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Abstract: Transition-metal vinylidene complexes are in-
termediates in a number of synthetically important
transformations of alkynes. Underpinning these applica-
tions is the ability of various electron-rich transition-
metal complexes to effectively facilitate the conversion
of alkynes into their vinylidene tautomers. Recent ex-
perimental and theoretical studies have provided con-
siderable insight into the mechanisms by which this pro-
cess occurs and they are detailed herein. In particular, it
has been demonstrated that different substituents on
both the metal and the alkyne may have profound ef-
fects on both the kinetic and thermodynamic profiles of
the alkyne/vinylidene tautomerisation. An important
finding is that internal alkynes may be employed to pre-
pare disubstituted vinylidene complexes under easily ac-
cessible conditions. This discovery brings to light a new
facet of the potential synthetic applications of transition
metal vinylidene complexes.

Keywords: alkynes - half-sandwich complexes - rhodi-

Kum - ruthenium - vinylidenes )

Introduction

Vinylidene, :C=CH,, is the simplest unsaturated carbene and
is a high-energy tautomer of acetylene. In a similar vein to
many highly reactive transient organic species, vinylidene
may be stabilised by coordination to a transition metal.'™*]
Although several different methods are known to generate
these ligands, the most convenient is to employ electron-rich
metal fragments to facilitate the conversion of terminal al-
kynes into their isomeric vinylidene forms. Crucially, the vi-
nylidene ligand exhibits marked differences in reactivity
when compared to the parent alkyne; notably the a-carbon,
which is bound to the metal, is electrophilic, whereas the f3-
carbon is nucleophilic. This difference in reactivity between
alkynes and vinylidenes has been extensively exploited in
catalysis. For example, vinylidenes are crucial intermediates
in the anti-Markovnikoff addition of various nucleophiles to
alkynes."!

Given this current catalytic interest, it is perhaps unsur-
prising that attention has also been focused on the precise
mechanism by which transition-metal compounds may facili-
tate the conversion of alkynes into vinylidenes."”! There are
three general pathways by which this transformation may be
considered to occur (Scheme 1). A common requirement for
all pathways is the initial formation of a complex which con-
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Scheme 1. Mechanistic pathways of the conversion of an alkyne ligands
into its vinylidene tautomer.

tains an alkyne in an n*binding mode. Therefore any metal
precursor must possess a vacant coordination site that may
be generated by dissociation of a labile group or a switch in
bonding mode by a ligand such as NO!"'2! or acetate.!'>4l
The next stage of the reaction is dependent on the nature of
both the ligands and metal complex employed. In the case
of pathway 1, the vinylidene ligand is formed by a 1,2-hydro-
gen atom migration via species such as A. In contrast for
pathway 2, the formation of the vinylidene ligand occurs via
a well-defined intermediate, B, in which formal oxidative-
addition of the C—H bond has occurred to give an alkynyl
hydride complex: a 1,3-hydride migration results in the for-
mation of the vinylidene. In general, pathway 2 is observed
in the case of more electron-rich metal complexes. Indeed,
by subtle variation of ligands within the coordination sphere
of the metal complexes it is possible to switch between the
two mechanistic pathways. A final mechanistic process
which may afford vinylidene ligands, pathway 3, involves the
intermediacy of a metal alkenyl ligand which may be ob-
tained through insertion of an alkyne into a metal hydride
bond.!> 7

Although this description of the alkyne/vinylidene inter-
conversion is well established, in the last few years a
number of recent experimental and theoretical studies have
provided important further insight into this process. This
Minireview details some of the recent mechanistic findings
which focus on the ability of ruthenium and rhodium com-
plexes to perform this reaction. Also discussed within this
framework are the recent results which demonstrate that in-
ternal alkynes, as opposed to terminal alkynes, may be em-
ployed to prepare disubsititued vinylidene ligands.
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Ruthenium Vinylidene Complexes

Terminal alkynes: Half-sandwich ruthenium complexes have
been extensively exploited in the catalytic transformation of
alkynes with many of these processes involving the conver-
sion from alkyne to vinylidene ligand."! As a library of com-
plexes based on the [Ru(n*-L)(L’),] framework (L=>5-elec-
tron donor ligand, for example, n>-CsHs, n’-CyH, etc., L' =2-
electron donor ligand, for example, phosphine, CO etc.) has
been prepared, these complexes represent a tuneable steric
and electronic framework. The nature of the mechanism of
interconversion between the

alkyne and vinylidene forms o
and the relative energies of

these species may be tuned by

subtle alterations of these ligand Ru
PhaP™ /X
sets. o P/ ®H
In a recent study the effect of 3 Y

the alkyne on this process has R

provided important insight into 1
the alkyne/vinylidene intercon-
version.™¥! A series of vinylidene
complexes [Ru(n’-C,H,)(PPh;),-
(=C=CHR)]* (1) was prepared with a range of different
substituents on the alkyne. In the next stage of the study the
complexes were dissolved in CD;CN and the subsequent
conversion into [Ru(n>-C4H;)(PPh,),(NCCD;)]* (3) and the
free alkyne HC=CR monitored by NMR spectroscopy
(Scheme 2). This allowed for the rate constant, k;, for the
conversion from the vinylidene complex [Ru(n’-C,H,)-
(PPh;),(=C=CHR)]™* to the corresponding alkyne species
[Ru(n’-CyH;)(PPh;),(n">-HC=CR)]* (2) to be determined. In
the case in which R=Ph an Eyring analysis revealed activa-
tion parameters of AH™ =2441kcalmol™ and AST=-3+
2 calmol 'K™': the entropy of activation being consistent
with a unimolecular pathway. This kinetic analysis also al-
lowed for the effects of the different substituents on the vi-
nylidene/alkyne transformation to be quantified by a Ham-
mett analysis on a range of aryl-substituted alkynes. A p-
value of —1.5 was obtained indicating that this transforma-
tion is promoted by electron-donating substituents.

The use of isotopically-labelled alkynes also provided im-
portant information about this process. For example, reac-
tion of [RuCl(n’-CyH;)(PPh,),] (4) with H*C=CPh resulted
in the formation of [Ru(n>-C,H;)(PPh,),(="C=CHPh)]*
([*C]-1), indicating the migratory aptitude of hydrogen is
greater than Ph—a similar observation was obtained from
the reaction of cis-[RuCly(dppm),] (5) with H"”C=CPh
which afforded trans-[RuCl(dppm),(="C=CHPh)]* (["*C]-
6)." Kinetic isotope effects ky/kp, of between 1.17 and 1.88
were measured for the [Ru(n>-C,H,)(PPh;),(=C=CHR)]*
system—consistent with the proposed 1,2-hydrogen shift.

In addition to the effect of the alkyne substituents on the
alkyne/vinylidene transformation, a detailed study of how
N-heterocycle-substituted phosphine ligands may promote
hydrogen transfer has been reported.’” For example, the
conversion of [Ru(n’-CsHs)(PMe,Ph),(n>HC=CR)]* (7a)

Scheme 2.

8240

www.chemeurj.org

_— . H —_—
k4 PhsP / ~ ///
R

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

into [Ru(n’>-CsHs)(PMe,Ph),(=C=CH,)]* (8a) was shown to
occur over the course of 3 h at 50°C (Scheme 3). In contrast,
the corresponding reaction with the pyridyl-substituted
phosphine complex 7b resulted in conversion to 8b in 3 h at
about 0°C. In the case of the imidazole-containing phos-
phine ligand neither alkyne complex 7¢ nor vinylidene com-
plex, 8¢, could be observed, even at low temperature; the
vinyl complex 9 was obtained instead. These data clearly in-
dicate that phosphorus ligands containing pendant base
groups significantly enhance the alkyne/vinylidene transfor-
mation.
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A detailed NMR study of complex 7b using both “N-la-
belled pyridine and “C-labelled acetylene revealed that the
two alkyne CH hydrogen atoms were involved in hydrogen
bonding to the nitrogen atom of the pyridine. Calculations
using density function theory (B3LYP/(LANL2DZ/6-311+

@
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G(d,P))) revealed that the difference in energy between 7b
and its vinylidene form 8b is less (AGgy_gpy=—12.7 kcal
mol™!) than in the case in which hydrogen bonding is not
possible (AG, ga=—17.9 kcalmol'). This difference was
attributed to a stabilisation of the alkyne complex by the
two hydrogen-bonding interactions. Although it is clear that
the conversion from the alkyne to the vinylidene complex is
considerably more rapid in the case when the phosphine
ligand contains an N-heterocycle.

The ability of ruthenium half-sandwich complexes to
effect the alkyne/vinylidene transformation has also been
studied by density functional theory (BPW91/(LANL2DZ/6-
31G**)).”"l Three pathways were considered for the rear-
rangement of [Ru(n’-CsHs)(PMe;),(n>HC=CR)]* (10a R=
H; 10b R =Me) into their vinylidene isomers [Ru(n’-CsHs)-
(PMe;),(=C=CHR)]* (11a R=H; 11b R=Me). Two of the
pathways involve the migration of the hydrogen atom with-
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MINIREVIEW

® out formal addition to the

metal whereas the third corre-
| sponds to pathway2 in
Scheme 1, in which a formal ox-
idative-addition pathway is con-
=N sidered to have occurred. The
pathways with the lowest barri-
ers are shown in Scheme 4;

PMe
)\ : here the initial hydrogen migra-
9L=" N7 NMe tion proceeds via TSy, to
Fi local minimum 12, which con-

tains the alkyne bound by an
1*(C-H) interaction. Complex
12 is a common intermediate
for both the hydrogen migra-
tion (pathway 1) and oxidative-
addition (pathway 2) routes to
the vinylidene complex. In the
case of the hydrogen migration
pathway, the reaction then pro-
ceeds via TSy, 4; to afford vinylidene 11. In the case of the
methyl-substituted alkyne, the energies of all the transition
states and intermediates en route to 11 are lower than in the
hydrogen-substituted case, although the energy of the final
product is higher in the case of 11b than 11a.

When considering the oxidative-addition pathway, it is
clear that the barriers to the formation of the alkynyl hy-
dride complexes [Ru(C=CR)(n’-CsHs)(H)(PMe;),]*, (13a
R=H; 13b R=Me) via TS,, ;; are greater than those corre-
sponding to TSy, ;;. Despite this, transition states TS;, ;3 are
at an accessible energy at room temperature (TSiy,3a
31.7 kcalmol™!, TSyyp_13, 29.0 kcalmol™"), which, coupled
with the fact that the methyl substituted complex 13b, is
only 7.1 kcalmol™ higher in energy than 10b, indicates that
oxidative addition may actually be viable. However, it is the
barrier to the subsequent hydride migration onto the f3-
carbon of the alkynyl ligand (>350 kcalmol™) which indi-
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Scheme 4. [Ru] =[Ru(n’-CsH;s)(PMe;),] *; relative energies are in kcalmol™', a R=H, b R=Me, ¢ R=—C=CH.

Chem. Eur. J. 2010, 16, 8238 —8247

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

8241

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

J. M. Lynam

A EUROPEAN JOURNAL

cates that this is probably not a route by which the vinyli-
dene complex is formed. In this context it should be noted
that addition of NaBPh, to [RuCl(n’-CsMes)(dippe)]
(dippe =1,2-bis(diisopropylphosphino)ethane) followed by
certain terminal alkynes gives [Ru(C=CR)(n’-CsMes)(H)-
(dippe)]* (14).7% Although complexes 14 ultimately rear-
range into their vinylidene isomers, this processes is thought
to proceed through a deprotonation/reprotonation mecha-
nism rather than a hydrogen migration.

These data indicate that in this system the formation of
the vinylidene complex probably occurs by pathway 1 and
although oxidative addition to give 13 may occur, this does
not provide a low-energy pathway for the formation of 11.
In the case of the isoelectronic species [Mn(n’-CsHs)(CO),-
(W-HC=CH)] (15), the relative energy of the oxidative-addi-
tion product [Mn(C=CH)(n’-CsH;)(H)(CO),] (16) is far
higher (419.7 kcalmol™) as are the corresponding transition
states involved for its formation.” This is perhaps as would
be expected on replacing the more electron-donating PMe;
ligands in the ruthenium system for CO.

A theoretical study (B3LYP/LACV3P ++ **) into the re-
arrangement of the butadiyne complex [Ru(n’-CsHs)-
(PMe;),(n-HC=C—C=CH)]* (13c¢) into the corresponding
butatrienylidene  [Ru(n’-CsHs)(PMe;),(=C=C=C=CH,)]|*
(17) has revealed the presence of a similar mechanistic path-
way.?Y! The calculations indicate that a direct 1,4-hydrogen
shift from 13 ¢ to give 17 is unlikely and that a ethynylvinyli-
dene [Ru(n’-CsHs)(PMe,),(=C=CH—C=CH)]* (11¢) is a
plausible intermediate.

The potential energy surface for this transformation is
broadly speaking similar to that for complexes 13a and 13b.
Extensive calculations were performed in order to deter-
mine how the formation of 17 from 11¢ occurs. By including
the effects of THF solvent molecules, it was demonstrated
that the lowest energy pathway occurs through a proton mi-
gration involving [H(thf),]*, reinforcing the protic nature of
the vinylidene proton in cationic complexes such as this.

Internal alkynes: The vast majority of stoichiometric and
catalytic studies involving metal vinylidene complexes have
involved the use of terminal alkynes as precursors. As de-
tailed above, this may be rationalised on the basis of the
fact that the migration of a hydrogen atom is crucial to the
conversion of the alkyne complex to the subsequent vinyli-
dene and more facile than the migration of an aromatic
group, for example. Although examples of the migration of
heteroatom groups such SiMe;,>>% SnMe;,*% SR and
I*Y have been reported, it is not until recently that the mi-
gration of a carbon-based group on alkynes has been shown
to afford vinylidene complexes. In 2000 Knox demonstrated
that a bridging vinylidene ligand could be prepared within
the framework of a binuclear ruthenium complex from
MeQ,CC=CCO,Me.*! More recently, Shaw and co-workers
demonstrated that reaction of [RuCl(n’>-CsHs)(PPhs),] (18)
with PhC=CCOPh in the presence of suitable halide scav-
engers results in the ultimate formation of [Ru(n’-CsHs)-
(PPh,),(=C=C{COPh}Ph)]* (20; Scheme 5).l Complex 19,
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Scheme 5. i) +AgPF,, P\C=CC(O)Ph, —AgCl; ii) 18 h, 25°C.

which contains an 1'(O)-bound PhC=CCOPh ligand, was
also observed and shown to convert to 20.

Even more remarkable are the recent reports from Ishii
which demonstrate that, under appropriate conditions, it is
possible to form vinylidene complexes from unfunctional-
ised internal alkynes.F”*! Although the reverse process, the
reaction of a disubstituted vinylidene complex to give the
corresponding alkyne ligand, has been reported,”” these
recent findings have demonstrated that use of internal al-
kynes to form vinylidene ligands for which it was not previ-
ously thought to be possible.

In the first instance, the reaction between PhC=CMe and
the anion [Ru(P;0,)(dppe)(MeOH)]~ (21) results in the for-
mation of [Ru(P;O)(dppe)(=C=C{Me}Ph)]~ (22) in 85%
yield (Scheme 6).” The reaction is tolerant to a range of
different internal alkynes with reaction times varying from
3h (in the case of PA\C=CC4H,-4-OMe) to three days (for
example, with PhC=CC¢H,-4-CO,Et). In the case of the cor-
responding reactions with ester-substituted alkynes RC=CR’
(R=R’ CO,Me; R=R’ CO,Et; R=Me, R’ CO,Et; R=Et,
R’ CO,Et) n*alkyne complexes [Ru(P;O,)(dppe)(n’*-RC=
CR’)]” (23) were obtained after 2 h at 50°C. These species
could be converted to their vinylidene forms by further
heating or UV irradiation.

A kinetic study of the conversion of the alkyne complex
[Ru(P;0,)(dppe)(n*-EtC=CCO,Et)]™ into [Ru(P;0,)(dppe)-
(=C=C{Et}CO,Et)]” demonstrated that the reaction obeyed
first-order kinetics and is thought not to proceed via an oxi-
dative-addition-type pathway. To gain insight into the mech-
anism of this a range of alkynes PhC="CR (R =Me, CO,Et,
C¢H,-4-OMe, C¢H,4-Me and C¢H,4-CO,Et) were em-
ployed and, as shown in Scheme 7, the location of the *C
label indicated which organic group has migrated. These
data indicate that, within this series, electron-withdrawing

Chem. Eur. J. 2010, 16, 8238 —8247
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Scheme 7. [Ru] = [Ru(P;0y)(dppe)]~

groups increase the migratory aptitude in the order CO,Et~
C¢H,;-4-CO,Et >Me >Ph > C,H,-4-Me > C;H,-4-OMe. How-
ever, it is important to distinguish this effect from the rate
of formation of the vinylidene complexes within this system,
which show essentially the opposite trend. Therefore, the
rate of formation of the vinylidene complexes is thought to
be controlled by the relative stability of the intermediate
alkyne complex as opposed to the migratory aptitude of the
substituents.

The formation of disubstituted vinylidene complexes from
internal alkynes is not, however, limited to this P;O,-con-
taining system. Reaction of [RuCl(n’-CsHs)(dppe)] (24) with
diaryl-substituted alkynes PhC=CAr in the presence of
NaBAr1!, (Ar'=C¢H;-3,5-(CF;),) results in the formation of
complexes [Ru(n’-CsHs)(dppe)(=C=C{Ar}Ph)]* (25).! The
use of the inert BAr',” ion appears to be crucial as corre-
sponding reaction with AgPF, or NaBPh, gave complex
mixtures of products. Presumably under the relatively forc-
ing conditions employed in these reactions the robust nature
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of BAr, inhibits any side reactions that occur with the
more reactive PF,~ and BPh,  ions. This protocol was also
successfully applied to half-sandwich compounds based on
the [Ru(n’-CsHs)(PPhs),]* and [Fe(n’-CsHs)(dppe)]* frame-
works to give the corresponding vinylidene complexes.

As was the case with the P;Oy-substituted system, the rel-
ative migratory aptitude of the different groups attached to
the alkyne was evaluated for the [Ru(n’>-CsHs)(dppe)(=C=
C{Ar]}Ph)]* system with the use of PhC="CAr. The same
pattern was observed in both cases—the presence of elec-
tron-withdrawing group enhancing the migration of the aro-
matic group relative to phenyl. A Hammett analysis of these
data for the migratory aptitude revealed a p-value of 2.53.
However, the rate of formation of the vinylidene ligand was
again most rapid in the case of electron-donating substitu-
ents.

In all cases the resulting vinylidene complexes are ob-
tained in good yields (typically between 80-90%) and, al-
though the conditions required are typically harsher than
those involving terminal alkynes, it is evident from these re-
sults that access to disubstituted vinylidene complexes from
internal alkynes may actually be a general pathway if the
appropriate conditions are employed.

Discussion: The ability of a range of half-sandwich com-
plexes to facilitate the conversion of an internal alkyne into
a disubstitued vinylidene is one of the most important find-
ings in this field in recent years. Although the precise mech-
anism of this process is not yet fully understood, a similar
1,2-shift to that observed in the case of terminal alkynes
may be occuring—in this case, however, an 1>-(CC) agostic
intermediate related to 12 may be envisaged. One interest-
ing point for discussion is the effect of different functional
groups on the rate of formation of both internal and exter-
nal alkynes. The kinetic studies by Bassetti demonstrated
that the rate of formation of 3 from the vinylidene complex
1, via the alkyne species 2 was more rapid when the sub-
stituents on the vinylidene/alkyne were electron-donating.
This is consistent with the theoretical calculations on the
conversion of 10 into 11. Changing the substituent on the
alkyne from hydrogen to methyl results in the vinylidene-
containing species becoming less stable relative to the
alkyne, but the transition states and stationary points con-
necting them are also lower in energy. Therefore, from a ki-
netic perspective the interconversion between alkyne and vi-
nylidene should become more rapid on the addition of the
methyl group, but from a thermodynamic perspective the
equilibrium position will move towards the alkyne complex.
Consistent with this argument, Ishii and co-workers found,
in their studies with internal alkynes, that the rate of forma-
tion of the vinylidene complexes was aided when the alkyne
was more electron-rich.

An interesting counterpoint to this discussion is that Ishii
demonstrated that electron-deficient groups exhibit a great-
er migratory aptitude in the formation of the final vinyli-
dene complex when compared to electron-rich analogues.
Therefore the migration may be treated as a 1,2-electrophil-
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ic shift, which is consistent with the proposal that the mi-
grating hydrogen is considered to be a proton in the case of
terminal alkynes. This is also supported by the studies by
Grotjahn, which demonstrate that the presence of an inter-
nal base assists the alkyne/vinylidene transformation. One
interpretation of these data is that the presence of electron-
donating substituents lowers barriers across the entire po-
tential-energy surface and, in all cases except that of inter-
nal alkynes, these groups are spectators to the final migra-
tion process to form the vinylidene complex.

It should, however, be noted that an alternative interpre-
tation of the data has been presented. Bassetti argues that
electron-donating groups promote the vinylidene/alkyne
conversion they are stabilising a build up of positive charge
as the hydrogen migrates as a hydride. Indeed, from this
perspective the vinylidene/alkyne transformation may be
viewed as a nucleophilic attack by a hydride at the a-carbon
of the vinylidene. However, it should be noted that the hy-
drogen attached to the B-carbon in cationic vinylidene com-
plexes often displays protic character.

Rhodium Vinylidene Complexes

In a series of pioneering studies, Werner established that the
{RhCI(PiPr;),} fragment could support alkyne, [RhCI-
(PiPr;),(W*-HC=CR)] (26), alkynyl hydride [RhCI(H)-
(PiPr;),(C=CR)] (27) and vinylidene [RhCI(PiPr;),(C=
CHR)] (28) ligands. These findings were pivotal in the de-

PiPrg R " pipr
CI—RF{—|(|:| Cl—RA—CZ=C—R
PiPr, “H PiPr,

26 27
PiPry
R-C=C—Rh—Cl
PiPrs H PiPrs |l-| PiPr
C'7Rh=C=C:H C|—F|<h—czé—R
PiPrg PiPrs
28 29

velopment of the “oxidative-addition” pathway for the for-
mation of metal vinylidene complexes.”*~% Despite the in-
itial reports in this area being published over 25 years ago,
the precise mechanism that connects the three compounds
has been the subject of a considerable number of recent ex-
perimental and theoretical studies. Much of this work has
been focused specifically on the conversion of the alkynyl
hydride species to the corresponding vinylidene complexes.

In a series of calculations published in 1997, Wakatsuki
and co-workers*"! investigated the conversion from alkyne,
alkynyl hydride and vinylidene complexes. One series of cal-
culations from this study appeared to indicate that the al-
kynyl-hydride-vinylidene conversion may actually proceed
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in a bimolecular fashion via a species such as 29. This hy-
pothesis has been tested in a series of elegant labelling ex-
periments by the Grotjahn group.***" In this first instance,
the reaction between [RhCI(PiPr,Ph),], and a 1:1 mixture of
DC=C(CH,);CH; and HC=CCHMe, resulted in a mixture
of the vinylidene complexes [RhCI(=C=CD{(CH,),CHj;}-
(PiPr,Ph),] and [RhCl(=C=CH{CHMe,}(PiPr,Ph),]: no evi-
dence for H/D exchange was found. In addition, a mixture
of [RhCl(n-HC=CH)(PiPr,),] and [RhCl(n>-D"*C="CD)-
(PiPr3),] was shown to selectively afford [RhCl(=C=CH,)-
(PiPr;),] and [RhCI(="C="CD,)(PiPr;),]—again no evi-
dence for isotopic scrambling was observed. These data are
consistent with the alkynyl-hydride-vinylidene conversion
occurring exclusively by a unimolecular process. In a subse-
quent kinetic study performed in CH,CL,*" Grotjahn also
demonstrated that the process appeared to proceed from
alkyne complex to alkynyl hydride to vinylidene; however,
in this instance it was not possible to observe the alkynyl hy-
dride complex.

In contrast, simply changing the solvent from CH,CI, to
either THF or hexane allowed for all three organometallic
complexes to be observed.’!l In these solvents the reaction
of the rhodium precursor, [{RhCI(PiPr;),},], with a terminal
alkyne to give 26 was rapid, even at low temperatures—this
is not observed in CH,Cl,. As the concentration of each of
the components of the reaction could be monitored the re-
action profile was successfully modelled with a kinetic path-
way based on 26—=27—28. Models based on a bimolecular
pathway gave very poor fits to the kinetic data. On this
basis the balance of experimental evidence points to a
mechanism that involves a unimolecular hydride transfer
within the alkynyl hydride complex to give the vinylidene
product. These experimental findings are supported by a
number of theoretical studies. In addition to the studies de-
scribed earlier by Wakatsuki,”! calculations by Koga,”
Grotjahn®!, De Angelis™!, Hall® and ourselvesP®!! have
also been reported. This set of studies provides a coherent
description of the potential energy surface of the alkyne-vi-
nylidene rearrangement. The results from these studies are
collected in Table 1 all energies are given relative to the
alkyne complex 26 and a generalised reaction profile is

PR3 R PR H pr
'g C/ B e H ‘ :\\\\ 3
Cl—Rh—|| —> CI—Rh_/ —— (—Rh—CZ=C-R
C\,, C%\c
PR3 PR3 \R PR3

26 TSa627 27
PR3 PRy M
R |

Cl—Rh=c=C{ =~ CI—Rh—CZC-R
H
PR’ PR’
28 TS27.28

Scheme 8.
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Table 1. Relative free energies [kcalmol '] of TS, 57, 27, TS,;,5 and 28 relative to the corresponding alkyne complexes 26.

MINIREVIEW

Entry Complex TSa6.27 27 TSy728 28 Theorectical method Ref.
1 [RhCI(PiPr;)(=C=CH,)] 6.8 0.8 26.1 147 B3LYP/(LANL2DZ/6-31 +G**) [53]
2 [RhCI(PiPr,)(=C=CHPh)] 3.0 -52 19.5 96 B3LYP/(LANL2 mDZ/cc-pVDZ/DY5) [54]
3 [RhCI(PH,)(=C=CH,)] 202 10.0 28.7 73 B3LYP/(LANL2DZ/6-31 ++ G#¥) [52]
4 [RhCI(PH,)(=C=CHMe)] 163 9.7 26.0 19 B3LYP/(LANL2DZ/6-31 ++ G#*) [52]
5 [RhCI(PH,)(=C=CHSiMe,)] 18.5 7.9 26.0 4.1 B3LYP/(LANL2DZ/6-31 ++ G**) [52]
6 [RhCI(PH,)(=C=CHMe)] 22 217 47.4 19 B3LYP/(LANL2DZ/6-31 ++ G#¥) [52]
7 [RhCI(PH,)(=C=CHSiMe,)]"! 19.6 6.4 19.7 41 B3LYP/(LANL2DZ/6-31 ++ G#*) [52]
8 [RhCI(PiPr;)(=C=CH,)] 16.1 3.4 25.5 175 ONIUM (BLYP/DQZ :UFF)!! [49]
9 [RhCI(PiPr,Im)(=C=CH,)] 18.5 7.8 26.2 144 ONIUM (BLYP/DQZ :UFF)!! [49]
10 [RhCI(PiPr,Ph)(=C=CH,)] 18.0 5.9 26.4 151 ONIUM (BLYP/DQZ :UFF)l! [49]
1 [RhCI(PiPr,{o-tol})(=C=CH,)] 19.0 7.8 26.4 149 ONIUM (BLYP/DQZ :UFF)!! [49]
12 [RhCI(PH,)(=C=CH,)] 23.5 7.4 27.1 77 (RI-)PBEO/TZVP//(RL-)BPS6/SV(P) [51]
13 [RhCI(PMe,)(=C=CH,)] 26.6 3.4 31.0 6.0 (RI-)PBEO/TZVP//(RI-)BPS6/SV(P) [51]
14 [RhCI(PMe)(=C=CHPh)] 25.4 43 29.5 02 (RI-)PBEO/TZVP//(RL-)BPS6/SV(P) [51]
15 [RhCI(PMe)(=C=CHMe)] 233 4.1 28.8 ~07 (RI-)PBEO/TZVP//(RL-)BPS6/SV(P) [51]
16 [RhCI(PiPr;)(=C=CHPh)] 223 -0.4 222 - experimental [51]
17 [RhCI(PiPr;)(=C=CHPh)] 22.7 0.0 229 - experimental [51]
18 [RhCI(PiPr;)(=C=CHnBu)] 20.8 -0.2 23.0 - experimental [51]

[a] Methyl migration pathway. [b] Silyl migration pathway. [c] Free-energy corrections using B3LYP/LANL2DZ.

shown in Scheme 8. All of the calculations show a similar
set of features; for example, the alkyne, alkynyl hydride and
vinylidene complexes are all stationary points: the vinyli-
dene complexes are the global minima and in every instance
the alkynyl hydride and alkyne complex are within
10 kcalmol™" in energy. The actual C—H activation pathway
proceeds in each case by a n-CH agostic-type complex
(TSy.27, Scheme 8), which is, of course, similar to the initial
activation processes predicted in the ruthenium case for
both the hydrogen migration and oxidative-addition process-
es. It should be noted that in the calculations reported by
Kogal™ and Grotjahn™ the n>~CH complex is a stationary
point, whereas in the those performed by De Angelis™ and
Hall® this complex corresponds to a transition state con-
necting alkyne and alkynyl hydride complexes. In all cases,
the rate-limiting step (i.e., highest energy transition state)
involves the conversion of the alkynyl hydride to the vinyli-
dene via TS,;,5. All of these studies indicate that a unimo-
lecular pathway is in operation, consistent with the experi-
mental data.

In light of the results from the ruthenium system in which
internal alkynes have been employed to prepare vinylidene
ligands,*”*! it is interesting to note that Koga also calculat-
ed the pathway from [RhCl(n*-HC=CMe)(PH,;),] to [RhCI-
(=C=CHMe)(PH;),] via [RhCI(C=CH)(Me)(PH;),]; that is,
a methyl migration mechanism (Table 1, entry 5).F¥ Unsur-
prisingly, the activation of the C—Me bond has a far higher
activation energy (42.2 kcalmol ') and the resulting methyl
complex [RhCI(C=CH)(Me)(PiPr;),] is considerably higher
in energy (21.7 kcalmol ™) than the corresponding alkynyl
hydride complex [RhCI(C=CMe)(H)(PiPr;),] (16.3 kcal
mol ). These data are consistent with the fact that hydride
migration is probably the dominant pathway in the forma-
tion of vinylidene complexes from terminal alkynes. Howev-
er, it is worth noting that the corresponding silyl-migration
pathway from [RhCl(n>-HC=CSiMe;)(PH;),] (Table1,
entry 6) is almost isoenergetic with the hydride migration
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pathway. As stated previously, the formation of vinylidene
complexes through silyl migration is relatively well estab-
lished.>l

The available experimental data® (Table 1, entries 15—
17) for each step within this process are also in broad agree-
ment with these calculations. Notably, the data indicate that
the alkyne complex and alkynyl hydride species are typically
at very similar energy, although the difference in energies
between the barriers for C—H activation and hydride migra-
tion are smaller. In addition, the effects of the alkyne sub-
stituents observed in the experimental system are essentially
reproduced by the calculations. For example, the exchange
of the phenyl group [RhCl(n>-HC=CPh)(PiPr;),] by an alkyl
chain [RhCl(n>HC=CnBu)(PiPr;),] results in a lowering of
the activation barrier for alkyne/alkynyl hydride intercon-
version—the barrier to the ultimate formation of the vinyli-
dene complex remained very similar. This observation was
reproduced on calculations with [RhCl(n*-HC=CPh)-
(PMe;),] and [RhCl(n*-HC=CMe)(PMej,),] and this reflects
the findings from the ruthenium system discussed previously
where electron-donating groups facilitate the alkyne/vinyli-
dene transformation.

Although, on the whole, the calculations and experimen-
tal data provide a coherent picture of this transformation, it
is worth noting that the predicted barrier for the intercon-
version of the alkyne 26 and alkynyl hydride 27 complexes
shows the most significant deviation of all the calculated
barriers. In the case of the calculations performed by De
Angelis and Hall this barrier was predicted to be small (6.8
and 3.0 kcalmol ™ respectively). However, the results from
the experimental studies and other calculations place a far
higher barrier on this process.

One final point to note is the effect played by the phos-
phine ligand in this transformation. The kinetic study per-
formed by Grotjahn and co-workers demonstrated that the
rate of hydrogen shift is 9.6 times greater in this rhodium-
containing system when the phosphine used in the reaction
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was PiPr,Im (Im=imidazole) with a pendant nitrogen atom,
rather than PiPr,Ph. The most significant rate enhancements
were observed in the step involving the conversion of alkyn-
yl hydride 27 to vinylidene 28. In studies on a related
system, Hall® has systematically examined the effects of
different phosphine ligands on the conversion between
alkyne, alkynyl hydride and vinylidene ligands supported by
the {Rh(C=CPh)(PR;),} group. The result of these calcula-
tions indicated that both the alkynyl hydride and vinylidene
complex are significantly stabilised relative to the alkyne
complex in the presence of electron-donating phosphine li-
gands. A similar observation was made by De Angelis.>!
Clearly, electron-donating ligands will stabilise the higher
oxidation state alkynyl hydride complex, whereas the stabili-
sation of the vinylidene probably results from a combination
of steric factors and the fact that it is a better m acceptor
than the n’-coordinated alkyne.

Summary and Outlook

It is clear that the mechanism for the alkyne/vinylidene tau-
tomerisation process contains a number of common features
in all cases studied. Coordination of the alkyne to the metal
is a pre-requisite to this process and the next stage in all
pathways is the formation of a species in which the alkyne
has slipped to give an n-(CH) agostic complex (12,
Scheme 4; TS,¢,;, Scheme 8). Although the exact nature of
this n*-(CH) agostic complex as either a transition state or
intermediate appears to be system-dependant, it does
appear to be a common structural motif that facilitates the
C—H bond cleavage step, either by 1,2-hydrogen migration
(pathway 1) or oxidative-addition (pathway 2) route. In this
context it is worth noting that the latter pathway is favoured
in electron-rich systems, whereas in less electron-rich sys-
tems it is the former. In both cases, DFT calculations indi-
cate that an intial oxidative-addition process is viable, but in
less electron-rich systems the subsequent hydrogen migra-
tion process from the alkynyl hydride is at too high an
energy to be considered a possible pathway. Therefore in
this case hydrogen migration occurs directly from the n?-
(CH) species to give the final product.

It is also evident that the ligands in the metal coordina-
tion sphere may substantially affect the reaction pathway. It
is established that electron-rich phosphine ligands, for exam-
ple, aid the oxidative-addition pathway in the case of half-
sandwich ruthenium complexes. One important general
trend that is apparent in both the ruthenium and rhodium
chemistry described above is that the presence of uncoordi-
nated nitrogen atoms as part of an N-heterocycle in the
phosphine ligand significantly enhances the rate of forma-
tion of the vinylidene complexes. Very recent results from
the Carmona group have illustrated that the uncoordinated
nitrogen atom may act as an intramolecular base assisting
the deprotonation of an iridium n*alkyne complex with sub-
sequent protonation of an alkynyl ligand.™

8246

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In addition, the results from these studies demonstrate
that the substituents on the alkyne may also affect the po-
tential-energy surface of the reaction. The general trend ob-
served in both the ruthenium- and rhodium-based systems is
that electron-donating substituents on alkynes enhance the
rate of the alkyne-vinylidene transformation. This is sup-
ported by DFT calculations, which indicate electron-donat-
ing groups on the alkyne lower the transition states connect-
ing the alkyne and vinylidene complexes, but destabilise the
vinylidene complex relative to the alkyne. Given the subtle-
ties of this reaction pathway, it is evident that in order to ac-
curately reproduce the experimental situation, DFT calcula-
tions should be performed as far as possible on experimen-
tally relevant models.

Arguably the most significant recent finding in this field is
that internal unfunctionalised alkynes may be used as pre-
cursors to di-substituted vinylidene complexes using
common organometallic reagents. This appears to be a hith-
erto unexplored facet of the chemistry of metal vinylidene
complexes and a detailed mechanistic understanding of this
process is clearly required. The conversion of an internal
alkyne into its vinylidene tautomer represents one of the
most facile examples of sp-sp’/sp-sp®> carbon—carbon bond
cleavage by a transition-metal complex. In this context it is
interesting to note that the photochemical activation of the
C—C bond in complexes [PtL,(n*-PhC=CPh)] (L, =chelating
P-P or P-N ligand) has been demonstrated to afford the ox-
idative-addition products [PtL,(C=CPh)(Ph)].">>*! This reac-
tion may even be performed in the solid state.’”) However,
in these platinum-containing examples, the activated prod-
uct is thermodynamically unstable with respect to the start-
ing complex, in marked contrast to the vinylidene complexes
formed by C—C bond activation.

The conversion of internal alkynes into their correspond-
ing vinylidene ligands is also important from a catalytic per-
spective. Not only should this process be considered as a
plausible step in existing catalytic cycles, but these studies
should also prompt new investigations into how disubstitut-
ed vinylidene ligands may be exploited in synthetic chemis-

try.

Note Added in Proof

Since this manuscript was submitted a number of publica-
tions concerning the synthesis of vinylidene ligands have
been published. For example, in work related to that de-
scribed above undertaken by Shaw,*! the ability of rutheni-
um complexes containing trispyrazoylborate ligands to facili-
tate the isomerisation of internal alkynones PhC=CCOR
into their vinylidene tautomers [Ru=C=C(COR)Ph] has
been reported.” In this case it was possible to observe
1'(O)-bound species related to 19 and, in addition, a com-
plex in which the alkynone is bound as a st complex. Indeed,
it is thought that the vinylidene complex is formed by a 1,2-
acyl migration from this @ complex. Also, it has also been
shown that both allenes® and alkylidenecyclopropanes®!

Chem. Eur. J. 2010, 16, 8238 —8247


www.chemeurj.org

Transition-Metal Vinylidene Complexes

may be employed to prepare ruthenium and osmium vinyli-
dene complexes respectively. In the latter case, the metal de-
constructs the cyclopropane to from both the vinylidene
ligand and ethene.

Acknowledgements

Dr. Michael Cowley and Dr. John Slattery (University of York) are
gratefully acknowledged for insightful comments on this manuscript. The
EPSRC and University of York are gratefully acknowledged for funding
research into transition metal vinylidene compounds at York.

[1] M. L Bruce, Chem. Rev. 1991, 91, 197-257.
[2] V. Cadierno, M. P. Gamasa, J. Gimeno, Coord. Chem. Rev. 2004,
248, 1627-1657.
[3] M. C. Puerta, P. Valerga, Coord. Chem. Rev. 1999, 193-195, 977
1025.
[4] C. Bruneau, P. H. Dixneuf, Metal Vinylidenes and Allenylidenes in
Catalysis, Wiley-VCH, Weinheim, 2008.
[5] C.Bruneau, P. H. Dixneuf, Acc. Chem. Res. 1999, 32, 311-323.
[6] B.M. Trost, M. U. Frederiksen, M. T. Rudd, Angew. Chem. 2005,
117, 6788—-6825; Angew. Chem. Int. Ed. 2005, 44, 6630-6666.
[7] C. Bruneau, P. H. Dixneuf, Angew. Chem. 2006, 118, 2232-2260;
Angew. Chem. Int. Ed. 2006, 45, 2176-2203.
[8] V. Cadierno, P. Crochet, S. E. Garcia-Garrido, J. Gimeno, Curr. Org.
Chem. 2006, 10, 165-183.
[9] B. M. Trost, A. McClory, Chem. Asian J. 2008, 3, 164—194.
[10] Y. Wakatsuki, J. Organomet. Chem. 2004, 689, 4092 —-4109.
[11] Y. Mamoru, A. Yasuhiro, N. Yoshimasa, U. Keisuke, O. Masayoshi,
Chem. Commun. 2009, 2911-2913.
[12] Y. Arikawa, H. Yamasaki, M. Yamaguchi, K. Umakoshi, M. Onishi,
Organometallics 2009, 28, 5587-5589.
[13] C. Griinwald, M. Laubender, J. Wolf, H. Werner, J. Chem. Soc.
Dalton Trans. 1998, 833-839.
[14] J.M. Lynam, C. E. Welby, A. C. Whitwood, Organometallics 2009,
28, 1320-1328.
[15] M. Olivan, E. Clot, O. Eisenstein, K. G. Caulton, Organometallics
1998, 17, 3091-3100.
[16] M. Tokunaga, T. Suzuki, N. Koga, T. Fukushima, A. Horiuchi, Y.
Wakatsuki, J. Am. Chem. Soc. 2001, 123, 11917-11924.
[17] J. Zhu, Z. Lin, Theorectical Asepcts of Metal Vinylidene and Alleny-
lidene Complexes, Wiley-VCH, Weinheim, 2008, pp. 129-157.
[18] M. Bassetti, V. Cadierno, J. Gimeno, C. Pasquini, Organometallics
2008, 27, 5009-5016.
[19] J. M. Lynam, T. D. Nixon, A.C. Whitwood, J. Organomet. Chem.
2008, 693, 3103-3110.
[20] D.B. Grotjahn, V. Miranda-Soto, E. J. Kragulj, D. A. Lev, G. Erdo-
gan, X. Zeng, A. L. Cooksy, J. Am. Chem. Soc. 2008, 130, 20-21.
[21] F. De Angelis, A. Sgamellotti, N. Re, Organometallics 2002, 21,
5944 -5950.
[22] L. de los Rios, M. J. Tenorio, M. C. Puerta, P. Valerga, J. Am. Chem.
Soc. 1997, 119, 6529-6538.
[23] F. De Angelis, A. Sgamellotti, N. Re, Organometallics 2002, 21,
2715-2723.
[24] F. Creati, C. Coletti, N. Re, Organometallics 2009, 28, 6603 -6616.
[25] H. Werner, M. Baum, D. Schneider, B. Windmuller, Organometallics
1994, 13, 1089-1097.
[26] N. G. Connelly, W. E. Geiger, M. C. Lagunas, B. Metz, A. L. Rieger,
P. H. Rieger, M. J. Shaw, J. Am. Chem. Soc. 1995, 117, 12202-12208.
[27] H. Katayama, K. Onitsuka, F. Ozawa, Organometallics 1996, 15,
4642-4645.
[28] H. Werner, R. W. Lass, O. Gevert, J. Wolf, Organometallics 1997, 16,
4077-4088.
[29] M. V. Jiménez, E. Sola, F.J. Lahoz, L. A. Oro, Organometallics
2005, 24, 2722-2729.

Chem. Eur. J. 2010, 16, 8238 —8247

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

MINIREVIEW

[30] K. Ilg, M. Paneque, M. L. Poveda, N. Rendon, L. L. Santos, E. Car-
mona, K. Mereiter, Organometallics 2006, 25, 2230-2236.

[31] K. Venkatesan, O. Blacque, T. Fox, M. Alfonso, H. W. Schmalle, S.
Kheradmandan, H. Berke, Organometallics 2005, 24, 920-932.

[32] K. Venkatesan, T. Fox, H. W. Schmalle, H. Berke, Eur. J. Inorg.
Chem. 2005, 901-909.

[33] D. C. Miller, R. J. Angelici, Organometallics 1991, 10, 79-89.

[34] T. Miura, N. Iwasawa, J. Am. Chem. Soc. 2002, 124, 518-519.

[35] P.J. King, S. A. R. Knox, M. S. Legge, A. G. Orpen, J. N. Wilkinson,
E. A. Hill, J. Chem. Soc. Dalton Trans. 2000, 1547 -1548.

[36] M. J. Shaw, S. W. Bryant, N. Rath, Eur. J. Inorg. Chem. 2007, 3943 —
3946.

[37] Y. Ikeda, T. Yamaguchi, K. Kanao, K. Kimura, S. Kamimura, Y.
Mutoh, Y. Tanabe, Y. Ishii, . Am. Chem. Soc. 2008, 130, 16856—
16857.

[38] Y. Mutoh, Y. Ikeda, Y. Kimura, Y. Ishii, Chem. Lett. 2009, 38, 534 -
535.

[39] R.S. Bly, Z.D. Zhong, C. Kane, R. K. Bly, Organometallics 1994,
13, 899-905.

[40] J. Wolf, H. Werner, O. Serhadli, M. L. Ziegler, Angew. Chem. 1983,
95, 428-429; Angew. Chem. Int. Ed. Engl. 1983, 22, 414-416.

[41] J. Wolf, H. Werner, J. Organomet. Chem. 1987, 336, 413-428.

[42] H. Werner, F. J. G. Alonso, H. Otto, J. Wolf, Z. Naturfosch. B 1988,
43,722-726.

[43] H. Werner, J. Wolf, F. J. G. Alonso, M. L. Ziegler, O. Serhadli, J. Or-
ganomet. Chem. 1987, 336, 397-411.

[44] H. Werner, U. Brekau, Z. Naturforsch. B 1989, 44, 1438 -1446.

[45] H. Werner, T. Rappert, M. Baum, A. Stark, J. Organomet. Chem.
1993, 459, 319-323.

[46] H. Werner, D. Schneider, M. Schulz, J. Organomet. Chem. 1993, 451,
175-182.

[47] Y. Wakatsuki, N. Koga, H. Werner, K. Morokuma, J. Am. Chem.
Soc. 1997, 119, 360-366.

[48] D.B. Grotjahn, X. Zeng, A. L. Cooksy, J. Am. Chem. Soc. 2006, 128,
2798-2799.

[49] D. B. Grotjahn, X. Zeng, A.L. Cooksy, W. S. Kassel, A. G. DiPas-
quale, L. N. Zakharov, A. L. Rheingold, Organometallics 2007, 26,
3385-3402.

[50] D.B. Grotjahn, X. Zeng, A.L. Cooksy, W. S. Kassel, A. G. DiPas-
quale, L. N. Zakharov, A. L. Rheingold, Organometallics 2008, 27,
3626-3626.

[51] M. J. Cowley, J. M. Lynam, J. M. Slattery, Dalton Trans. 2008, 4552—
4554,

[52] C. H. Suresh, N. Koga, J. Theor. Comput. Chem. 2005, 4, 59-73.

[53] E De Angelis, A. Sgamellotti, N. Re, Organometallics 2007, 26,
5285-5288.

[54] B. A. Vastine, M. B. Hall, Organometallics 2008, 27, 4325—-4333.

[55] A. Gunay, W. D. Jones, J. Am. Chem. Soc. 2007, 129, 8729-8735.

[56] A. Gunay, C. Muller, R.J. Lachicotte, W. W. Brennessel, W.D.
Jones, Organometallics 2009, 28, 6524—6530.

[57] H. Petzold, T. Weisheit, H. Gorls, H. Breitzke, G. Buntkowsky, D.
Escudero, L. Gonzalez, W. Weigand, Dalton Trans. 2008, 1979—
1981.

[58] E. Alvarez, Y. A. Herndndez, J. Lopez-Serrano, C. Maya, M. Pane-
que, A. Petronilho, M. L. Poveda, V. Salazar, F. Vattier, E. Carmona,
Angew. Chem. 2010, 122, 3496-3499; Angew. Chem. Int. Ed. 2010,
49, 3574-3577.

[59] I de los Rios, E. Bustelo, M. C. Puerta, P. Valerga, Organometallics
2010, 29, 1740-1749.

[60] A. Collado, M. A. Esteruelas, F. Lopez, J. L. Mascarefias, E. Onate,
B. Trillo, Organometallics 2010, DOI: 10.1021/0m100192t.

[61] R. Castro-Rodrigo, M. A. Esteruelas, A. M. Lopez, F. Lopez, J. L.
Mascareiias, M. Olivdan, E. Onate, L. Saya, L. Villarino, J. Am.
Chem. Soc. 2009, 131, 454-455.

Published online: July 6, 2010

www.chemeurj.org — 8247


http://dx.doi.org/10.1021/cr00002a005
http://dx.doi.org/10.1021/cr00002a005
http://dx.doi.org/10.1021/cr00002a005
http://dx.doi.org/10.1016/j.ccr.2004.05.008
http://dx.doi.org/10.1016/j.ccr.2004.05.008
http://dx.doi.org/10.1016/j.ccr.2004.05.008
http://dx.doi.org/10.1016/j.ccr.2004.05.008
http://dx.doi.org/10.1016/S0010-8545(99)00166-6
http://dx.doi.org/10.1016/S0010-8545(99)00166-6
http://dx.doi.org/10.1016/S0010-8545(99)00166-6
http://dx.doi.org/10.1021/ar980016i
http://dx.doi.org/10.1021/ar980016i
http://dx.doi.org/10.1021/ar980016i
http://dx.doi.org/10.1002/ange.200500136
http://dx.doi.org/10.1002/ange.200500136
http://dx.doi.org/10.1002/ange.200500136
http://dx.doi.org/10.1002/ange.200500136
http://dx.doi.org/10.1002/anie.200500136
http://dx.doi.org/10.1002/anie.200500136
http://dx.doi.org/10.1002/anie.200500136
http://dx.doi.org/10.1002/ange.200501391
http://dx.doi.org/10.1002/ange.200501391
http://dx.doi.org/10.1002/ange.200501391
http://dx.doi.org/10.1002/anie.200501391
http://dx.doi.org/10.1002/anie.200501391
http://dx.doi.org/10.1002/anie.200501391
http://dx.doi.org/10.2174/138527206775192933
http://dx.doi.org/10.2174/138527206775192933
http://dx.doi.org/10.2174/138527206775192933
http://dx.doi.org/10.2174/138527206775192933
http://dx.doi.org/10.1002/asia.200700247
http://dx.doi.org/10.1002/asia.200700247
http://dx.doi.org/10.1002/asia.200700247
http://dx.doi.org/10.1016/j.jorganchem.2004.05.052
http://dx.doi.org/10.1016/j.jorganchem.2004.05.052
http://dx.doi.org/10.1016/j.jorganchem.2004.05.052
http://dx.doi.org/10.1021/om900576h
http://dx.doi.org/10.1021/om900576h
http://dx.doi.org/10.1021/om900576h
http://dx.doi.org/10.1039/a707870f
http://dx.doi.org/10.1039/a707870f
http://dx.doi.org/10.1039/a707870f
http://dx.doi.org/10.1039/a707870f
http://dx.doi.org/10.1021/om800950g
http://dx.doi.org/10.1021/om800950g
http://dx.doi.org/10.1021/om800950g
http://dx.doi.org/10.1021/om800950g
http://dx.doi.org/10.1021/ja0119292
http://dx.doi.org/10.1021/ja0119292
http://dx.doi.org/10.1021/ja0119292
http://dx.doi.org/10.1021/om800484u
http://dx.doi.org/10.1021/om800484u
http://dx.doi.org/10.1021/om800484u
http://dx.doi.org/10.1021/om800484u
http://dx.doi.org/10.1016/j.jorganchem.2008.06.021
http://dx.doi.org/10.1016/j.jorganchem.2008.06.021
http://dx.doi.org/10.1016/j.jorganchem.2008.06.021
http://dx.doi.org/10.1016/j.jorganchem.2008.06.021
http://dx.doi.org/10.1021/ja0774616
http://dx.doi.org/10.1021/ja0774616
http://dx.doi.org/10.1021/ja0774616
http://dx.doi.org/10.1021/om020723m
http://dx.doi.org/10.1021/om020723m
http://dx.doi.org/10.1021/om020723m
http://dx.doi.org/10.1021/om020723m
http://dx.doi.org/10.1021/om010943k
http://dx.doi.org/10.1021/om010943k
http://dx.doi.org/10.1021/om010943k
http://dx.doi.org/10.1021/om010943k
http://dx.doi.org/10.1021/om9007295
http://dx.doi.org/10.1021/om9007295
http://dx.doi.org/10.1021/om9007295
http://dx.doi.org/10.1021/om00016a013
http://dx.doi.org/10.1021/om00016a013
http://dx.doi.org/10.1021/om00016a013
http://dx.doi.org/10.1021/om00016a013
http://dx.doi.org/10.1021/ja00154a021
http://dx.doi.org/10.1021/ja00154a021
http://dx.doi.org/10.1021/ja00154a021
http://dx.doi.org/10.1021/om9603575
http://dx.doi.org/10.1021/om9603575
http://dx.doi.org/10.1021/om9603575
http://dx.doi.org/10.1021/om9603575
http://dx.doi.org/10.1021/om9703393
http://dx.doi.org/10.1021/om9703393
http://dx.doi.org/10.1021/om9703393
http://dx.doi.org/10.1021/om9703393
http://dx.doi.org/10.1021/om050634k
http://dx.doi.org/10.1021/om050634k
http://dx.doi.org/10.1021/om050634k
http://dx.doi.org/10.1021/om049284c
http://dx.doi.org/10.1021/om049284c
http://dx.doi.org/10.1021/om049284c
http://dx.doi.org/10.1002/ejic.200400686
http://dx.doi.org/10.1002/ejic.200400686
http://dx.doi.org/10.1002/ejic.200400686
http://dx.doi.org/10.1002/ejic.200400686
http://dx.doi.org/10.1021/om00047a033
http://dx.doi.org/10.1021/om00047a033
http://dx.doi.org/10.1021/om00047a033
http://dx.doi.org/10.1021/ja0113091
http://dx.doi.org/10.1021/ja0113091
http://dx.doi.org/10.1021/ja0113091
http://dx.doi.org/10.1039/b001666g
http://dx.doi.org/10.1039/b001666g
http://dx.doi.org/10.1039/b001666g
http://dx.doi.org/10.1002/ejic.200700588
http://dx.doi.org/10.1002/ejic.200700588
http://dx.doi.org/10.1002/ejic.200700588
http://dx.doi.org/10.1021/ja8080567
http://dx.doi.org/10.1021/ja8080567
http://dx.doi.org/10.1021/ja8080567
http://dx.doi.org/10.1246/cl.2009.534
http://dx.doi.org/10.1246/cl.2009.534
http://dx.doi.org/10.1246/cl.2009.534
http://dx.doi.org/10.1021/om00015a024
http://dx.doi.org/10.1021/om00015a024
http://dx.doi.org/10.1021/om00015a024
http://dx.doi.org/10.1021/om00015a024
http://dx.doi.org/10.1002/anie.198304141
http://dx.doi.org/10.1002/anie.198304141
http://dx.doi.org/10.1002/anie.198304141
http://dx.doi.org/10.1016/0022-328X(87)85201-4
http://dx.doi.org/10.1016/0022-328X(87)85201-4
http://dx.doi.org/10.1016/0022-328X(87)85201-4
http://dx.doi.org/10.1016/0022-328X(87)85200-2
http://dx.doi.org/10.1016/0022-328X(87)85200-2
http://dx.doi.org/10.1016/0022-328X(87)85200-2
http://dx.doi.org/10.1016/0022-328X(87)85200-2
http://dx.doi.org/10.1016/0022-328X(93)86085-V
http://dx.doi.org/10.1016/0022-328X(93)86085-V
http://dx.doi.org/10.1016/0022-328X(93)86085-V
http://dx.doi.org/10.1016/0022-328X(93)86085-V
http://dx.doi.org/10.1016/0022-328X(93)83024-P
http://dx.doi.org/10.1016/0022-328X(93)83024-P
http://dx.doi.org/10.1016/0022-328X(93)83024-P
http://dx.doi.org/10.1016/0022-328X(93)83024-P
http://dx.doi.org/10.1021/ja962732q
http://dx.doi.org/10.1021/ja962732q
http://dx.doi.org/10.1021/ja962732q
http://dx.doi.org/10.1021/ja962732q
http://dx.doi.org/10.1021/ja058736p
http://dx.doi.org/10.1021/ja058736p
http://dx.doi.org/10.1021/ja058736p
http://dx.doi.org/10.1021/ja058736p
http://dx.doi.org/10.1021/om700355r
http://dx.doi.org/10.1021/om700355r
http://dx.doi.org/10.1021/om700355r
http://dx.doi.org/10.1021/om700355r
http://dx.doi.org/10.1021/om8002569
http://dx.doi.org/10.1021/om8002569
http://dx.doi.org/10.1021/om8002569
http://dx.doi.org/10.1021/om8002569
http://dx.doi.org/10.1039/b806358c
http://dx.doi.org/10.1039/b806358c
http://dx.doi.org/10.1039/b806358c
http://dx.doi.org/10.1142/S0219633605001325
http://dx.doi.org/10.1142/S0219633605001325
http://dx.doi.org/10.1142/S0219633605001325
http://dx.doi.org/10.1021/om7003964
http://dx.doi.org/10.1021/om7003964
http://dx.doi.org/10.1021/om7003964
http://dx.doi.org/10.1021/om7003964
http://dx.doi.org/10.1021/om8001137
http://dx.doi.org/10.1021/om8001137
http://dx.doi.org/10.1021/om8001137
http://dx.doi.org/10.1021/ja071698k
http://dx.doi.org/10.1021/ja071698k
http://dx.doi.org/10.1021/ja071698k
http://dx.doi.org/10.1021/om900413a
http://dx.doi.org/10.1021/om900413a
http://dx.doi.org/10.1021/om900413a
http://dx.doi.org/10.1039/b801230j
http://dx.doi.org/10.1039/b801230j
http://dx.doi.org/10.1039/b801230j
www.chemeurj.org

