CO (22)
PIPFZ PIPFZ P’PFZ

The high stability of the trans isomer 113 is
counterintuitive. Whereas numerous cis-dihydride
complexes are known,*?® trans-dihydride isomers are
relatively rare and often not stable for electronic
reasons.10.69.127.310-313 The jridium trans-dihydrides 88
and 114 are other examples of this seemingly elec-
tronically unfavorable ligand arrangement (eq
20).126.127.161 Regction of HIr(PPhs3)sCO with the PCP
ligand 1,3-(CH,P'Pr,),C¢H, (115) resulted directly in
the quantitative formation of the trans-dihydride
complex (113). Apparently, formation of the thermo-
dynamic trans product 113 is kinetically preferred
here. Density functional theory (B3LYP) has been
used by Hall et al. to reveal the mechanism of this
intriguing cis—trans isomerization process.'® Five
possible metal complex isomerization pathways were
considered involving: (i) CO dissociation/reassocia-
tion, (ii) CO migratory insertion into the Ir(111)—H
bond, (iii) PCP ligand C,—H reductive elimination/
oxidative addition, (iv) phosphine dissociation, and
(v) nondissociative trigonal twist. Rather surpris-
ingly, the theoretically preferred mechanism involves
two consecutive trigonal twists (v) in which the
complex passes through a distorted octahedral in-
termediate. The calculated intermediate R and tran-
sition states (TS) S and T are generated from U
(having H subsituents on P instead of 'Buy) by the
simultaneous twisting of P1, H2, and H1. Subsequent
twisting of C2, H2, P2 affords the trans isomer (V;
Figure 8). This low-energy pathway having energy
barriers of 24.0 and 16.0 kcal/mol, respectively, seems
preferred despite the rigid aromatic backbone of the
tridentante PCP ligand.

H

PBu, —PH,
4 [ 1 g
Ir=co Ir—=H
H] :
PB ~PH;
Uz R co
114 non-dissociative
trigonal twist

van der Boom and Milstein

.0 keal/mol

Figure 8. Potential energy profile for the isomerization
of U — V via R. From ref 16. Copyright 1999 American
Chemical Society.
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The reactivity and hydridic character of 113 were
explored using various electrophilic reagents, includ-
ing CS; (116), PhsCBF,4 (117; trityl cation), p-tolu-
enesulfonic acid, Mel (118), CDCI;, benzoyl and
anisoyl chloride (119).5 Hydride transfer took place,
resulting in monohydrides (116—119) which are
chemically inert toward excess of the electrophilic
reagents, unambiguously demonstrating that the
“hydridric reactivity” is unique for electronic reasons.
A direct attack of the electrophile on one of the Ir—H
groups is highly likely, taken into account that (i)
complex 113 is coordinatively saturated, and (ii) no
decarbonylation was observed with benzoyl and
anisoyl chlorides (Scheme 12).

H. Reactions of Terminal Acetylenes with
Ruthenium and Osmium Complexes

Selective C—C coupling reactions by insertion of
substrates into the relatively strong aryl—-M o-
bonds of cyclometalated pincer ligands is relatively
rare 22394815415 Jja and Gusev independently re-
ported series of alkylidene and vinylidene complexes
obtained by reacting (PCP)Ru and Os complexes with
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Scheme 13
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[PCPOsCI]H; (136) + HC=C'Bu —» [PCPOsCIJH(77-HC=CH'Bu) (Z)
- H,C=CH'Bu

[PCPOsCI] (77-HC=C'Bu) (A1) — [PCPOsCIJH(C=C'Bu) (B1) —

[PCPOsCI|(=C=CH'Bu) (137)

terminal acetylenes (Schemes 13—15, egs 23 and
24) 39154155175 |n the past five years, several ruthe-
nium and osmium PCP complexes were reported
Wlth ||gand 2_36—38,56,73,92,94,95,102,137,154,163,165,175 Re-
lated NCN-based ruthenium complexes are also
known,40:90:92,108111,162 Regction of 120 with PhC=CH
resulted (via W and X) in the quantitative formation
of 121 (Scheme 13), whose structure was unambigu-
ously elucidated by NMR and X-ray diffraction
(Figure 9).154155 QOther terminal acetylenes can be
used as well, including Ph,C(OH)C=CH. The pres-
ence of ¢ protons allowed the formation of conjugated
stabilized dienyl structures by a secondary dehydra-
tion process with PhC(Me)(OH)C=CH and HC=C-
cyclo-CeH1o(OH);314315 ¢ protons are not available
with PhC=CH and Ph,C(OH)C=CH.

Mechanistically, the reaction 120 + HC=CR — 121
may proceed by coordination of the terminal acety-
lenes to the unsaturated 120 followed by formation
of a vinylidene complex (Scheme 13: W — X).154.155
Migratory insertion of the aryl group of the PCP
system at the o carbon of the vinylidene ligand
affords the isolated 121. No intermediates were
observed. Reaction of 120 with LiC=CPh afforded
122. Attempts to trap vinylidene intermediates such
as X by protonation of 122 failed. However, various
PNP-ligand based vinylideneruthenium complexes
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Ci34) Cis%)

C(29)

Figure 9. ORTEP drawing of the molecular structure of
121 showing a relative short Ru-:+C,y distance of 2.007
A. From ref 154. Copyright 1999 American Chemical
Society.

123, lacking the reactive C,iyi—M o bond, were
recently isolated.6®

pr2 Ry=H R4 = Ph, SiMe3
/a |,C| Ry R2=p-MeOCgH; Rz =SiMes
N-Rl=c= p-MeCgH
=—(CI Rz Ph
PCy, p-BrCgH4
123 Bu
Fc

X-ray analysis of 121 shows a relatively short Ru---
Cary distance of only 2.007 A (Figure 9),'** and
solution NMR studies reveal that the Cigp, 0f the aryl
ring remains close to the metal center. The reason
for the formation of this unusual ligand arrangment
is not straightforward. The PCP ligand might be
“forced” to be in close proximity to the ruthenium
center. Alternatively, a “real” bonding interaction
may exist involving electron donation of the vi-
nylidene ligand to the unsaturated metal center.
Relatively short M—Cgry and M—Cay distances were
observed for other PCP and NCN complexes as well
(124—126).47.8082,107.114 C—C-.--M agostic interactions
may play here a stabilizing role. Such interactions
are well-established for aliphatic C—H bonds (section
IVA). Examples of well-defined metal complexes

having an agostic C—C single bond are extremely
rare_80,83,272,316

N ~BF4 PPh, -PBu,
Gha) \ W
7’t—| ?h*PPhs --7h—CO
N PPh, PBu,
124 Me, 125 126

Remarkably, reaction of the osmium complex 127
with RC=CH (R = Ph, 'Bu) resulted in the quantita-
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tive formation of the vinylidene complex 128 (Scheme
14).7" The reason for this striking metal-based
selectivity is not obvious. In contrast to the ruthe-
nium chemistry (Scheme 13),'%*1% no migratory
insertion of the aryl group of the PCP ligand at the
o carbon of the vinylidene ligand occurred with
osmium. Jia pointed out that the formation of vi-
nylidene complexes such as 128 from terminal acety-
lenes may proceed by various pathways, including
intramolecular (i) coordination of acetylene followed
by an 1,2-hydrogen shift, and (ii) formation of a
hydrido-alkynyl intermediate by a 1,3-hydrogen shift
of the hydride to the p-carbon of the alkynyl
ligand.?19317:318 No intermediates such as w-acetylene
and hydrido-alkynyl species were here observed.
Deuterium-labeling experiments excluded the in-
volvement of intermolecular hydrogen shift processes.
For instance, treatment of 127 with PhC=CD and
'BuC=CH produced OsCl(=C=CDPh)(PPh3)[2,6-(CH,-
PPh;),CsH3] (128") and OsCl(=C=CH'Bu)(PPhs)[2,6-
(CH,PPh,),CsHs] (128™). No deuterium inclusion was
observed in the osmium complexes when reactions
were performed in the presence of D,O. Therefore, it
is highly likely that 128 is formed via acetylene
coordination and an intramolecular 1,2-hydrogen
shift,X”®> which is in line with calculations showing
that 1,2-hydrogen shifts are generally more favorable
than 1,3-hydrogen shifts.?'9317 Treatment of 128
(R = Ph) with HCI afforded the carbyne complex 129.
Mechanistically, initial protonation of the vinylidene
ligand might be followed by PPhs/Cl~ ligand ex-
change. In support of this proposition, complex 128
was reacted with HBF, to afford the cationic 130.
Subsequent treatment of 130 with PhCH;NEt;CI
resulted also in formation of 129. Notably, Shaw and
Moulton reported the reaction of M(CI)[2,6-(CH,P-
Buy)2CeHs] (131; M = Pd, Ni) with LiC=CPh afford-
ing M(C=CPh)[2,6-(CH,P'Bu,),-CsHz] (132).° Polym-
erization of HC=CPh has been observed with PCP-
based rhodium complexes (section 11G, 44—46, eq
14).132

Recently, Gusev et al. reported on reaction of
ruthenium and osmium hydrides with 1-pentyne and
tert-butylacetylene (eqgs 23 and 24, Scheme 15).%° Note
that these systems (133—137) have bulky tert-butyl
substituents on the phosphines, whereas the afore-
mentioned complexes (120—122; 127—130) have phen-
yl substituents on the P donor atoms. Reaction of 133
with 1-pentyne resulted in the formation of the
alkylidene complex 134 via Y, whereas reaction of
133 with three equivalents of tert-butylacetylene
resulted in the formation of the vinyl-vinylidene
complex 135 (eq 23).

P'Bu, m PBuy
| Cl PrC=CH \\ M
u PPhy <———— 7u-C
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4 —
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\ //C/,CH(Bu)
P'Bu,
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Reaction of the osmium complex 136 with 1-pen-
tyne or tert-butylacetylene afforded the vinylidene
complexes 137 (R = 'Bu, Pr; eq 24). All addition
products 134, 135, and 137 were fully characterized
by a full battery of NMR techniques and X-ray
analysis.

T[Buz T’Buz
H _
s 2 RC=CH
Os—H —> C§;Os—cl (24)
o] - RC(H)=CHj, /C/ |
I __pt
PBu R =By, Pr R/C\H P'Bup
136 137

Mechanistic details were elucidated by low-tem-
perature NMR and deuterium labeling studies. For
instance, the authors proposed that the addition of
tert-butylacetylene to the osmium dihydride complex
136 proceeds by insertion of the alkyne into a Os—H
bond (Z), which is followed by formation of n>-HC=
‘Bu (Al) and hydrido alkynyl complexes (B1). The
latter (B1) rearranges to the isolated vinylidene
complex 137 (R = 'Bu, Pr; eq 24) by a 1,3-hydrogen
shift (Scheme 15).

|. Formation of Pincer Metal Alkylidenes

Two types of PCP-based alkylidene complexes are
known: (i) the carbene moiety is covalently bound
to the PCP ligand,1 35740 or (ii) the M = CR, moiety
is not stabilized by additional (phosphine) ligand
coordination.*>8! The latter case is not only interest-
ing fundamentally but might have synthetic utility.
Formation of a type (i) “carbene” PCP-based complex
was observed by thermolysis of 138 resulting in
formation of 139 and loss of H, (Scheme 16). Similar
carbene structures have been postulated as interme-
diates in the formation of iridium trans-dihydrides
(114).*?” Complex 138 was regenerated by addition
of H, to 139.357 X-ray analysis revealed a structure
resembling both a Ir(l11) carbene (139) and a Ir(l)
ylide (140), whereas solution NMR studies favor the
latter structure. Thermolysis of the osmium complex
141 resulted in the formation of the carbene complex
142 and H, (Scheme 16).4° The X-ray derived Os=C
bond distance is about 0.086 A shorter than the Ir=C
bond in 139.3%7 Reaction of the PCP ligand 1 (R =
'Bu) with [RuCly(p-cymene)], afforded the olefin
complex 143. Only traces (1.5%) of the carbene
complex 144 were indicated by NMR. Mechanisti-
cally, it is likely that the postulated intermediate C1
undergoes a- and s-hydrogen elimination in parallel
pathways affording 143 and 144, respectively.

Dinitrogen Rh(I) complexes are suitable precursors
for the formation of type (ii) metal alkylidene com-
plexes.*>8t For instance, complex 62 reacts with
phenyldiazomethane, to afford the benzylidene com-
plex 145 (eq 25), whereas the analogous Rh(l) pre-
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Scheme 16
PBU, PBU, P'Bu,
| H A -Hz -+
Ir\ =Ir-C| <—» »—Ir-Cl
| o He
P'Bu, PBu, P'Bu,
138 139 140
TIrC]3 x H0
P'Bu, PBu, PBu,
OsClgZ | Ll -Hp _Cl
> /Os\ =08
Et3N/H3 H | H + Hy H
P'Bu, P'Bu, P'Bu,
1 141 142

[RuCly(p-cymene)],
base

P'Bu, P'Buy P'Bu,
| | H | H
Ru—Cl —>/, -Ru + =Ru_
| Cl Cl
PBu, PBuy PBu;
Cc1 143 144 (traces)
Scheme 17
P'Bu, PfBuz P‘Buz
1 equiv. NoCHPh
Rh-Np ———————— Rh N, h CHPh
PBu, P'Bu2 P'Bu2
59
N2CPhy 1 equiv. N;CHPh
P'Bu, P'Bu,
Rh-N,CPhy / R’lh:CHPh
P'Bu, P'Bu,
149 146

cursor 59 reacts with 2 equiv of phenyldiazomethane
to yield the vinyl carbene complex 146 (Scheme 17).8!
Reaction of 59 with a stoichiometric amount of
phenyldiazomethane afforded two products: the vinyl
dinitrogen complex 147 and the carbene complex 146.
Complex 147 was converted into 146 quantitatively
by addition of excess of phenyldiazomethane to the
reaction mixture (Scheme 17).

H3G P'Bu, HaG P'BuU,
Rh—N, 1 equiv. NoCHPh R|h=CHPh
-2N, ’ (25)
H3C P!Bu, HaC P'BU,
62 145

The transformation 59 + N,CHPh — 146 + N, may
proceed as follows. The postulated carbene complex
D1 (Scheme 18) may undergo hydride migration to
give the benzyl complex E1. The latter probably
undergoes metal insertion into the Cips,—H bond
affording F1. C—H reductive elimination from F1
followed by N coordination affords the isolated 147.

In line with this postulated mechanism, reaction
of the olefinic complex 148 with MeLi resulted
exclusively in 147 and CH, via intermediacy of G1
(eq 26). The reactivity of the diazomethane substrate
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Scheme 18
I
P Bu; P'Bu P!Bu,
H
Rh CHPh (Rh -CHPh = ) R’|h /CH,Ph
PIBUZ PtBU ||DIBU2
D1 E1 F1

plays an important role in metal carbene formation.
Addition of the less reactive diphenyldiazomethane
to 59 resulted in the quantitative formation of the
diphenyldiazomethane complex 149. No carbene for-
mation was observed (Scheme 17).

I
<* T Buy <—P Bu, F|"Bu2
MelLi - CH
/\/_Th Cl —— // Rh-CH3 +N J R|h‘N2 (26)
I
P‘Buy P{BUZ P(BU2
148 G1 147

Reaction of the Rh(l)—dinitrogen complex (104)
with phenyl diazomethane at —70 °C results in the
formation of the end-on #'-N diazo complex 150.
Increasing the temperature of the product solution
leads to carbene formation (151). However, this
process is not selective. Performing the reaction of
104 with phenyl diazomethane at room temperature
results in quantitative formation of 151 (Scheme 19).

This remarkable temperature effect on the reaction
outcome is in agreement with previous reports stat-
ing that diazocomplexes such as 150 may not readily
lose N, which hampers the carbene (151) formation.
Coordination of phenyl diazomethane is reversible
upon warming the product solution, and irreversible
loss of N leads to the metallacarbene (151). As shown
by DFT calculations, the key intermediate in the
metallacarbene formation is an #*-C diazo complex
(H1; eq 27), which is formed most likely by a direct
attack of the diazo molecule on the metal center. It
is known that diazoalkane complexes such as 150 are
often stabilized through #*-N or #?>-NN coordination.
Such systems do not form carbene complexes, but
merely serve as a spectator or competitive ligands
in the metallacarbene formation. Since formation of
the #*-C diazo intermediate is sterically demanding,
steric factors play an important role in carbene
formation from diazoalkanes.

IPrz IPI'Z
Rh_ekph N <;<C7%h:< (27)
'sz 'P r

H1

A straightforward procedure toward metal-carbene
preparation was developed by using sulfur ylides as
carbenoid precursors.*® Benzyldiphenylsulfonium
tetrafluoroborate (152), the precursor of ylide (153),
can be conveniently prepared by a one-pot reaction
synthesis (eq 28). Deprotonation of the sulfonium salt
152 yields the benzyl ylide 153. Reaction of 153 with
dinitrogen complexes 66 and 154 resulted in quan-
titative formation of the new rhodium benzylidene
complexes 155 and 156.
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Scheme 19

iPrz
H
P
N=N
Ph>: ® o
Rh—N,
| 70°C, - N,
P
’Prz
104 150

KN(SiMe3),

R
Ph,S=CHPh Rh=CHPh
-30°C -30°C

153 R )|(

(Ph,S*CH,Ph)BF 4
152

R} TRZ
66, 154 %;%Th—Nz R\ PR,
X %;g

155, 156

154,155: R = 'Pr, R = H, X = P/Pr,

66, 156: R = Bu, R' = CHg, X = NEt, (28)

Importantly, this synthetic route is safer than the
one using diazo precursors and is not limited to PCP
(155) and PCN (156) complexes. Various carbene
complexes were prepared, including Grubbs’ catalyst
(PCys).Cl;Ru=CHPh (157), and new metal alkyli-
denes (158, 159) which could not be obtained by other
methods (Scheme 20).

Scheme 20
PCY3
(i) Ru(PPh3)sCly C\ |
= Ru=CHPh 157
(i) 2 PCy3 c’
PCys
, c
[OsHCICO)PPr3),]  HiT ,PPrs
Ph,S=CHPh - Os=CHPh 158
1)
153 LE
; ‘ F|>"Pr3
I» [(PPr3),RACI
L 2l(PPrsloRACll, - 1 ru=cHPh 159
PiPry

J. Dihydrogen Coordination

Complexes having r?-H, ligand(s) may show inter-
esting reactivity and can be viewed as models or
trapped intermediates for the study of H; coordina-
tion, oxidative addition, and reductive elimination
processes. 7?-H, type PCP complexes can be obtained
by several methods, including (i) reaction of metal
hydrido halide precursors with reagents such as NaH
or [BH4]™ (higher yields are reported by performing
the synthesis under Hy), (ii) addition of H, to unsat-
urated complexes or to complexes having a kinetically
labile ligand (e.g., Ny), or by (iii) protonation of metal
hydrides with strong acids.3236:38.74,160.162.163 Ag afore-

van der Boom and Milstein

151

104

mentioned in other sections of this review, coordina-
tion chemistry and reactivity of low-valent rhodium
and iridium #?-H, complexes with N, and CO, have
been studied.’274123126 The first PCP-type 7?-H,
complex (section I1IC; eq 19, 80), the aryl analogue
of 74 (Scheme 8), was reported by Kaska in 1983.32
Complex 80 was obtained in high yield by reaction
of Rh(H)(CI)[2,6-(CH,P'Bu,),CsH3] (203; section I1VB,
eq 38)° with KH under H,. Various iridium 5*H;
complexes were reported as well; for example, Ir(H),-
(7>-H2)(CH(C,H4P'Bus,),) (11) was proposed to explain
the fluctional behavior of Ir(H);[HC(C,H4P(‘Bu)z),]
(89).6125

'Euz Bu, Bu,
HI B HT HPH
H M /R
ZIrH =—= Y_|“H /Ir—/
H | / | Wl H
P H/A—p p
I{
Bup H Bu, Bu,

A recent example of »?-H, complex formation by
M—H protonation chemistry is the reaction of 160
with strong acids such as HOTf, HBF,, or [H(OELt,),]*-
BAr',” [Ar' = 3,5-bis(trifluoromethyl)phenyl)], result-
ing in the quantitative formation of the cationic
dihydrogen complex 161 (eq 29).1%° The kinetically
labile H; ligand is readily displaced by CH,CI, (used
as solvent) at room temperature (162). H,/CHCI,
ligand exchange was observed in other platinum
complexes as well.3!° Solvent and anion coordination
including CH,Cl, was also observed with other
unsaturated, cationic PCP complexes.*?5059.61.149 pres-
surizing the product solution of 162 with H; resulted
again in formation of 161. The nature of the H,
coordination was revealed by low-temperature T;
NMR measurements and deuterium labeling (by
reaction of 160 with DOTF). T, measurements, for
instance, T; = 14 ms at —80 °C for 161-OTf, are
consistent with #?-H, coordination. A relatively large
Jnp = 33.4 Hz was observed, indicative of a rela-
tively short H—D bond. Notably, protonation of
related PNP-based Os—H complexes with HBF, af-
forded Os-52-H, complexes (PNP = 2,6-(Ph,PCH.),-
CsH3N).%8
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+ +
P'Bu, P’Bu2—| PtBuz—‘
| H* | H CHzC|2 |
F|’t—H —_— ‘ ’t (CHJClp)
P'Bu, P'Bu, P'Bu,

160 161 162 (29)

Osmium polyhydrides and dihydrogen complex
precursors were also obtained via reaction of 2,6-
(CH,P'BU,),CsH4 (2) with [OsClg]>~ in 2-propanol
(163; Scheme 21) and methanol (164; eq 30).%8

Scheme 21

PfBuz
EP’Buz Aﬂ] EP'Buz
PtBUZ 80°c PfBuz P!Bu,
163 Hz -30°C |/H
—C| ——» /os:H
H2 ci | “Ha
PBu, PBu,

170 171

Subsequent reaction of the distorted hexacoordinated
dihydride 163 with [BH4]~ resulted in formation of
the isolated polyhydride 165 (Scheme 21), whereas
reaction of 164 with [BH,]~ afforded 166 and 167 (eq
30).3” Noteworthy, reaction of BH;z with Ru(CO)(H)-
[2,6-(CH2P'BuU,),CsH3] (168) resulted in formation of
Ru(H)(CO)[1-BH3-2,6-(CH,PBuU,),CsH3] (169) (eq 31).5"
Extensive NMR studies were performed to elucidate
the nature of the Os—H, bonds and to define the
ligand arrangements. For 165, T; measurements and
deuterium labeling experiments indicated a relatively
short H—H bond length of 0.97 A. H/D exchange was
observed in benzene-ds, perhaps by reversible loss of
H,. Dissociation of H; is known to occur prior to
catalytic dehydrogenation of cycloalkanes by Ir(H,)-
[2,6-(CH,P'Bu,),CsH3] (35; section 11, eq 9).%52% Dis-
solving 163 at low temperatures under H, afforded
170, which isomerized to the thermally unstable 171
(Scheme 21). H; is liberated upon further warming,
and starting material 163 is regenerated. For 170,
an H—H bond distance of 1.08 A was estimated by
NMR. Bis-dihydrogen complexes are relatively

rare_38,320—322
T'Buz T'Bu2 TfBu2
CO [BH4] H H
Cgs‘@ O|s\co + /o‘s’—co (30)
Hz
P‘Buz PBu, P'Bu;
166 167

P'Bu2 P'Buy

BH3 THF \ «H

RIu co (31

B-H
P'Buz ’L\—ptBu

169

Interestingly, complexes 172 (X = Cl) and 173
(X = 1), obtained by reaction of [RuCl,(p-cymene)],
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and the PCP ligand 2 (R = '‘Bu) (and subsequent
reaction with methyl iodide to obtain 173), exhibit
structural similarities with RuH(772-H,)1(PCy3),.36:323.324
For instance, 173 exhibits elongated »?>-C—H and -
H—H bonds (compare: 72-C—H = 1.32(5) A (172) vs
1.08 A in C¢Hg and 1.03(7) A (173) vs 0.74 A in H,).
Moreover, short C—H--*H—Ru (1.68(7) A, 172) and
H—H---H—Ru (1.66(6) A, 173) bond distances were
determined, indicating some degree of interligand
dihydrogen bonding. The fact that the #?>-C—H moi-
eties in 172 and 173 are directed toward the Ru—H
moiety and not toward the empty coordination site
indicates that this proposed interaction is strong
enough to limit the number of possible isomers.

R!Bu,
H

/ X

P'Bu,

172, X=CI
173, X =1

Protonation of the hydrido(olefin) complex 174
resulted in the formation of the dihydrogen(olefin)
complex 175 (eq 32).1%2 Subsequent reaction of the
latter with H, afforded the (hydrido)dihydrogen
complex 176 with elimination of HCIl. Remarkably,
no hydrogenation of the double bond was observed.
DFT (B3LYP) calculations suggested that the hydro-
genation of the double bond is thermodymanically
favorable but not feasible for kinetic reasons.

PPh, PP—| oTf PP—| oTf
(_ | ci HOTF \~ EE

(|)s PPhy —> H/,s PPh3—> H Os—PPh3 (32)
PPh, PPh2 PPh2
174

K. Formation and Reactivity of Quinonoid
Compounds

An unusual series of cationic rhodium and iridium
complexes has been reported by Milstein in which
dearomatization of the aromatic ring of the PCP
ligand backbone took place.?371.76.78.80.8283 Quinonoid
and related complexes are of much current inter-
est,3257329 and this topic has been reviewed recently®?
and will only be briefly mentioned here. Thermolysis
of the Rh(l1l) complex 177 yielded the Rh(l) quinone
methide complex 178 and H, (Scheme 22).7® Using

Scheme 22
'Bu
2 P’Buz
|/CH3 10°C, 4n_
—CI
PfBu2
[BUZ
ROTf
(R=H, Me)
tBLIz
PtBuz
%;gm Cl =— RO —CI
PfBuz
'BUZ
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strong electrophiles such as MesSiOTf and HOTf
resulted in the formation of methylene arenium
metal complex 179, the resonance form of a benzyl
cation (180; see also section IVC, Scheme 29).

Treatment of 177 and derivatives with strong acids
afforded also 179 by a cascade of organometallic
transformations.®® Kinetic studies suggest that pro-
tonation of the five-coordinated d® complex trans to
the apical methyl group affords a transient Rh(V)
species which undergoes 1,2-migration of the methyl
group to the aromatic ring. g-H elimination and
subsequent H, formation afforded the isolated 179
(eq 33).

t oTf
Buz P'BU,
CHs
HOTf V/
R ,\l,,/_m — R Sm—cl (33)
-f2
1F|> PBu,
177 Buz 179
M = Rh: R = OH, H, CO,Me
M=Ir,R=H

Difluoromethylene arenium rhodium complexes
(182) were obtained from 181 by an entirely different
mechanistic route (eq 34).7° Fluoride abstraction from
the Rh(I11)—CF3; moeity of 181 with strong Lewis
acids (i.e., BF3, Ph3;CBF,;, HOTf) probably affords
Rh=CF; species (J1) which is followed by migratory
insertion of the aryl group to the (unobserved)
difluorocarbene ligand (182). It is known that Lewis
acids can abstract fluorides from activated M-CF;
groups due to w-back-bonding to afford M=CF, spe-
cies.3%0

BF4
Bu, Buy Bu,
P P oF R BFs
| CF3 Phacer, +|£F2 22
Rh-Cl————= Rh—Cl | — Rh-Cl  (34)
| -PhecF | |
P P P

181 'Bup J1 Bu; 182  'Buy

The quinonoid chemistry explored with PCP-ligand
stabilized metal-quinone methide complexes, meth-
ylene arenium metal complexes, and metallaqui-
nones?383 has been successfully extended to other
metal complexes in which the biologically important
quinone methide is generated and released in a
controlled fashion without the support of additional
heteroatom coordination.3?832° Reaction of 183 with
nitrogen-based Pd(I1) precursors followed by nitrogen/
phosphine ligand exchange afforded 184 (eq 35).
Desilylation of the Pd(11) complex 184 with standard
guarternary ammonium fluoride reagents resulted
in the formation of the stable quinone methide Pd-
(0) complex 185. Controlled release of the quinone
methide was achieved by reaction of 185 with diphen-
ylacetylene or dibenzylideneacteone. At the same
time, P,Pd(0) olefin complexes are generated.

L. Coordination-Based Multinuclear Complexes

Introduction of substituents on the aromatic ring
of the PCP ligands allows fine-tuning of the electron
density on the metal center.5873121 | jkewise, intro-
duction of heteroatoms such as nitrogen into the

van der Boom and Milstein

OSi(CHa)3
R R
OSi(CHa)3
R R (i) (tmeda)PdMe; / -C5Hg Phy (nBu)4N+F
P (35)
(ii) dppe / -tmeda Pd/ CH3 3SiF —Pd
/ o - ("Bu)4NBr
o b
R="1Bu 2
183 184 185

aromatic system of a PCP ligand leads to a lower
electron density on the carbon atoms.®* For instance,
after complexation of a 3,5-lutidine-based PCP ligand
to transition metals such as Pd(11) (186) or Rh(l), the
nitrogen of the pyridine ring is available for binding
to a second metal moiety (Scheme 23).8* Coordination

Tth
BE
— s Et3B<—NC\<<£Pd—C|
Tphz F|>Ph2
7
@gpld_c. —
PPhz (PhCN),PdCI thp Pth
2 2
186 I—Pd —Pd— ’ \ Pd—
\
thP PPh2

of a Lewis acid (187) or a second metal moiety (188)
to the nitrogen of the pyridine ring influences the
electron density on the first metal center, which
allows one to fine-tune its reactivity. Electronic fine-
tuning might lead to the design of better catalysts.
Moreover, coordination of a second metal moiety
offers a new approach for the generation of oligo- and
multinuclear complexes, which is of much current
interest.%0:331

Scheme 23

IV. Demonstration, Mechanistic Aspects, and
Scope of C-H, C-0, and C-C Single Bond
Activation

Metal insertion into strong single bonds and sub-
sequent functionalization of the resulting metal-
substrate moieties are key transformations for the
rational design of new metal-mediated stoichiometric
reactions and homogeneous catalytic processes. Se-
lective C—H bond activation and functionalization
have been studied extensively.?1933%273%5 In partic-
ular, PCP and related pincer complexes (often
formed by cyclometalation reactions)®® may react
with hydrocarbons by (reversible) C—H bond fis-
SiOn.24_28’32'33’48'49’74'116'117’122'140’167 Importantly, Gold_
man et al. observed the products of vinyl and aryl
C—H oxidative addition to complex 32 in the presence
of a sacrificial hydrogen scavenger (eq 36).116:117
Complex 189 undergoes fast, dissociative hydrocar-
bon exchange and can be stabilized by reaction with
CO affording the saturated six-coordinated complex

190.
TtBuz Bu2 P'Bu,
.CO
H _-Ph_CO_
Irg r—Ph 36
| H At Q o
32 —PBu P‘Buz P’Buz

A = tert-butylethylene
or norbornene



Cyclometalated Phosphine-Based Pincer Complexes

Unsaturated H—M-alkyl/aryl complexes are rarely
observed!16:346:347 and undergo facile reductive elimi-
nation with concurrent C—H bond formation.64348.349
Catalytic dehydrogenation of alkanes by PCP—iridi-
um complexes including 32 (section Il, Scheme
4),24-283133167 mechanistic studies on C—H bond
activation and formation of novel PCP complexes
exhibiting agostic aryl C—H bonds represent major
advancements,?6:27.7987.92116  glthough substrate
functionalization via C—H bond cleavage is still
uncommon. In contrast to C—H bond activation,
much less is known about the oxidative addition of
unstrained C—R (R = C, O, Si, N, F) single bonds
to low-valent metal complexes.60:90,109.271,272,330,350-353
PCP22,46—48,52—54,58—60,62,66—68,70,71,73 and re|ated

PCN, 18414344 PCO,%t and NCN sys-
tem586,88,90,100,101,105,106,109,112,114,170,171 have been
used to demonstrate and to study metal
insertion into various strong
C_C’18,22,41,44,46748,52754,58762,67,70,71,73,86,88,100,101,107,114
C—Si,105106,109,112,170171 C—(),66.68 gand even C—N single
bonds.*®* Ar—CF3z; and Ar—OR (R = H, CH3, CH,CHy3)
bonds have been activated as well.666870.71 C—C bond
activation with several derivatives of PCP (2), PCN
(3), and PCO (4) ligands has been studied extensively
by Mi|St6in,22'41’42’44'46_48'52_54'58_61’67’70'71’73 and Several
computational studies have been reported.186162168.169
Many variables have been explored including metal
periodic table pOSitiOﬂ (Rh,4l,44,47,48,52754,58,59,67,70,71 |r,58,59
Ru,”® Ni,’ Pt,57% Os%), neutral vs cationic sys-
tems,%859 solvent,%8%° bond type,>367.70.7L73 glectron
density,%?% and bulk.52¢7 In the following three
sections, formation of aryl agostic C—H and C—-C
complexes and selective activation of strong C—0O and
C—C single bonds will be discussed.

A. Aryl C-H and C-C Agostic Complexes

There are two generally accepted mechanistic
pathways accounting for most metal-based aromatic
C—H bond activation processes (Scheme 24).333-3%7

Scheme 24

i
|/4 Oxidative Addition \
+o H
©+ (. @/{M] —_— @—[M] +H*

Electrophilic Metallation

i
1

Agostic Intermediate

Route | involves a concerted oxidative addition
process (via an n? metal arene complex) with the
formation of metal-hydride species (i.e., 189, eq 36);116
alternatively an electrophilic attack of the metal
center on the aryl ipso-carbon may afford a metal
arenium (Wheland) complex followed by proton loss
(route I1). An alternative route, which does not
involve the arene z-system, can be considered as well
(route 111).7 It is based on the isolation and reactivity
of #?>-C—H agostic PCP arene complexes and on the
observation that little, if any, charge is dissipated

Chemical Reviews, 2003, Vol. 103, No. 5 1781

Figure 10. ORTEP drawing of the molecular structure of
192 showing the agostic C—H---Ru(ll). From ref 87. Copy-
right 2000 American Chemical Society.

into the arene x system of PCP rhodium complexes™
(see below). Van Koten,%294110.172 Mijlstein,”® and
Gusev?® reported the isolation and full characteriza-
tion of agostic intermediates for aromatic C—H bond
activation with ruthenium and rhodium (see also
section 111J; 172 and 173).36

Treatment of 191 (obtained from reaction of Mes-
SiOT#% with the analogous Ru—Cl precursor)'°? with
an additional PCP ligand 2 (R = Ph) resulted in
ligand exchange and subsequent formation of the
cationic complex 192, having two PCP ligands coor-
dinated/cyclometalated to one metal center (eq
37).9294110.172 The X-ray crystal structure and detailed
NMR studies of this interesting compound unam-
biguously showed the formation of an intriguing aryl
n>-C—H agostic Ru(ll) complex with the agostic
proton commuting between the #?- and #3-PCP ligands
(192, 193; Figure 10).929 An electrophilic aromatic
substitution mechanism involving arenium-type in-
termediates has been proposed to account for this
reversible intramolecular proton shuffle. Proton trans-
fer between PCP and NCN ligands was observed
as well using deuterium labeling studies.®® The
n2-C—H distance of 192 is elongated (~1.15 A) while
there is a relatively short Rh-:+H distance (~1.76 A)
(compare CgHs—H = 1.101 A% Ru—H = 1.52 A). No
loss of aromaticity was indicated and a significantly
reduced C—H coupling constant (}Jcy = 112 Hz;
AJchqigand—complexy = 46 Hz) was observed, typical for
agostic interactions.” Attempts to selectively depro-
tonate 192 using organic bases or to H/D exchange
the agostic proton by reaction of 192 with methanol-
ds were unsuccessful. Agostic alkyl complexes are
known,36:74.219.345 whereas examples of agostic aryl
complexes are extremely rare. Nevertheless, it has
been assumed that aromatic C—H bond activation
might occur via »>-C—H intermediacy.3%8

PPh,
R
.
Ph, | SOCFs
F|>Ph2 2 PPh Fi Ph
PPh; R=H,D,Br
Ru{ S R R @7
| 0S0,CF;  -PPhy /\P
PPh, P pn
191 192 Pph, P2
.
"] -sosCFs
2
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Figure 11. (a) ORTEP drawing of the molecular structure
of 195 showing the agostic C—H---Rh(l). (b) Molecular view
of 195. From ref 79. Copyright 1998 American Chemical
Society.

Reaction of ligand 194 with [Rh(C2H4)(CO)(Solv).]*
(n =1, 2) afforded the crystallographically character-
ized complex 195 having also a metal bound #?-C—H
group (Scheme 25 and Figure 11).7 In sharp contrast

Scheme 25
N oTf |
R P\‘Buz
R PB
12 R4€©g——,/Rhtco
R H R H P'Bu, R P'Bu,
195 l
R \—piau, _MEs
194 —_— R Rh—CO
oTf HOTf ]
+ 7
R R'Bu Rigs o2
[Rh(C2Hg4)(CO)(Solv),J*OTF \ 2
(n=1,2) R ,/Rh—co
R =H, OMe K H Moy,

— 197

to 192,%9294 the agostic proton of 195 undergoes H/D
exchange with D,O and reaction with collidine or
EtsN results in formation of the Rh(l) »*-carbonyl
complex 196. Deprotonation of aliphatic #7?-C—H
bound substrates are known; however, this has not
been observed with aromatic hydrocarbons,338-340.359
Treatment of 196 with HOTf resulted again in
formation of 195. The electron density on the aro-
matic ring does not play a major role as even three
methoxy substituents do not influence the #?-C—H
acidity, suggesting that there is an insignificant
contribution (if at all) of a metal arenium structure
(197). This is also supported by the X-ray structure
of 195, which shows no significant distortion of the
aromatic ring.

These experimental observations were confirmed
by Martin et al. using B3LYP/LANL2DZ density
functional calculations showing that most of the
positive charge is located on the metal center and on
the P groups (Figure 12).7° Thus, 7?-C—H interaction
between an aromatic hydrocarbon and a metal center
(followed by deprotonation) without intermediacy of
an arenium complex should be considered as an
alternative route to electrophilic metalation of aro-
matic substrates (Scheme 24).7 A similar mechanism
was proposed by Bercaw for metalation by scandium
complexes.36°

Examples of complexes having some sort of agostic
C—C---M bonds are extremely rare, and little struc-
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Figure 12. B3LYP/LANL2D?2 electron density plot in the
Cipso—H—Rh plane of 195. From ref 79. Copyright 1998
American Chemical Society.

tural information is available.8%:82:83,316:361 \Weagk re-
versible binding of saturated hydrocarbons to unsat-
urated metal centers might be of prime importance
for many existing and new organometallic transfor-
mations. There are many issues to be resolved. Are
agostic C—C bonds formed during C—C coupling
reactions? Is the formation of an agostic C—C bond
a necessary requirement for C—C bond activation?
Detailed mechanistic studies on C—C bond oxidative
addition to a neutral Rh(l) complex did not reveal the
intermediacy of an agostic C—C bond (or any charge
separation).** Clearly, more examples are needed to
gain fundamental insight into the requirements for
the formation of complexes having agostic C—C-+-M
bonds. In any case, the charge distribution in cationic
metal complexes might play a significant stabilizing
role as exemplified in Scheme 26.8%8% Treatment of

Scheme 26
PBu, R'Bu,
Al co I\ co
R Rh—Me ——> R RH
RT | e
P'Bu, P'Bu,
198
HsC
—P\tBuz —P\tBuz
+
R 7h—CO -——R --7h—CO
PBu, P'Bu,
201 R=H, Me

complex 198 with CO resulted in the selective forma-
tion of the #*-CO adduct 199 which undergoes selec-
tive methyl migration to the coordinated olefin (200).
X-ray and NMR analysis of the latter shows that the
C—C agostic (200) structure prevails over that of the
ethyl arenium (201) form.® For instance, the distance
between the C—C bond and the rhodium metal center
is shorter than the sum of the van der Waals radii of
the atoms involved (2.817 A), whereas the metal—
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C24

Figure 13. ORTEP drawing of the molecular structure of
200 showing the agostic C—C---Rh(l). From ref 80. Copy-
right 1999 American Chemical Society.

Cipso bond distance of 2.354(3) A is longer than
regular rhodium—carbon ¢ bonds (Figure 13). The
C—C bond is slightly elongated, and the aromaticity
in the ring is not significantly disturbed.

B. Competitive sp>—sp? and sp?*-sp® C-O Bond
Activation

C—0 bond cleavage by soluble transition-metal
complexes is well-developed for strained systems (i.e.,
cyclic ethers), weak C—0O bonds, and for reactions
driven by substrate aromatization.®53362-367 Only a
few examples of platinum group metal-mediated
alkyl-O bond cleavage with little mechanistic infor-
mation provided have been reported.*8368-373 The
first examples of metal insertion into a strong aryl-
OR (R = H, Me, Et) bond under mild reaction
conditions in solution were observed with alkoxy and
hydroxyl functionalized PCP-type substrates (i.e.,
202, eq 38).%6%8 For instance, reaction of [RhCI-
(CgH14)2]2 With 2 equiv of 202 resulted in quantitative
formation of 203. No intermediacy of C—H bond
activation or insertion into an adjacent weaker
alkyl—0 bond was observed. The iodide analogue of
the expected product of Rh(l) insertion into the ArO—
CH3; bond, prepared separately, is stable under
reaction conditions in which 202 readily undergoes
aryl—0O bond cleavage. Remarkably, dealkoxylation
reactions (with PCP ligands having phenyl substit-
uents instead of tert-Butyl groups on P) performed
in the presence of primary silanes (HSiR3; R = CH.-
CHj3, OCH,CHy) resulted in transfer of the alkoxy
group to the silane,®® providing the first example of
hydrosilation of an unstrained C—O single bond. This
indicates that cleavage of the ArO—CHj3 bond is not
involved either on the reaction coordinate or as a side
equilibrium (compare bond dissociation energy (BDE)
values of Ph-OCH3; = 91 kcal/mol vs PhO—CH3; = 80
kcal/mol).3%6:374 \We observed that the C—O bond
activation process can be directed at either the
aryl—0 or alkyl—O bond of the PCP substrate de-
pending on the applied metal complex precursor and
the alkoxy group (—OCHs;, —OCH,CH3).%8 Reaction
of the methyl aryl ether 202 with Pd(CF3;CO,), or Nil;
resulted in exclusive activation of the sp3—sp® ArO—
CHj3 bond (204).
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P'Bu, P!Bu, PBu,
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204 202 203

M = Pd, X = OC(O)CF3
M=Ni X =1

On the other hand, reaction of an analogous ethyl
aryl ether PCP ligand with Pd(I1) results in both sp3—
sp? and sp?—sp® C—O bond cleavage in parallel
pathways, demonstrating that both C—O bonds are
accessible to the d® metal center. The overall C—0O
bond activation processes may be kinetically con-
trolled with only a small difference between sp?—sp?
and sp3—sp?® C—0 bond cleavage. Mechanistically, the
nucleophilic Rh(l) promoted aryl—0 bond fission may
proceed via an n?-arene complex K1, followed by
formation of (unobserved) Rh(111)—OCHj; intermedi-
ate L1, which undergoes S-hydrogen elimination to
afford complex 203 and formaldehyde. Thermolysis
of the analogous Rh(111)—CH,CH3; complex 205 gives
ethylene and also 203 (eq 39).72 The electrophilic Pd-
(I and Ni(ll) centers may react as Lewis acids and
coordinate to the ether oxygen (M1), accelerating
alkyl group removal by an internal interaction with
a coordinated anion, as suggested by Shaw,?372 or by
an external nucleophilic attack affording 204 and an
alkyl halide. Regardless of the mechanism involved,
the metal-based selectivity is clear: the Rh(l) metal
center only activates the very strong aryl—0O bond,
whereas the Pd(Il) or Ni(ll) systems preferentially
cleave the alkyl—0O single bond. Notably, hydrode-
oxygenation (HDO)®"5 of 204 (M = Pd) was observed
as well under mild H; pressure at elevated temper-
atures.%8

5* +
PBu, Mes—RBuz | x- PBu,
| 0. |
Th—CI 5 /M—X /Th—x
Meo/—P’Buz PBu, Y —PBu;
K1 L1 M1 205
M=Pd, X = OC(O)CF; X=I,Cl
M= Ni, X =1

C. New Mechanistic Insight into Selective C—C
Bond Activation

Reviews on C—C bond activation, including PCP
ligand systems, have recently appeared.°9196.271 Here
we will summarize the most recent results regarding
metal insertion into C—C single bonds. Reaction of
the PCX ligand systems 52, 206, 207 with various
Rh(l) precursors resulted in formation of Rh(lII)
aryl—alkyl complexes by oxidative addition of a
strong Ar—CHj3 bond (208—211).4142:44.58.5961 X_ray
analysis of 208,% 210,%! 2116 showed that the metal
atom is at the center of a square pyramid with the
methyl group trans to the empty coordination site.
For 211, the BF,~ anion is coordinated to the d® metal
center through a fluorine atom.! Reaction of mono-
phosphine ligands (PC; 212) with Pt(Il), Pd(l1), and
Rh(I) resulted in selective ArCH,—H bond activation
(213).6469376
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Table 5
entry ligand precursor solvent kinetic products thermodynamic product
1 PCN (52) neutral benzene c-C c-C
2 PCN (52) neutral toluene c-C c-C
3 PCN (52) neutral 3-fluorotoluene c-C c-C
4 PCP (206) neutral benzene C—H;C-C c-C
5 PCP (206) neutral THF C—-H;C-C c-C
6 PCP (206) cationic THF C—H;C-C c-C
7 PCP (206) cationic MeCN C—H C—-H
8 PCO (207) cationic THF C—H c-C
9 PCO (207) cationic acetone C—H c-C
10 PCO (207) cationic MeOH C—-H c-C
11 PC (213) cationic MeOH C—H C—H
B2 Bz Scheme 27
Q Q C <]
p 2
| /CH3
’Buz R M—ClI
R = OMe, H, C(0)CH; R_rBu,:p, Buy J,
+ P 208
’Euz ’Euz ’Euz 'Bu—| Buz
|/CH3 |/CH3 |/CH3 l CH3 R —
R M—ClI Rh Rh—Cl —(BF4) ‘Solv tBu2
Fl’ F|’ ’L Solv Solv 206 fg R H
208 Buz 200 Bu 210 Et " \
+ M
M =Rh, Ir I\C
R = OMe, H, C(O)CH3 115 IMCI(C2Hg)2l2 M =Rh, Ir p
R = OMe, H, C(O)CH3 214 g,

For neutral bischelating systems 208—211,% C—C
bond activation is thermodynamically favorable; how-
ever, the kinetic balance between C—H and C—-C
bond cleavage is significantly influenced by the
nature of one of the donor atoms (P, O, N; Table 5:
compare entries 1, 4 and 6, 8).444%861 C—C bond
activation becomes kinetically more favorable than
insertion into the benzylic C—H bond with an in-
creasing electron density on the metal center. A
similar trend was observed by varying the phosphine
substituents.52¢0 With the PPh, analogue of 206,
C—H activation is kinetically and thermodynamically
preferred over C—C activation.

For 206, the kinetic barrier for Ir(l) and Rh(l)
insertion into the stronger C—C bond is lower than
that for C—H bond activation by ~0.3 and ~0.5 kcal/
mol, respectively. The reactions are selective—only
the C—H and C—-C bonds of the methyl group
between the phosphine arms are being activated in
parallel processes (214 <— N1 — 208) indicating the
formation of an intermediate having both phosphine
“arms” coordinated to one metal center (Scheme 27).
Thermolysis of 214 afforded the thermodynamically
preferred product 208.58

The product ratio with neutral complexes is tem-
perature independent, and is not influenced by sub-
stituents on the aromatic system, indicative of non-
polar three-centered transition states for both C—H
and C—C bond activation processes (N1). In line with
these observations, solvent polarity has only a minor
effect on the reaction outcome. However, a remark-
able solvent effect on C—H vs C—C bond activation
processes was observed by treatment of 206 with
cationic Rh(l) precursors (Scheme 28).5° In THF,
metal insertion into the C—H and C—C bonds and
conversion of the product of C—H bond activation into
209 was observed, whereas in acetonitrile activation
of the C—H bond occurred (215). No other products

Scheme 28
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were observed. The ratio between the cationic C—H
and C—C activated complexes is identical as observed
for the neutral systems in THF. Dissolving products
209 and 215 in acetonitrile and THF, respectively,
resulted in the formation of the alkyl—aryl Rh(lll)
acetonitrile complex 216. In neat acetonitrile, com-
plex 216 slowly converted to product 215, indicating
that the C—H bond activation process with 206 and
cationic Rh(l) precursors in acetonitrile is both
kinetically and thermodyamically preferred. Thus,
the solvent can provide a convenient tool in directing
the bond activation process. The reason for this
dramatic solvent effect is probably steric in nature.
With the strongly coordinated nitrile, a four-coordi-
nate intermediate is involved prior to insertion into
the sterically less demanding C—H bond. On the
other hand, THF is only loosely bound, and the
species active in oxidative addition is likely to be a
three-coordinate Rh complex with no coordinated
solvent.

Direct Rh(l) insertion into an Ar—CH,CH3; bond
with ligand 217 was observed as well, yielding a
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relatively stable 16 electron Rh(Il1)—ethyl complex
205,%387 which undergoes 5-H elimination at elevated
temperatures (eq 39).2 Although the Ar—CH,CH;
bond is ~24.5 kcal/mol stronger than the adjacent
ArCH;,—CHj bond, this is more than compensated by
the stronger Ar—Rh than ArCH,—Rh, and selective
insertion into the Ar—C bond is kinetically and
thermodynamically preferred. ArCH,—CHs; bond ac-
tivation is not involved (217 — 218), either as a side
equilibrium or as an intermediate process, even in
the presence of H,, which could have driven the
overall process to a thermodynamically more favor-
able consecutive sp®—sp?, sp?—sp? C—C bond activa-
tion process forming two equivalents of methane.
Accessibility and orbital directionality of the sp?—sp?
vs sp3—sp® C—C bonds are kinetic parameters favor-
ing Ar—C bond oxidative addition.

Bu By
" o i
3 1
/ /5 [RhCI(C2H4)2l2
—Cl CH,CHy ——— ™
R’|h ¢ % 2R 2GoH,
v -
Bu Bu B
218 2 217 C P2
(not observed) |/CH2CH3
Rh—Cl (39)
P
tBUz

205

Oxidative addition of the strong aryl—CF; bond to
Rh(l) takes place upon treating 219 with [RhCI-
(C2H,)2]2 in dioxane or toluene at elevated tempera-
tures, leading to quantitative formation of 181
(Scheme 29).7%7* ArCF,—F bond cleavage was not

Scheme 29
tPBUZ th2
o 2 IRICICHazL th/cfjl
L2222 _
3 A 2CoH,
P P
219  Bu, 181 Bu,
PhsCBFy | - PhsCF
tEUz tEUZ )
RF BF4 CF2 | BF4
+
th—m - \th—Cl
P P
220 Bu, 182  Bup

observed, suggesting a lower Kinetic barrier of the
C—C vs C—F bond activation process. Interestingly,
treatment of 181 with the strong electrophiles, BF;
or Ph3sCBF,, resulted in formation of difluorometh-
ylene—arenium complex 182—the resonance form of
a difluorobenzyl cation (220; see also section 11K,
eq 34).

The “hemilabile” phosphino-amine PCN ligand 52
exhibits a remarkable metal-dependent reactivity—
reaction with Pt(ll) precursors result in selective
benzylic C—H bond cleavage followed by intramo-
lecular deprotonation by the amine arm, whereas
exclusive C—C bond activation occurs with Rh(l)
(Scheme 30, 210).#*44 C—H bond activation was not
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Scheme 30
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observed with Rh(l) in this system perhaps as a
result of a lower activation barrier of the C—C vs
C—H oxidative addition as a result of better orienta-
tion of the metal toward the C—C bond. A relatively
fast C—H reductive elimination process which is
impossible to detect on the NMR time scale cannot
be excluded. Remarkably, metal insertion into a
strong sp?>—sp® C—C bond of 52 was directly observed
at =70 °C by NMR (221 — 210), allowing the
unprecedented determination of activation param-
eters of direct metal insertion into a C—C bond,
AH* = 15.0(0.4) kcal/mol, AS* = —7.5(2.0) eu, and
AGE%) = 17.2(1.0) kcal/mol.** The high level of
preorganization toward a three-center nonpolar tran-
sition state (O1) is reflected in the low activation
barrier for this enthalpy-controlled process. The key
14-electron intermediate 221 was unambiguously
characterized at —80 °C using *C and N isotope
labeling experiments and advanced multinuclear
NMR techniques, ruling out the existence of agostic
interactions, »? coordination of the aromatic ring or
interaction with the aromatic z-system. Solvent
coordination was excluded, and solvent polarity did
not affect the reaction rate, which is in good agree-
ment with a concerted, three-centered transition
state oxidative addition process with no charge
separation.

A combined experimental and computational study
on C—H and C—C bond activation with cationic PCO-
based Rh(l) systems reveals the role of chelation of
the ligand system to the metal center on C—C bond
activation and the importance of unsaturated species
in both C—C and C—H bond activation processes.5!
For 207, benzylic C—H bond activation is kinetically
favored, whereas C—C bond activation is thermody-
namically preferred, which is in contrast to the
reactivity observed with ligands 52 and 206 (also
with alkyl substituted phosphines) (Scheme 31; Table
5). Initially, two products of C—H bond activation are
observed (222, 223), which convert upon mild heating
into complex 211. Interestingly, C—C activation can
be accomplished simply by solvent evaporation of 223
at room temperature, as a result of stabilization of
the C—C activated product in the solid state by BF,
coordination. Computations indicate that both C—C
and C—H activation processes involve 14e, solvent
(methanol) coordinated intermediates. The C—C bond
oxidative addition with 207 and cationic Rh(l) com-
plexes proceed by intermediacy of a three-centered
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Figure 14. Competition 3!P{*H} NMR experiment with ligand 50—OMe and 50—C(O)OMe and RuHCI(PPhgz)3 showing
an arene substituent effect on the conversion of the benzylic complexes 224 into the products of C—C bond activation (226;
Only the P'Pr; groups are shown). From ref 73. Copyright 1999 American Chemical Society.
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transition states as experimentally observed with
ligands 206 and 52 and neutral Rh(l) precursors.
C—C bond activation with an “open arm system”
(213, 222) is kinetically and thermodynamically not
favorable, which is in good agreement with experi-
mental results. One important question remains: is
the formation of an eight-membered chelate a pre-
requisite for activation of strong C—C bonds or
merely one of many factors determining the delicate
balance between C—H and C—C bond activation
kinetics and product stability? The relatively small
difference between C—H and C—C product stability
and kinetic barriers suggest that bischelating prior
to C—C bond oxidative addition may not be necessary
requirement. Further studies have to unambiguously
clarify this point.

Under certain reaction conditions, C—H bond ac-
tivation is the only kinetically observed process. An
additional driving force is necessary to reverse the
C—H bond activation and to thermodynamically drive
the reaction toward C—C bond activation.?2:47:48.54.6573
For instance, reaction of 50 with RuCl,(PPhj)s/'Bu-
ONa or RhH(PPhg), precursors resulted exclusively
in formation of the benzylic complexes 224 and 225,
respectively (Scheme 32). Addition of H, to the

Scheme 32
iPry Pry Pr2
P ° RUHCI(PPhs)y/base P P
or RhH(PPhg), \ Hy |
R ————— >R ML —=R ML
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Hy (D |
2 ’PI’Z
224, 226: ML = RuCI(PPhs) oh
R = C(O)OCHg, H, OMe D, |
225, 227: ML = Rh(PPh3) R ML
R=H
P
1
224", 225' Pr2

product solution or performing the reaction in the
presence of H; resulted in quantitative formation of
226 and 227 and an equimolar amount of methane.
Reaction of 50 (R = H) with MHCI(PPhj3); (M = Os,
Ru) in a sealed vessel resulted also in C—C bond
activation and methane formation.5¢73 Reducing the
electron density on the arene had a positive effect
on the overall rate of the Ru-based reaction 224 —
226 (R = C(O)Me > H > OMe; Figure 14).7® Deute-
rium labeling experiments with 224 and 225 showed
selective labeling of the benzylic groups prior to the
metal insertion into the C—C bond. Thus, ArCH,—
bond activation is merely a side-equilibrium, and not
an intermediate process in the C—C bond activation
step. The H/D exchange rate with 224 is dependent
on the electron density of the arene and follows the
same trend as observed for the conversion of the
products of C—H bond activation into the products
of C—C bond activation. The substituent effect on the
actual metal insertion step into the C—C bond seems
nil, pointing toward a concerted oxidative addition
process as depicted in Schemes 27 (N1) and 30 (O1).
Reaction of 50 with (COD)PtCI, (COD = cycloocta-
1,5-diene) resulted in formation of the thermally
robust 228 and HCI (Scheme 33).5>73 Addition of
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Scheme 33
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excess HCI to a solution of 228 afforded 229 and
MeCl, which can be viewed as the transfer of a
methylene group from an arene to a polar substrate
(HCI). An inverse H/D kinetic isotope effect was
observed, as expected for a competitive C—H and
C—C bond activation process via P1. Metal insertion
into the C—C bond becomes more favorable upon
deuterium incorporation into the alkyl group. A Pt-
(1) complex analogous to the postulated P1 (having
phenyl substituents instead of iso-propyl substituents
on phosphorus) has been isolated.5?

Mechanistically, a concerted C—C oxidative addi-
tion process might be involved as oxidative addition
of significantly weaker, strained C—C bonds to Pt-
(1) is well-known 80271272 However, formation of an
arenium complex akin to 124 by an electrophilic
attack of the metal center on the ipso carbon of the
arene cannot be excluded (eq 40). Van Koten et al.
showed that the NCN-based Pt(Il) complex 101
reacts with Mel and benzyl halides to afford the
arenium complexes 124 and 230.86.88.90,100,101,106,107,114
Addition of H,O to 124 resulted in C—C bond activa-
tion generating the starting complex 101.

Mez Me; Me;

~—N N N
Benzy, X Mel/-H,0 CHa)|

HO Pt (H20) 4_—2> Pt—I (40)
R OH H,0 |
X=Cl, Br N R=H N

230 Mez 101 Me 124  Me,

Methylene transfer from a hydrocarbon to another
substrate is a conceptually unique process.?248:6573
Treatment of the Rh(l) complex 231 (R = 'Pr, Ph)
with primary silanes, disilanes, and aromatic hydro-
carbons resulted in selective transfer of the methyl-
ene group to the incoming substrate and formation
of complex 232 (eq 41). Reaction of 232 with methyl
iodide in the presence of a base regenerates the
starting complex 231. Catalysis has been demon-
strated by using excess of 50 as a methylene source.>*

Ry AB A-CHyB Ry
Fi P
Il?h—PPh?, Th—PPhg 1)
P ; \ P
21 Ry basesHI Mel 232 Ry
base

A=H, B =H, SIOEt, SiPh, Ph; A = B = (MeO);Si
R=Ph,'Pr
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Figure 15. ORTEP drawing of the molecular structure of
236. From ref 22. Copyright 2000 American Chemical
Society.

The methylene transfer process and the alkyl
migration into the strong o aryl-Rh(I) bond combines
a unique sequence of organometallic transformations
including (i) H—Si, Si—Si, or C,y—H bond activation,
(i) benzyl C—H, C—Si, or C—C bond reductive
elimination, (iii) metal insertion into the Cguy—C
bond, (iv) substrate elimination, and (v) regeneration
of the aryl—alkyl moiety by ligand transcyclometa-
lation or alkyl transfer.

Complex 231 (R = Ph) was reacted with various
aryl halides to gain mechanistic insight in the
methylene transfer reaction (Scheme 34).22 Initially,
Caryi—| oxidative addition occurs (231 — 233), fol-
lowed by C—C reductive elimination (Q1 — R1) and
oxidative addition steps (R1 — S1). The net result is
an intramolecular arene to arene transfer of a meth-
ylene group (233 — 234). Treatment of 234 with NaH
affords 232 and an organic product. Kinetic studies
revealed that the C—C reductive elimination step is
rate-determining with an organized nonpolar three-
centered early transition state (Q1) as indicated by
the activation parameters: AS* = —23 + 4 eu,
AH* = 17 £ 3 kcal/mol.

Methylene and benzyl transfer from incoming
reagents into the o aryl-metal bond of the bis-
chelating ring has been studied as well as exemplified
with the reaction of complex 235 with PhLi resulting
in the formation of complexes 232 and 236 as a result
of competitive carbon—carbon bond formation pro-
cesses (Scheme 35; Figure 15).22 Other carbon nu-
cleophiles can be used as well. The migration of the
benzyl group to the cyclometalated arene is Kineti-
cally controlled by electronic factors—relatively elec-
tron-rich benzyl groups favor transfer into the bis-
chelating ring and C—H bond activation. This process
is favored kinetically over sp®—sp® C—C reductive
elimination.
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V. Concluding Remarks

The combination of synthetic, structural, coordina-
tion, mechanistic, and catalytic studies employing
series of newly synthesized PCX (X =P, N, O) ligands
and metal complexes has provided much fundamen-
tal insight into the factors dominating the reactivity
of these intriguing complexes and has resulted in a
far better understanding of how new reactive PCP-
based complexes should be designed. Moreover, the
isolation of “frozen” model intermediates provided
much needed mechanistic data not possible to acquire
with other ligand systems. Many more unique com-
plexes might be isolated, but one of the issues facing
the rich PCP-based model chemistry is the possibility
to generalize the accrued knowledge. One example
is the development of a general, safe method for
metal carbene formation, which started from PCP-
based carbene complexes to the recent formation of
Grubbs catalysts.*® The opposite trend is also ob-
served. The combined knowledge in the field of
catalytic alkane dehydrogenation led to the successful
design of the alkane dehydrogenation PCP catalyst
32 and related complexes.?® Applied chemistry with
catalytic PCP-based system is in reach due to the
favorable combination of complex stability, fidelity,
selectivity and high reactivity. Design of a highly

van der Boom and Milstein

efficient enantioselective PCP catalyst capable of
substrate activation under mild reaction conditions
is still a highly desirable target. PCP and related
ligands are also versatile building block for the
formation of nanoscale, supermolecular structures
promising much more exciting chemistry to come
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