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bstract
Pincer complexes have developed into a class of compounds with a tremendous breadth of applications in organometallic chemistry and catalysis.
n this article we have selected a few PCP-pincer ligand systems and demonstrate that small changes in the ligand backbone have a dramatic impact
n the reactivity change of their metal complexes.

2008 Elsevier B.V. All rights reserved.

n; Hy

o
p
T
t
i
i
i
n
s
p

eywords: PCP-pincer ligands; C–H activation; N–H activation; CO2 activatio

. Introduction

Pincer ligands are terdentate ligands which coordinate in
�3-mer fashion to a metal center (Scheme 1). The sym-
etric anionic bis-chelating ligands bond strongly to a wide

ariety of transition and non-transition metals. This bonding is
chieved by the presence of at least two donor atoms and an
pso-carbon-metal bond, which reinforce the structure and pre-
ent the dissociation of the metal from the ligand as well as
igand exchange processes. Early investigations have especially
ointed out that the generation of two thermodynamically sta-

le internal five-membered rings is very important [1,2]. For
xample the ligand backbone and the coordinating atoms can be
ailored to control the bite angle, steric environment, and frontier
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drides

rbitals [3,4]. Furthermore, the meridional arrangement of the
incer ligands force all participating ligands into cis-positions.
ogether these factors translate into materials with exceptional

hermal stability and still high reactivity [5–8]. Since their first
nceptions [2,9–12] the diversity of pincer ligand systems has
ncreased dramatically which also has widened the application
n many areas like organometallic chemistry, reaction mecha-
isms, catalysis and design of new materials. Thus, pincer ligand
ystems have left the state of curiosity and are nowadays integral
arts of many concepts in chemistry [4,5,13–18].

The most popular pincer ligands remain those with aryl
ackbones (Scheme 1, I). The rigid phenyl ring and the
trong sp2-carbon-metal bond makes them ideal candidates for
tudying synthetic, catalytic and mechanistic properties of the

omplexes. Pincer ligand complexes with an alkane backbone
I have been less attractive. The high flexibility of the alkane
ings as well as the higher electron-donating ability of the
pso–sp3-carbon atom in the corresponding metal complexes

mailto:hermann.mayer@uni-tuebingen.de
dx.doi.org/10.1016/j.ccr.2008.02.002
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Scheme 1.

ncrease their reactivity which makes them more difficult to
anipulate.
A novel way to expand the pincer ligand backbone is to incor-

orate the cycloheptatriene moiety into the ligand backbone
Scheme 1, III). Previous work has demonstrated that this moi-
ty can be an interesting and vital part of a pincer ligand system
19–21]. The particular feature of the cycloheptatrienyl pincer
omplexes is their unsaturated but non-aromatic ligand back-
one. This makes the cycloheptatriene moiety an intermediate
etween the phenyl- and alkane-based pincer ligands.

The differences in chemical behavior of the aryl, alkyl and
ycloheptatriene pincer complexes can be rationalized by com-
aring the resonance structures displayed in Scheme 2. The
elected examples display metal-carbon bond polarities which
re favored by the respective ligand backbone. For instance, if
= H the resonances structures IA and IC contribute modestly

o the overall bonding situation in the aryl system. Modification
f the backbone with electron withdrawing or donating sub-
tituents X can influence the contribution of IA and IC. As an
xample the metallaquinone [O C6H2-(CH2PtBu2)2]Ru(CO)2
14,22] can be derived from IC. Spectroscopic evidence supports
he alkylidene structure IIA in the case of the alkyl complex. Fur-
hermore, it is expected that the positively charged character of
he aromatic 6�-electron system of the cycloheptatrienyl ring
ill impose a reversed polarity. Thus, resonance structure IIIC

Scheme 2) will gain importance.
. Aryl as the ligand backbone

The sensitivity of reactivity towards substituents in the
ara position has been demonstrated by the dehydro-

Scheme 2.
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Scheme 3.

enation/hydrogenation equilibrium displayed in Scheme 3.
ubstituent X is able to shift the equilibrium towards 2 or 1.
he electron-donating methoxy group in compound 1b leads

o a stabilization of the resonance structure IC which increases
he electron density at the metal and facilitates the intramolec-
lar oxidative addition of a tert-butyl C–H bond. This allows
he isolation and full characterization of 2b [23]. In the case
f the unsubstituted complex 1a (X = H) the dehydrogenation
o 2a has never been observed. On the other hand storage of
he nitro compound 1d for a few months leads to a complete
onversion to 2d, while 2c is quantitatively formed from 1c
n solution within 5 days [24]. These observations agree with
onclusions drawn from theoretical investigations that the �-
onating/withdrawing abilities of the substituents in the para
osition dominate the reactivity [25,26]. The substituents MeO,
H, NO2 and NHR in the complexes 1b–e possess these char-

cteristics only in those compounds that support the resonance
tructures IA and IC which contribute to the overall stability. The
-donating capability of the MeO group in 1b is then responsi-
le for the importance of IC which increases the electron density
t the metal for the second C–H activation process. Thus, 2b
s obtained by two consecutive intramolecular C–H bond acti-
ations. Details about the sp3-C–H bond activation which is
ccompanied by a dehydrogenation are still unclear. Quantum
hemical calculations show that 2a,b are thermodynamically
ess stable than 1a,b. Furthermore, electrochemical studies
stablished an equilibrium between 1a,b and 2a,b + H2. The iso-
ation of 2b is only realized if H2 is expelled from the reaction
ixture.
A more detailed electrochemical investigation revealed that

he electrode reaction mechanisms for both 1a,b involve a
oint feature called a square scheme with a coupled ECE
eaction sequence (follow-up reactions) (Scheme 4) [27].
he electron transfer reactions are linked by two chemical
quilibria which have been shown to be homogeneous hydro-
enation/dehydrogenation steps. Interestingly, the one-electron
ransfer oxidation of both 1a,b reverses the stability of the two
incer complexes related to C–H activation. While the hydri-
ochloride form is favored in the Ir(III) oxidation state, after
xidation the doubly cyclometalated species prevails. It is impor-
ant to note that for both compounds the intramolecular C–H
ctivation step is promoted by one-electron oxidation. The same
ffect has been reported previously for IrMe2(�5-C5Me5)PR3
R = Me, Ph). Here upon oxidation of the iridium(III) complex

o the Ir(IV) cation [IrMe2(�5-C5Me5)PR3]+ the rate of the C–H
ctivation has been dramatically increased [28–30].
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1,3-bisaminopropane-based pincer complexes show a distinct
competition between �-H- and �-H-elimination so that all
accessible isomers are observed in the equilibrium. Thermody-
namically the Ru(II) olefin complex 13 is the most stable form,
Scheme 4.

Significant differences between the electrochemical behav-
or of 1a and 1b involve a shift of the peak potentials to more
ositive values in 1a compared to 1b. This has been explained
s a result of the decrease of the electron density at the irid-
um center in the unsubstituted complex 1a as compared to the

ethoxy compound 1b. Therefore, the release of an electron in
he oxidation process becomes more difficult. Interestingly, the
hemical equilibrium in the oxidized part of the square scheme
s more facile for 1a compared to 1b.

In the case of 1b, the one-electron oxidation product of the
quare scheme reacts only slowly to electrochemically inactive
b+. This is in contrast to 1a where the product 2a+ quickly
ndergoes further transformations (Scheme 4). The follow-up
roducts 3b+, 3a+, 3a2+ and 4a2+ have not been characterized in
etail, however, their mechanistic importance is strongly indi-
ated by experimental and simulated data [27].

From the shape and the high intensity of the oxidation peak
f 1a it has been interpreted that a further electron transfer pro-
ess contributes to the initial one-electron oxidation with the
ossible formation of an Ir(V) species. Overall, the kinetic and
hermodynamic parameters derived from a comparison of cyclic
oltammetric experiments and computer simulations confirm the
ssumption that the intramolecular C–H activation is promoted
y one-electron oxidation of 1a or 1b. Up to now only 2b could
e isolated and characterized which might be due to the more
acile oxidation of 1b compared to 1a.

Thus, in contrast to 1b the hydridochloro rhodium complex 5
as to be reduced to a highly reactive 14e− species to oxidatively
dd C–H bonds (Scheme 5) [31]. As deduced from spectro-
copic and experimental data intermolecular oxidative addition

f solvent molecules as well as the intramolecular addition of
tert-butyl C–H bond takes place. This has been the first time

hat it has been mentioned that the tert-butyl groups of pincer
Scheme 5.

omplexes are able to compete with intermolecular C–H activa-
ion. Further tert-butyl group activation in iridium and ruthenium
incer complexes have been reported recently [16,32].

. Alkyl as the ligand backbone

The more �-electron-donating character of sp3-carbon atoms
ompared to sp2-carbons increases the electron density at the
etal center significantly. This might be one reason for the sta-

ility of the carbene complex 9, that has been prepared first by
hermal decomposition of 8 in around 5% yield [33] or later in
ields around 60% by continuous photolysis and removal of H2
Scheme 6) [34].

The hydride–borane complex 12 is the product of the sub-
titution of the chloride by a hydride ligand followed by the
oordination of the leaving BH3 molecule when 9 is treated
ith NaBH4. This behavior of 9 in presence of the nucleophilic
oronhydride anion supports the importance of the alkylidene
esonance structure IIA (Scheme 2). In 12 the trans orientation
f the strong field carbene ligand is evaded and the �2-bridging
ydride ligands strongly reduce the donated electron density to
he iridium center.

Treatment of 9 with carbon monoxide leads to the forma-
ion of the adduct compound 10, accompanied by complex 11
hich is the product of �,�-hydride shift. Carbon monoxide as
strong �-donor as well as an efficient �-acceptor ligand seems

o destabilize the carbene metal bond and therefore induces �-
-elimination. Similar rearrangements have been reported for

hodium [35,36], ruthenium and osmium [37,38] complexes
ith alkyl-based pincer ligands.
The Ru(II) carbene complex 15 for example coexists in

n equilibrium with the olefin complex 13 (Scheme 7).
rom DFT calculations [39] it is concluded, that these
Scheme 6.
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Scheme 7.
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lthough the carbene compound 15 is only 2.9 kcal/mol higher
n energy. It should be emphasized that mechanistically the spin
hange from a singlet ground state in 13 or 15 to a triplet ground
tate for the 14e− alkyl intermediate 14 seems to be involved.

In order to obtain �-acceptor properties of the carbene atom,
PCP-pincer backbone without �-H-atoms has been devel-

ped, that is not able to undergo carbene–olefin isomerization
Scheme 8) [40].

The Ru(II) complex 16 (Scheme 8) is obtained in very good
ield by treatment of the dipyromethane PCP ligand with [(p-
ymene)RuCl2]2 and triethylamine at 100 ◦C in toluene. The
roducts of the reaction of 16 with pyridine or acetonitrile
re proposed to be the adduct compounds 19 and 20 which
re detected at low temperatures. At room temperature just an
verlayed structure is observed. Again the trans orientation of
ydride and carbene ligands is avoided, because both are strong
eld ligands. Treatment of 16 with CO leads to a mixture of the

wo isomers 17 and 18 where two CO molecules are coordinated
o the ruthenium center. The disappearance of the hydride signal
n the 1H NMR spectrum is explained by a 1,2-hydride shift to
he carbene atom. Compounds 17 and 18 are designated as the
yn- and the anti-isomer with respect to the H–C–Ru–Cl unit.

imilar to the reaction displayed in Scheme 6 the coordination of
O trans to the carbene carbon atom is avoided by a 1,2-hydride

hift (�-elimination) to the carbene atom (analog Scheme 7) and
he formation of a carbon-metal �-bond trans to CO.

v
m

a

Scheme 9
.

Recently the alkyl pincer complex 22 has been shown to
xidatively add ammonia to form the hydridoamide complex 23
Scheme 9) [41,42]. This is remarkable as ammonia prefers to
oordinate via the lone pair. To obtain an efficient precursor for
he assumed highly reactive 14e− Ir(I) intermediate, the hydri-
ochloro complex 8 is treated with superhydride (Li[HBEt3]) in
hydrogen atmosphere to obtain the tetrahydrido compound 21

hat subsequently is transformed to the propene complex 22.
Treatment of 22 with ammonia at room temperature results

ithin 5 min in 90% yield in the hydridoamide 23. Independently
3 has been isolated by treatment of 8 with ammonia in presence
f the strong base K[N(SiMe3)2]. Mechanistic considerations
f the N–H activation based on thermodynamic and kinetic
tudies as well as labeling experiments ruled out pathways via
ydrido carbene or double cyclometalated intermediates. Also
n associative pathway can be excluded. Most likely the reaction
roceeds via the dissociation of propene followed by the N–H
xidative addition of ammonia [41]. In case of the aryl-based
incer complexes the analogous hydridoamide 25 is accessible
n a two-step synthesis (Scheme 10). Treatment of the hydri-
ochloro complex (IB with X = H) with ammonia leads to the
lassic Ir(III) ammonia complex 24 which could also be con-

erted into 25 by addition of K[N(SiMe3)2] to the reaction
ixture at −78 ◦C.
Interestingly the aryl pincer amide 25 is more labile than the

lkyl pincer complex 23 and reductively eliminates ammonia

.
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Scheme 11.

apidly at temperatures above −10 ◦C to form the Ir(I) ammonia
omplex 26. The aliphatic backbone induces a higher electron
ensity on the metal center than the aromatic backbone which
orces the oxidative addition of ammonia in the case of 23. This is
lausible because the process of oxidative addition is associated
ith electron donation from the metal to the substrate and hence

educes the electron density at the metal. Vice versa the reductive
limination increases the electron density at the metal and is
herefore preferred in the aryl pincer complex [41,42].

Further examples for small molecule activation with PCP-
incer complexes are the formation of formate complexes from
O2 (Scheme 11). The alkyl iridium dihydride pincer complex
7 rapidly generates the formate complex 28 in the presence of
arbon dioxide [43]. Over a period of some weeks 28 undergoes
disproportionation to the trans-dihydride species 29 accompa-
ied by the crystallization of the bicarbonate complex 30 from
he reaction mixture.

Complex 27 is accessible from the tetrahydride 21 by care-
ul sublimation. The penta-coordinated Ir(III) dihydride 27 is
escribed with an agostic interaction from the methyne C–H
ond. This could be explained by the donation of electron den-
ity from the electron-rich metal into the �*-orbital of the C–H
ond.

The very similar reaction of the rhodium analog �2-
ihydrogen complex 31 with carbon dioxide forms the rhodium
ormate compound 32 (Scheme 12) [35]. The same product is
btained by treating the CO2 adduct 33 with hydrogen. It is
ssumed that the latter reaction proceeds via the dihydrogen
omplex 31 as intermediate.

In case of the aryl-based rhodium PCP-pincer complex the
ormate 35 is characterized in the reaction mixture by 13C NMR

nd IR spectroscopy [44]. It is as well available from the dihy-
rogen complex 34 by treatment with carbon dioxide. Over a
eriod of some hours 35 loses CO. If the reaction is allowed to
ontinue for 1 week or more, the Rh(I) carbonyl complex 37

Scheme 12.
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s obtained. Independently 37 can be prepared by treating the
solated and redissolved compound 36 with CO.

In order to get a deeper understanding of the different
ehavior of the rhodium PCP-pincer complexes depicted in
chemes 12 and 13 a combined experimental and DFT inves-

igation has been performed recently [45]. To examine the
ossible reaction pathways the calculations are performed with
CP complexes which contain hydrogen atoms instead of tert-
utyl groups at the phosphorus atoms. The first reaction step
s supposed to be the formation of the exergonic dihydrogen
oordinated rhodium center which weakly binds to �1-CO2.
ubsequently the CO2 moves to the �1-OCO coordination which

s an endergonic process. The four-membered transition state of
he hydride shift to the CO2 carbon atom forms the �1-OOCH
omplex which rearranges fast to the strongly exergonic hydrido
ormate complex 32 or 35 with the �2-OOCH unit. It should
e noted that the alkane-based formate complex 32 is thermo-
ynamically more stable than the phenyl-based 35. In case of
eductive elimination of formic acid the five-membered transi-
ion state is thermodynamically and kinetically favored for the
ryl-based rhodium pincer complex 35, while the alkane-based
incer complex 32 requires a higher activation barrier and leads
o less stable products. The observation of 36 and 37 might be
ealized in the ease of formic acid elimination from complex 35.

. Cycloheptatrienyl as the ligand backbone

Cycloheptatrienyl organometallic compounds with their var-
ous modes of bonding in the form of �1-carbene, �2-allene and
7-tropylium complexes were studied many years ago [46–50].
he seven-membered monocyclic C7H6 ring has two isomers,

he cycloheptatrienylidene (CHD) and the cyclohepta-1,2,4,6-
etraene (CHTE) on the C7H6 energy surface. Although the
llene (CHTE) is the most stable species, the carbene (CHD) pre-
umably is the lowest energy transition state on the isomerization
athway between enantiomeric allenes [51,52]. Different tran-
ition metal complexes are able to respond to the C7H6 isomers
nd stabilize their characteristic structural features via different
onding modes. Thus, early transition metals are in favor of the
arbene (cycloheptatrienylidene) structure [53]. This has been
xplained by the aromaticity of the tropylium resonance form
nd the low-lying vacant orbitals on the metal which are impor-
ant for �-bond formation [48]. Late transition metals show

more differentiated behavior. While platinum(0) favors the
llene structure a carbene could be established for a d8 Pt(II)

omplex due to the strong interactions between the cyclohepta-
rienylidene HOMO and the metal LUMO [48].

The introduction of di-tert-butylmethylenephosphane moi-
ties in 1,6 position of 1,3,5-cycloheptatriene generates a
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Scheme 1
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an ethyl group which contrasts the general use of boronhy-
drides as hydride transfer agents [59]. The isolation of 43 is
Scheme 14.

CP-pincer ligand which locates the metal next to the CH2-
roup of the cycloheptatriene ring. The oxidative addition of one
–H bond forms a PCP-pincer complex with a sp3-C–H metal
ond which is similar to the alkyl PCP complex 8 in Scheme 6.

In Scheme 14 the synthetic pathway to the cycloheptatriene
CHT) PCP-pincer ligand 38 is depicted as described [19]. A
inc dichloride assisted acylation of cycloheptatriene is followed
y oxidation with bromine and an esterification to obtain the
imethylester. Reduction to the diol, bromination and finally
ntroduction of the phosphine completes the ligand synthesis. If
eduction of the diester with LiAlD4 is employed the methylene
rotons of both phosphine arms in 38 are selectively replaced
y deuterium [54].

Preparation of pincer metal complexes from 38 with differ-
nt metal precursors turned out to be more difficult than in the
ases of the analogous phenyl or alkyl pincer ligands. Indeed,
9 is generated from 38 with tricarbonyl iridium chloride in a
lean reaction (Scheme 15) whereas the procedures with iridium
richloride hydrate or with the cyclooctene or cyclooctadiene
omplexes of iridium led to complicated reaction mixtures where
o CH2 carbon metalation could be observed. The main differ-
nce at the metal site between the alkyl pincer complex 8 and
he cycloheptatrienyl pincer complex 39 is the carbonyl ligand
hich gives rise to the coordinatively as well as electronically

aturated compound 39 in contrast to the five coordinated 16e−
omplex 8. This provides the carbonyl complex 39 with a higher

tability. As the carbonyl in 39 is located trans to the metal-
arbon atom the hydride and the chloride ligands are forced into
mutual trans orientation. The C–H group in the CHT backbone

Scheme 15.

u

3.

n 39 is strongly bent out of the plane which encompasses the
hree double bonds. Consequently the residual hydrogen atom
t the metal bound sp3-carbon and the chloride ligand are syn-
eriplanar at the iridium center. In order to transform 39 into a
ore reactive species several approaches to remove CO has been

ttempted, however, without success [19]. Therefore, the cyclo-
eptatrienyl PCP complex 39 has been treated with different
lectrophiles as well as nucleophiles displaying rather unusual
eactivities [19–21]. Surprisingly, when trimethylsilytriflate was
pplied to displace the chlorine atom from the metal in 39 com-
lex 40′ (with triflate as counterion) is formed (Scheme 15).

This is explained by the abstraction of a hydride from the
pso-carbon atom which generates an aromatic tropylium cation
n the ligand backbone while the chlorine at the metal remains
ntouched. The crystal structure analysis by XRD reveals a pla-
ar CHT backbone which is twisted from the equatorial plane
ontaining the two phosphorus, the ipso-carbon and the carbonyl
y about 10–20◦.

The increased aromaticity of the backbone in the cation 40
s confirmed by 1H and 13C NMR spectroscopy as well as
y the �7-coordination of a tricarbonyl molybdenum fragment
Scheme 16) [20]. Already at low temperatures the para-xylene
s replaced from (�6-para-xylene)tricarbonyl molybdenum by
he cationic PCP complex 40 to generate the heterobimetallic

olybdenum iridium compound 41. Interestingly, the complex
1 represents a rare example in which one sp2-carbon atom
f the cyclic ring coordinates to two different metals via two
inding modes. The �1:�7-coordination is achieved via an irid-
um carbon �-bond and via a delocalized �-bond between the
ycloheptatrienyl ring and the molybdenum fragment. A similar
onding situation has been reported for the [(OC)2CpFe(�-
1:�7-C7H6)Cr(CO3)]+ cation [49,50] and metallocene pincer
omplexes [55–58].

Surprisingly the treatment of 39 with Li[HBEt3] leads to
he alkylated compound 42 and a trans dihydride complex 43
Scheme 17) [19]. The unexpected ethyl complex 42 is the major
roduct. Obviously, Li[HBEt3] in this reaction is transferring
nexpected as well because trans dihydride complexes are rare

Scheme 16.
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Scheme 18.

ue to the strong trans effect of the hydride ligand. The for-
ation of 43 is initiated by Li[HBEt3] which is acting as a

trong base. Thermal decomposition of independently synthe-
ized 42 leads to the dihydride 43 too. A �-elimination of
thylene is unlikely because of the absence of a vacant coor-
ination site at the metal. But the calculated ball–stick structure
f 42 reveals an auspicious situation for a syn-periplanar �-
limination of ethane forming a carbene intermediate which
hen rearranges to the dihydride 43 [60]. Energetically the for-

al loss of HCl from 39 to 43 is an endergonic process with
8.6 kcal/mol. Compound 42 is 16.8 kcal/mol and 27.5 kcal/mol
igher in energy than the anticipated carbene and the dihydride
3, respectively (see Scheme 23). This makes the transformation
rom 42 to 43 a thermodynamically favored process, while the
levated temperatures point to a high activation barrier of the

eaction.

The treatment of the deuterated pincer complex 39-d4 with
otassium hydride in benzene leads to a mixture of the different
rans dihydride isotopomers 43, 43-d2 and 43-d1 (Scheme 18)

i
t
m
t

Scheme 1
7.

54]. This observation suggests an initial deprotonation of the
euterated methylene bridges with subsequent proton shifts,
hloride elimination and redistribution of the �-system in the
ackbone.

Further investigations about the contribution of direct H/D
xchange of the CD2-moiety with KH or the exchange of irid-
um bound deuterium with CH bonds of the solvent are still in
rogress.

In Scheme 19 the behavior of the CHT PCP-pincer complex
9 with the bases 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU)
nd lithium 2,2,6,6-tetramethylpiperidide (LiTMP) under dif-
erent conditions is illustrated [21].

Over a reaction time of 4–5 days in refluxing THF the
on-coordinating relatively weak base DBU produces as major
roduct the dihydride Ir(III) complex 43 and, induced by column
hromatography, the Ir(I) complex 44 which has lost a further
quivalent of H2. The reaction of the more basic and bulkier
ase LiTMP under comparable conditions has been monitored
y 31P NMR spectroscopy. Within the first 5 days an increase of
he concentration of 43 up to 70% has been detected. The follow-
ng decrease in concentration of the dihydride 43 is accompanied
y increasing amounts of 44 [60]. Therefore, it is concluded that
3 and 44 do not form simultaneously. Complex 43 is formed

nitially and subsequently loses dihydrogen to generate 44. If
he reaction with DBU is performed at room temperature and

onitored over a period of time of 40 days a rearrangement
o the Ir(I) complex 45 is observed (Scheme 19). Consecutive

9.



1794 W. Leis et al. / Coordination Chemistry

c
t

m
a
1
d
4
p
w

d
c
m
t
C
7
o
i

T
s
w
g

r
4
c
a

4

a
c

(

(

(

p
i
t
p

4
m
1
p
c
m
a
D

a

Scheme 20.

hromatographic separations of the crude reaction mixture lead
o growing concentrations of 46.

From DFT calculations [60] (Scheme 23) it can be esti-
ated that the dehydrogenation which leads to complex 44 is

n endergonic reaction step with 9.1 kcal/mol. Compound 45 is
0.5 kcal/mol more stable than the dihydride 43 and therefore
estabilized by 18.1 kcal/mol relative to 39. The formation of
3 is more endergonic than the alternative creation of 45. Com-
lex 46 is stabilized by 15.9 kcal/mol and 5.4 kcal/mol compared
ith 43 and 45, respectively.
Complex 46 is accessible by heating the neutral hydri-

ochloro complex 39 without a base in THF and subsequent
olumn chromatography (Scheme 20). The structure of inter-
ediate 47 has been elucidated by NMR spectroscopy from

he reaction mixture and confirmed by the observation of 46.
alculations predict an exergonic reaction from 39 to 47 with
.6 kcal/mol. The following silica assisted reductive elimination
f HCl from the Ir(III) complex 47 forms the product 46 which
s destabilized by 20.3 kcal/mol compared to 47.

Also complex 44 can be synthesized via an alternative route.
reatment of the cationic complex 40 with 1 equiv. of aqueous
odium hydroxide deprotonates one of the methylene bridges
hich is accompanied by the redistribution of the �-system
enerating the Ir(III) complex 48 (Scheme 21).

A further equivalent of sodium hydroxide induces the
eductive elimination of HCl from the iridium atom to form
4. The reverse reaction from 44 is achieved by the appli-
ation of stoichiometric amounts of aqueous hydrochloric
cid.

.1. Mechanistic considerations

It is assumed that the formation of 49 and 50 is preceded by
deprotonation step in 39. Scheme 22 depicts three positions in
omplex 39 where a base can possibly attack to remove a proton:

A) The base abstracts the proton from the ipso-carbon atom ini-

tiating a syn-periplanar �-elimination of HCl which results
in the Ir(I) carbene structure 49. It is supposed that 49 is
a key intermediate in the reaction of 39 with strong bases
(Scheme 19, see also below).

Scheme 21.
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DFT calculations (B3LYP/LACVP*) suggest the ener-
getic availability of the carbene structure 49 being
approximately 39.3 kcal/mol and 10.7 kcal/mol higher in
energy than complex 39 and the dihydride 43, respectively
(Scheme 23). The formation of 43 can be understood as
a decomposition of the carbene 49 by a 1,4-proton shift
(�-elimination) from one of the methylene protons to the
iridium center which is accompanied by the rearrangement
of the backbone. This rearrangement is driven by the sta-
bility of the metal sp2-carbon bond.

B) The abstraction of H+ from the acidic bridging methylene
groups, rearrangement and reprotonation of the resulting
carbanion are possible subsequent reaction steps, which
can explain the observed backbone rearrangements, e.g. in
compound 47.

C) A base catalyzed reductive elimination of HCl from the irid-
ium center forms the Ir(I) complex 50 which is an isomer of
the carbene 49. The accessibility of an aromatic tropylium
system in 50 by removing a hydride from the ipso-carbon
atom supports a 1,2-proton shift (�-elimination) to the metal
which would form the carbene complex 49. A similar rear-
rangement is described in the case of the alkyl ruthenium
PCP-pincer complexes 14 and 15 in Scheme 7. Indeed the
results from DFT calculations predict 50 as a thermodynam-
ically stable structure which is 18.5 kcal/mol more stable
than the carbene 49 and remains 7.8 kcal/mol below the
dihydride 43 (Scheme 23).

So far it is not completely clear, whether, the deprotonation
athway depends on the base or the conditions applied [21]. But
t seems to be very intuitive, that the proton abstraction from
he methylene bridges (way B) should be the kinetically favored
rocess.

The explanation of the formation of the isomeric complex
5 from the carbene 49 requires a 1,5-hydrogen shift from the
etal to the backbone. In case of an unimolecular reaction this

,5-hydrogen shift seems to be unlikely because of the inap-
ropriate geometric situation in such a transition state. A more
onvenient mechanistic proposal uses the deprotonation of the
ethylene bridges (way B, Scheme 22) and the assumption of

n equilibrium between the relatively strong conjugated acid of
BU and the resonance stabilized carbanion of the complex.
Mechanistically most of the backbone rearrangements as well

s the different metal coordination states are explained in the
roposed reaction mechanisms in Scheme 24. The main aspect
f the reaction of 39 with bases (B) is the deprotonation of the
ridging methylene groups. The depicted resonance structures
f the carbanion 51–53 are the reason for the increased acid-
ty of the methylene protons and explain the ease of backbone
earrangements compared to alkyl pincer complexes. The iso-
eric Ir(I) complexes 45 and 46 (Scheme 19) can be obtained

y reprotonating the resonance forms 52 and 53, respectively by
he conjugated acid (HB). Forms 56 and 47 are available by 1,3-

roton shifts from the ipso-carbon atom to the bridging methyne
roup. From Scheme 23 it is evident that the stability patterns of
he Ir(I) species 45 and 46 are reflected in the more stable Ir(III)
pecies 56 and 47, respectively. Furthermore it should be noted,
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hat also interconversions between 56 and 47 or 45 and 46 via
,3-hydrogen shifts are conceivable. It is quite interesting that in
he case of the experimentally confirmed Ir(III) intermediate 47
he free enthalpy of formation relative to 39 turns out to be exer-
onic in comparison to 56 where the reaction proceeds nearly
hermoneutral (Scheme 23). The free formation enthalpy for the
eductive elimination of HCl forming the Ir(I) complexes 46 and
5 is with around 20 kcal/mol and 18 kcal/mol comparatively
ndergonic.

A further stabilization pathway for the carbanion 51 is the

,3-proton shift (allyl shift) from the ipso carbon to the bridging
ethyne carbanion accompanied by the elimination of a chloride

on from the iridium producing carbene 49. The 1,2-hydride shift
enerating complex 50 from the metal to the ipso carbon is,

t
4
h
i

Scheme 2
2.

s mentioned, before thermodynamically not favored. However,
oth structures are possible precursors for the dihydride complex
3 whereas the formation from the carbene 49 can be understood
s a 1,5-proton shift (�-elimination) from the methylene bridge
o the metal.

Starting from 50 either the first step is a 1,2-hydride shift
orming the carbene back or the first step is the �-elimination
ollowed by a 1,2-hydride shift (Scheme 24). These considera-
ions make the formation of the dihydride 43 via the carbene 49

ore likely than via the intermediate 50. A further argument for

he carbene as reactive intermediate is that formation of 43 and
4 is exergonic starting from the carbene 49. Mechanistically the
ydride transfer from the metal to one of the methylene protons
n 49 describes the loss of H2 and the rearrangement to 44.

3.
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The different behavior of 39 towards the different bases DBU,
iTMP, KH and NaOH can be explained by the steric hindrance
nd the basicity of KH and LiTMP. The strong bases do not
llow reprotonation of the resonance forms 51–53 and force the
arbanion to eliminate a chloride ion, which forms the carbene
9. The bulkiness of LiTMP slows down the reaction rates of the
eprotonation. The application of the significantly weaker base
BU at ambient temperature leads to the products 45 and 46
hich are thermodynamically more stable and probably kinet-

cally favored compared to 43 and 44, respectively. At higher
emperatures the rate constant for the carbene pathway seems
o rise and consequently the products 43 and 44 are observed
dditionally.

After elimination of a hydride ion 39 generates the cationic
ompound 40. It is very easy to deprotonate the cationic com-
lex 40 in the methylene bridges with stoichiometric amounts
f hydroxide anions, forming the neutral product 48. Subse-
uently the base assisted reductive elimination of HCl forms
4. By adding equimolar hydrochloric acid the equilibrium
etween 40, 48 and 44 can also be shifted back to 40. From
cheme 23 it is obvious that the Ir(I) complex 44 is around
1 kcal/mol higher in energy compared to the Ir(III) species 48.
his is quite similar to the Ir(I) complexes 46 and 45 relative to

heir Ir(III) compounds 47 and 56. The difference is that 44 is

6 kcal/mol and 24 kcal/mol destabilized compared to the Ir(III)
omplexes 56 and 47, respectively. This is due to the increased
ing strain in the five-membered ring containing the double
ond.

p
t
f
s

4.

. Conclusion

Tridentate twofold symmetric pincer ligands as species which
old the properties and reactivity of metal atom oxidation states

ave matured as a growing field since their beginnings in the
arly 1970s. Differences between aryl, alkyl and cyclohepta-
rienyl backbones in the complexes with late transition metals
re reflected in the diversity of their metal complex reactivity.
he observation of �-elimination reactions in alkyl pincer com-
lexes points to a high flexibility of the alkyl backbone. As a
onsequence of the non-activated and non-acidic C–H bonds in
he alkyl backbone as well as due to a weak chloride ligand the
CP carbene complex 9 can be isolated. In contrast the chemistry
f the cycloheptatrienyl PCP-pincer complexes is dominated by
he acidic methylene protons and the possibility to form an aro-

atic tropylium cation. The planarity of the cycloheptatriene
ing in 49 induces increased mobility of the methylene bridges
nd therefore �-H-eliminations to the metal are observed. This
nd CO instead of chloride trans to the ring carbon are facts
xplaining that the carbene structure 49 is not isolated yet. From
thermodynamic point of view the �-elimination in alkyl pincer
omplexes and backbone rearrangements in neutral cyclohep-
atrienyl pincer complexes are driven by the formation of a
p2-carbon-metal �-bond. Although in phenyl PCP-pincer com-

lexes the flexibility of the backbone is comparable to that of
he planar cycloheptatrienyl compounds there is no driving force
or backbone rearrangements like in alkyl and cycloheptatrienyl
ystems. Carbene structures comparable to the alkyl com-
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25] J.F. Riehl, Y. Jean, O. Eisenstein, M. Pelissier, Organometallics 11 (1992)

729.

26] K. Krogh-Jespersen, M. Czerw, K.M. Zhu, B. Singh, M. Kanzelberger, N.

Darji, P.D. Achord, K.B. Renkema, A.S. Goldman, J. Am. Chem. Soc. 124
(2002) 10797.

27] F. Novak, B. Speiser, H.A.Y. Mohammad, H.A. Mayer, Electrochim. Acta
49 (2004) 3841.

[

[

Reviews 252 (2008) 1787–1797 1797

28] A. Ceccanti, P. Diversi, G. Ingrosso, F. Laschi, A. Lucherini, S. Magagna,
P. Zanello, J. Organomet. Chem. 526 (1996) 251.

29] P. Diversi, S. Iacoponi, G. Ingrosso, F. Laschi, A. Lucherini, G. Pinzino,
G. Uccello-Barretta, P. Zanello, Organometallics 14 (1995) 3275.

30] P. Diversi, S. Iacoponi, G. Ingrosso, F. Laschi, A. Lucherini, P. Zanello, J.
Chem. Soc., Dalton Trans. (1993) 351.

31] S. Nemeh, C. Jensen, E. Binamira-Soriaga, W.C. Kaska, Organometallics
2 (1983) 1442.

32] D. Conner, K.N. Jayaprakash, T.R. Cundari, T.B. Gunnoe, Organometallics
23 (2004) 2724.

33] C. Crocker, H.D. Empsall, R.J. Errington, E.M. Hyde, W.S. McDonald,
R. Markham, M.C. Norton, B.L. Shaw, B. Weeks, J. Chem. Soc., Dalton
Trans. (1982) 1217.

34] R.J. Flesher, PhD Thesis, University of California Santa Barbara, 1999.
35] A. Vigalok, Y. Ben-David, D. Milstein, Organometallics 15 (1996) 1839.
36] A. Vigalok, D. Milstein, Organometallics 19 (2000) 2061.
37] D.G. Gusev, A.J. Lough, Organometallics 21 (2002) 5091.
38] D.G. Gusev, A.J. Lough, Organometallics 21 (2002) 2601.
39] V.F. Kuznetsov, K. Abdur-Rashid, A.J. Lough, D.G. Gusev, J. Am. Chem.

Soc. 128 (2006) 14388.
40] W. Weng, S. Parkin, O.V. Ozerov, Organometallics 25 (2006) 5345.
41] J. Zhao, A.S. Goldman, J.F. Hartwig, Science 307 (2005) 1080.
42] M. Kanzelberger, X.W. Zhang, T.J. Emge, A.S. Goldman, J. Zhao, C.

Incarvito, J.F. Hartwig, J. Am. Chem. Soc. 125 (2003) 13644.
43] M.A. McLoughlin, N.L. Keder, W.T.A. Harrison, R.J. Flesher, H.A. Mayer,

W.C. Kaska, Inorg. Chem. 38 (1999) 3223.
44] W.C. Kaska, S. Nemeh, A. Shirazi, S. Potuznik, Organometallics 7 (1988)

13.
45] K.W. Huang, J.H. Han, C.B. Musgrave, E. Fujita, Organometallics 26

(2007) 508.
46] M.L.H. Green, D.K.P. Ng, Chem. Rev. 95 (1995) 439.
47] I.D. Gridnev, M.K.C. del Rosario, Organometallics 24 (2005) 4519.
48] Z. Lu, W.M. Jones, W.R. Winchester, Organometallics 12 (1993) 1344.
49] M. Tamm, A. Grzegorzewski, I. Brudgam, H. Hartl, J. Chem. Soc., Dalton

Trans. (1998) 3523.
50] M. Tamm, A. Grzegorzewski, I. Brudgam, H. Hartl, Chem. Commun.

(1997) 2227.
51] R.P. Johnson, Chem. Rev. 89 (1989) 1111.
52] S. Matzinger, T. Bally, E.V. Patterson, R.J. McMahon, J. Am. Chem. Soc.

118 (1996) 1535.
53] N.T. Allison, Y. Kawada, W.M. Jones, J. Am. Chem. Soc. 100 (1978) 5224.
54] A.M. Winter, Diploma Thesis, Universität Tübingen, 2001.
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