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Abstract

The double G-H bond activation of ethers that have an alkyl terminus, RCR (R’ = alkyl, aryl), is a useful route to heteroatom-stabilized
iridium carbenes, Ir= C(R)ORAnN overview of our recent work in this field, using Ir(lll) fragments stabilized by hydrotris(pyrazolyl)borate
ligands, is presented concentrating on some aliphatic, non-cyclic ethers and on anisole, the latter taken as a representative example of alky!
aryl ethers.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction a heteroatom stabilized carberBzfieme ). The use of trityl
hexafluoroarsenate as the abstracting reagent produces only
Early work on transition metal carbenes demonstrated the heteroatom carbene (together with equimolar amounts
that the abstraction of an atom or group bonded to the of the related [Mo]-CH compound)1].
a-carbon of a transition metal alkyl is a useful, versatile Although this synthetic methodology has been widely
method for the synthesis of this kind of compound. For employed[2—4] it has the limitations of: (i) an abstracting
instance, the reaction of thefunctionalized molybdenum  reagent is required; and (ii) a convenient synthesis ofithe
alkyl, Cp(CO)(PPR)MoCH,OCHz with trimethylsilyl functionalized metal alkyl must be available. During the last
trifluoromethanesulfonate, M8IOTf, gives a cationic  decade we have prepared a number of Ir=C(R)X complexes
methylene compound, contaminated with small amounts of by means of double-€H bond activation of ethers (X =OR
and amines (X=NR). X-coordination to an unsaturated
* Corresponding author. Tel.: +34 95 4489558 fax: +34 95 4460565, |'(!) centre facilitates metal attack to the adjacenttC
E-mail addressguzman@us.es (E. Carmona). bonds, whereas the formation of sufficiently strongHC

0010-8545/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2004.11.002



1730 E. Carmona et al. / Coordination Chemistry Reviews 249 (2005) 1729-1735

Me,SiOTf - CP(CO),(PPhy)Mo=CH, o o
/ ¢  — {|T}:<J

Cp(CO),(PPhs)Mo—CH,0Me

\ o Me 0
PhyC*AsFg ™ Cp(CO),(PPhy)Mo=C(H)OMe g — {"}ﬁ

Scheme 1. Me

bonds with sacrificial alkyl or aryl leaving groups provides (o} 07 0
the thermodynamic driving force needed for the formation 17 ) {lr}:</0 + {lr}=< j
of the metal—carbene linkage. For example, the unsaturated o o
[TpMe2r(CeHs),] fragment, 1 (TpMe2=hydrotris(3,5-

dimethylpyrazolyl)borate), generated in situ either from 0 0

the Np complex TP'®2r(CgHs)2(N2) or from the mild [ j — {Ir}=<:>

heating of TH2Ir(C2H4)2 in CgHe, under argon, effects 0 o

the doublex-C—H bond activation of tetrahydrofuran (and

other cyclic ethers) with formation of the corresponding

cyclic carbene2 (Scheme 2 The strength of the +H, {ir} = Tp"*2Ir(H)(n-Bu)

and above all of the §Hs—H bonds generated in the

reaction, make this conversion thermodynamically allowed Scheme 3.
[5,6].
This reaction proved to be quite general for othedf{[l) H_ _O
precursors and a variety of related cyclic ethers. As an il- Jc D
80°C _ Cl_ , -

lustration of its applicabilityScheme Zollects the carbenes  gscl,.xH,0 + MeOCH,CH,PPr, ———> s
generated from each of the ethers depicted when reacted with PrOH o~ | >p
the Ir(1l1) derivative Tp"e2Ir(H)(C2H3)(CoHay).

Simultaneous but independent work from Werner et al. cl
yielded osmium carbenes derived from the double metala- Scheme 4
tion of the methyl group of MeOC{CH,PPY, and related '
ligands[7]. Scheme &hows the formation of a structurally
characterized (X-ray crystallography) osmium carbene gen- )\ @
erated in high yields from the reaction of Og@H,0O with (|) T’ I?ICHZR
MeOCH,CH,PPE,. Ph.P o AN
Interestingly, gdifferent carbene isomer was formed when ° >+lr< + | = Phap\/‘:rlr<c\R
OsCh(PPh)3 was employed as the metal precursor. An os- | ~PPhy N" NCHR)Y,  HT | “pph
mium hydride was postulated as a key intermediate and the H H
reaction thought to proceed with insertion of the metal into R =H,CH,
the G-H bond of the OCH group[7].
Subsequent work by other§8—16] provided addi- Scheme 5.
tional examples of double-@4 bond activation reactions.
Schemes 5 and $how some selected reactid8s10]. Work carried out in our laboratory in recent years has ex-
panded considerably the scope of thisHCbond activation
o chemistry[17-22] Tp'Ir fragments based on different aux-
il Q 0] iliary tris(pyrazolyl)borate ligands (TpseeScheme yhave
CsHs/ ] \Q 6K | been employed with the result that even ethers likeOEt
Lk + CeHe MeOCH,CH,OMe, MeOBW?, and others of low Lewis ba-
CeHs H ! !
g sicity, that very seldom participate in rearrangements of this
"
B./ H
— N h\N ONa ¢ Me
[Ir] = Tp"*Ir = Orl.l ﬁ@ ,[,O RUCL(=CHPh)(PCys) Me Me CysP~_ ” _-0
B oo bl

Scheme 2. Scheme 6.
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(TpP" o-metalated at one of
the Ph substituents)

Scheme 7.

type can be activated under mild conditions. In this contribu-

tion we present an overview of this work, concentrating on
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Scheme 9.
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OEt
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Scheme 10.

plex than indicated, for one of the phenyl substituents of the
TpP"ligand undergoes cyclometalatifii].
Note that, as depicted iBicheme 7Tp""" represents the

the activation of aliphatic ethers and of anisole (as a represen-TpPh group acting as a tetradentate ligand by means of the

tative example of alkyl aryl ethers) by Tdlll) complexes.

2. Compounds of the TFMIr(ll) fragment

Similarly to Ir(l) diene complexes of the type Mg?ir(n?*-
diene), the isoprene derivative Mfr(n*-isoprene)
(isoprene = 2-methyl-1,3-butadiene; PP hydrotris(3-
phenylpyrazolyl)borate) reacts with different Lewis
bases with formation of Ir(lll) adducts, Tpr(o?-
CH>C(Me)=C(H)CH)L (Scheme B It can therefore be
expected that when L = THF, subsequertHCbond activa-
tion may take place, with formation of the corresponding
carbene complex.

The H atoms from the two cleaved-@& bonds would add
in a 1,4-fashion to the alkyl termini of the chelating hydro-
carbyl ligand of4 (Scheme B so that the originah*-diene
ligand of 3 acts as a sacrificial hydrogen acceptor, being lib-
erated as 2-methyl-2-butene. However, as shovtheme 9
the activation of THF by compouris somewhat more com-

TpPhir =—L
L
TpPPIr(n®-CHy=C(Me)C(H)CH,) — o

3 Me

Scheme 8.

ortho-metalation of one of the Ph pyrazolyl substituents.
Non-cyclic ethers like anisole, and alsa&t are activated
by 3 under mild conditions (60—8CC). For anisoleprtho-
metalation of its own phenyl group occurs preferentially
(Scheme 1)) whereas the activation of #D involves, once
more, theo-metalation of one of the phenyl Tpsubstituents
[17]. It is worth noting that despite the flexibility of the
molecules of EtO, as compared with the more rigid, cyclic
molecules of THFx-H elimination (to give the hydride car-
bener) competes favourably wit-H elimination. Acompa-
rable result was found for platinufh3], but the somewhat re-
lated unsaturated, cationic [Cp*Ir(Me)(PK)E" unit, whilst
activating THF to give a cyclic carbene, reacts with@&tvith
generation of the vinyl ether complex [Cp*Ir(H)(PN)én?-
CHz = C(H)OE®)] [15,16]

Aromatic amines are also activated by thePp(m?-
isoprene) complex. As shown 8theme 1the reaction with
N,N-dimethylaniline gives a mixture of two N-substituted

NMeo
NMePh
Ph' /C/
TpPPir(n*isoprene) ——= Tpphlr:_t.q/H .\ TUr( Sy
H NMe H
8a 8b

Scheme 11.
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carbene derivatives in a ca. 2:1 ratféd(NMR monitoring).
The major product3a, contains the aromatic ring of the ani-
line metalated at one of thrartho positions, whereas the mi-
nor isomer8b, features &*-TpP" ligand and a nonmetalated
=C(H)NMePh terminus. The observ8d:8b ratio is proba-

bly a reflection of steric factors, the less-strained metalation
of the ring attached to the carbene prevailing over that of the
TpP" phenyl substituent.

3. Activation of aliphatic ethers by TpMe2ir(lI)
compounds

Extension of the above results to related compounds of the
ancillary Tp"? ligand is feasible. As a matter of fact, and
further extending the discussion of aromatic amines activa-
tion mentioned in the preceding paragraph, the reaction of
the unsaturated bis(phenyl) fragméntith CsHsNMe> also
provides a mixture of two N-substituted Fischer carbefas,
and9b in a ratio that does not vary with tim&¢heme 1p
Since isolated samples@&do not rearrange upon prolonged
heating (12 h) in cyclohexane at 120, itis evident tha®ais
not an intermediate for the formation of tbetho-metalated
complex9b.

Instead, the two carbenes must form through different,
competitive reaction pathways. A reasonable working hy-
pothesis is that the activation of antho-hydrogen atom of
CsHsNMes is the first activation step in the reaction lead-
ing to9b, whereas exclusive $i—H activation at one of the
methyl groups of the aniline, anchimerically assisted by metal
coordination to the heteroatom, is responsible for the gener-
ation of9a. In accord with this assumption the activation of
N,N,3,5-tetramethylanilineScheme 1Bgives a single car-
bene compoundO, with structure related to that 8&. Thus
the two methyl substituents at the 3 and 5 ring positions hin-
derortho-metalation making the reaction to progress through
the alternative shC—H methyl activation pathway.

Aliphatic ethers are also appropriate substrates for dou-
ble C-H bond activation reactions by the Mg?ir(Ill) frag-

[ [Irl— ir]
Non, [CoHsNMe, w= || PRy

Cefs % 60 °C C ' c

CeHs H™ TNMePh H~~ N

Me
1 9a 9b
Scheme 12.
NMe I

[Ir]\ 2 H/[|r|]\cﬁ"'5

C:H | <> + —_—
85 60°C _C
CHs | me Me H NMeCigHsMe,
1 10

Scheme 13.
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[ir]

AT _ oBun
cHy | 6~ 0Bu
MeOBu"/ H H
CgHg
[Ir] 60°C "
TN
CeHs™ | G
CgHs w
1 MeOBuY [ir]
=
CeHs CsHs/ | (]:-—cnatut
H H
12
Scheme 14.

ment. Thus,1 reacts at 60C with MeOCH,CH,CH,>CH3
(MeOBU") and MeOCMe (MeOBU) with exclusive activa-
tion of the G-H bonds of the-OMe group E&cheme 1} This
strongly suggests that metal coordination of the ether through
its oxygen atom is needed in order for thelCbond activa-
tion reaction to take place under mild conditions. Note that on
the basis of this assumptiob? is the only reaction product
for the activation of MeOBU As for MeOBU', cleavage of
the somewhat weaketOCH,— bonds, although possible, is
not detected. As found previously for otherl&bond activa-
tion reactions, it is probable that the activation of the stronger
primary G-H bonds is thermodynamically more favourable
than that of the secondary—€l bonds, due to the greater
strength of the resulting Ir-primary carbon bdi2@].
1,2-Dimethoxyethane (dme), a commonly used solvent,
also undergoes the regioselective cleavage of twid Bonds
of one of the Me groups, giving rise to the related hydride
carbenel3 (Scheme 1p Metalation of the intact Me sub-
stituent within the carbene ligand &8 by reaction with an
additional equivalent of does not take place under the reac-
tion conditiong22].

The carbene complexéd4-13of Schemes 14 and I®n-
stitute only the initial products of the corresponding activa-
tion reactions. Prolonged heating of the respective reaction
mixtures at higher temperatures (24 h,°8) gives rise to
bis(hydride) carbene derivatives, as illustrate@aineme 16
for the dme/GHg reaction, taken as a representative exam-
ple[22]. In addition, an organic product resulting from-C
coupling between one molecule ofids and one of the ether,

H
™ L [Ilr] \O CgHg/dme CeHs /[ir]\q\/
CeHs 60°C,6h H 0
1 13 Z
o]
Me/
Scheme 15.
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[ir] CeHg/dme [ir]
NG _eheame Il CsHg/dme, A I
CeHs™ | 0C 2an CoHe | e-oR ——= \~" | TCH:OR
CgHs ' H H H

1
13
0 Me
|-I/[Ir]%c"/ 0 /
H o I
14 Z BE R = CH,CH,0Me
0
R~ \C
H,

/0
Me 17
Scheme 16.
CgHg/dme l
following their respective, prior €H activation, is also gen-
erated. i &n CH.OR
Heteroatom-stabilized iridium carbenes likéor 14 are, H/I ¢ +
in general, reluctant to undergo migratory insertion chem- H |
H

istry. However, heating3in neat acetonitrile at 80C allows
isolation of the expected-functionalized alkyl in the form
of the acetonitrile addudt5 (Scheme 1) Prolonged heating
(12 h) of13in the presence of 1-2 equiv. of NCMe, affords Scheme 18.

the hydride aryl16 (Scheme 1) This compound contains

a hydrocarbyl unit that derives from a carbon—carbon bond , Activation of alkyl aryl ethers by TpMe2ir(1l)
forming reaction between the hydrocarbyl ligands of the pu-
tative intermediate resulting from a 1,2-H shift from iridium

to the carbene carbon 68 . Under reaction conditions similar to those needed for the
In the absence of NCMe, compoud@ rearranges into 5iyation of the aliphatic ethers described in the previous
a hydride aryl17 related to16 (Scheme 1B Presumably,  goction, the unsaturated bis(phenyl) fragmemeacts with
the G-C coupling involves an undeteqted benzyne species anisole to give a mixture of two hydride carben8,and
(Scheme 18 Compoundl7 has been isolated and shown 19 compoundi8is a yellow crystalline solid, readily char-
to convert into the final reaction products (seheme 15 erized by spectroscofig0] as the heteroatom stabilized
when heated in the presence ofHg and dme. Therefore 5006 depicted iBicheme 19Additional experimental ev-
complexesl3 and17 are active intermediates in the overall idence in favour of this proposal comes from its facile con-

transformation represented §theme 16 version into adduc20 upon treatment with NCMe.

derivatives

OMe
I LI Ir © [ir] i1
con” | TGTOR Nt g | cujon Aol 22w oo
H H NCMe CeHs | c c
R = CH,CH,0OMe CeHs "o H
13 15
1 18 19
A | NCMe
NCMe/ NCMr:/
CH,0OR
[|I‘] [|I']
1 ~ ~
H,C
NCMe >0 HZc\@
16 20 21

Scheme 17. Scheme 19.
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22
NCMe l

[Ir]—_
MeCN |
"~

HC™

23

Scheme 20.

At the outset of this work, identification of the green com-
plex 19 was not straightforward. At variance wittB that
exhibits moderate stability toward oxygen and water, com-
poundl19 is very reactive toward atmospheric reagents and

E. Carmona et al. / Coordination Chemistry Reviews 249 (2005) 1729-1735

OH

Me
[Ir]\ [Ir]—_
CHs™ | O W °
CgHs 60 °C H /C
1 19
Scheme 21.

By similarity with the activation of aliphatic ethers dis-
cussed in the preceding section, it appears reasonable that the
multiple C-H bond activation process that ultimately leads
to 18, may start with coordination of the ethertoHowever,
since arene €H bond activation by this iridium fragment
is very fast[6], it is also plausible that the first reaction step
is an aromatic €H bond activation. This could occur at any
of the ring positions and remain undetected until eventually
an ortho-metalated intermediatd (Scheme 2pis formed
[20], rendering the product8, following the cleavage of
two sp OMe carbon-hydrogen bonds. In an alternative
pathway (that could in fact operate simultaneously with
the above) an aliphatic-@1 bond is cleaved first to give

undergoes extensive decomposition during attempted chro-B- Ortho-metalation andx-H elimination then explain the

matographic separation frof8. Moreover, 1D and 2D'H
and'3C NMR studies do not allow an unequivocal structural
proposal to be made. Althoudt? also reacts with NCMe
to give 21, i.e. an acetonitrile adduct isomer 80, NMR
structural characterization @fl also proves elusive.

Recent work from our group on related systems has re-
vealed thatl reacts with 2-ethylphenolScheme 2pwith
formation of a green produc?, of spectroscopic properties
strikingly similar to those o9[24]. In particular,'*C{*H}
NMR data for the six aromatic carbon and the carbene carbon
nuclei are almost identical to corresponding datalfar

Moreover the reaction 022 with different Lewis bases
(NCMe, PMe;, NCsH5s) generates the expected adducts that
show spectroscopic properties similar to thos2lofOf these
adducts (se8cheme 2@or the NCMe compound) the PMe
derivative has been characterized by X-ray crystallography
[24], thereby providing unequivocal evidence about the exis-
tence of adirect #O bond in the molecules of this compound
and by extension in those @B and21 (Scheme 13 It be-
comes in this way evident thatreacts with anisole through
two independent pathways (interconversionl@fand 19,
Scheme 19does not occur under the conditions employed
for their formation) and whereas the route leadind 8xre-
quires only G-H bond activation, the formation @Binvolves
more complex reactivity. In the latter case the selective cleav-
age of the @CHs bond of anisole and the formation of a
new carbon-carbon bond must be additionally postulated.
As a final confirmation of the identity df9, its independent,
high-yield synthesis has been achieved by the reactidn of
andortho-cresol Gcheme 2). This has allowed full charac-
terization of19 by spectroscopic and chemical procedures
[25].

generation ofL.8.

Mechanistic studies on the unusuat@ bond cleavage
reaction that gives rise to the green carb&fare presently
underway and will be discussed in a future publicaf@®.

A plausible mechanistic assumption at this, still very prelim-
inary, stage could involve:-aryloxide elimination from an
intermediate likdB. Nevertheless a more elaborated proposal

i OMe
TN
CeHs™ | G +
CeHs
1
arom. aliphatic
C-H aci‘y C-H activ.
Ir]
=Ml (]
CeHs 0—Me CeHs™™ | ™~
/O_CEHS
H,C
A B
[ir]
o
|
C
H~ o
18
Scheme 22.
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must await until sufficient mechanistic information becomes References
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