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Abstract
Rhenium-based Olefin Metathesis Catalysts
The system Re2O7/Al2O7 or its related system, CH3ReO3/Al2O3-SiO2, is an effective
heterogeneous catalyst for carrying out olefin metathesis at ambient temperature.
Among plenty of mechanistic investigations reported in the literature, a pseudo-Wittig
mechanism is considered the most promising one. Our earlier experimental and
computational studies on high-valent rhenium trioxo complexes in the gas phase also
supported the pseudo-Witting mechanism and furthermore put forth structural
requirements for rhenium oxox complexes that would form metathesis catalysts by
reaction with olefins. A set of rhenium trioxo complexes was therefore synthesized
and demonstrated to be active in olefin metathesis. Systematic variation of ligands,
and in particular, Lewis acidic additives revealed important reaction parameters,
indicating that electron-withdrawing substituents or ligands are beneficial for olefin
metathesis activity. Furthermore, the relationship between perrhenate (ReO4),
perrhenyl (ReO3+), and the metathesis-active rhenium complexes (LReO3) was
elucidated, showing that the chemical behavior of rhenium-based complexes can be
steered through the Lewis acid–base interaction.
The transformation of Cp*ReO3 into a rhenium alkylidene complex with
Ta(CH2CMe3)3(CHCMe3) was demonstrated. This pseudo-Wittig reaction is the first
experimental evidence that isolable rhenium alkylidene complexes could be generated
from

high-valent

rhenium-oxo

complexes.
v

Moreover,

the

precatalyst

ReO2(CH2tBu)(CHtBu) was synthesized, which can be activated with B(C6F5)3 to result in
an active metathesis catalyst. The metathesis reaction of (C6F5)3B–OReO(CH2tBu)(CHtBu)
with 1-hexene was studied in situ by NMR spectroscopy, revealing unequivocally that
the rhenium alkylidene is the active species in this reaction. The system can be
regarded as a homogenous model of the hypothetical species present in the
heterogeneous catalytic systems. The present results are in line with our previous
gas-phase studies and provide a comprehensible elucidation of the mechanism for the
generation of active rhenium species on solid supports.

Investigation of Ligand Properties
We employed complexes [L–Ir(PPh3)2(CO)]+X to quantify the electronic and steric
properties of N-heterocyclic carbene ligands L. A series of NHCs was studied by FT-IR
and 31P NMR spectroscopy. The results suggested that the NHCs used in this study are
electronically similar but sterically divergent. However, the experimental carbonyl
frequencies νco obtained for [L–Ir(PPh3)3(CO)]+X— do not correlate well with calculated
TEP (Tolman electronic parameter) values. In order to account for this discrepancy,
ETS-NOCV (Extended Transition State–Natural Orbitals for Chemical Valence) analyses
were carried out for the iridium–ligand bond in these iridium monocarbonyl complexes.
A linear correlation between the individual orbital interactions and νCO was thus
established. The rationale for the inconsistency between νCO and TEP was addressed by
comparing the fitting equations for the square-planar [L–Ir(PPh3)2(CO)]+ versus the
tetrahedral L-Ni(CO)3 complexes, suggesting that the difference in coordination
geometry is responsible for the discrepancy between the two systems.

vi

Zusammenfassung
Auf Rhenium basierende Olefinmetathese-Katalysatoren
Das Re2O7/Al2O7 System oder das verwandte MeReO3/Al2O3-SiO2 System sind effektive
heterogene Katalysatoren fü r die Olefinmetathese bei Raumtemperatur. In den
zahlreichen, in der Literatur beschriebenen, mechanistischen Untersuchungen wird ein
pseudo-Wittig Mechanismus als der wahrscheinlichste vermutet. Die Resultate unserer
frü heren experimentellen und theoretischen Untersuchungen von hoch-valenten
Rheniumtrioxo Verbindungen in der Gasphase unterstützen auch diesen Mechanismus
und liefern zudem die strukturellen Grundlagen zu potentiell in der Olefinmetathese
aktiven

Rheniumoxo

Verbindungen

Komplexen.

dargestellt

und

Wir

haben eine

deren

Reihe

Metatheseaktivität

von

Rheniumtrioxo

demonstriert.

Eine

systematische Variation der Liganden, insbesondere Lewissäuren, hat aufgezeigt, dass
elektronenziehende Substituenten oder Liganden von Vorteil sind. Ausserdem wurde
der Zusammenhang zwischen Perrhenat-Anion (ReO4), Perrhenyl-Kation (ReO3+) und
den in der Metathese aktiven Rhenium Komplexen (L–ReO3) untersucht. Das chemische
Verhalten dieser Verbindungen kann durch eine Lewis Säure-Base Wechselwirkung
beeinflusst werden.
Die Transformation von Cp*ReO3 in einen Rheniumalkyliden Komplex mittels
Ta(CH2CMe3)3(CHCMe3) wurde demonstriert. Diese pseudo-Wittig Reaktion ist der erste
experimentelle Beweis dafü r, dass isolierbare Rheniumalkyliden Verbindungen
ausgehend von hoch-valenten Rehniumoxo Komplexen dargestellt werden kö nnen.
vii

Zudem wurde der Katalysatorvorläufer ReO2(CH2tBu)(CHtBu) synthetisiert, welcher mit
B(C6F5)3 zum Metathesekatalysator aktiviert werden kann. Die Metathese Reaktion von
(C6F5)3B–OReO(CH2tBu)(CHtBu) mit 1-Hexen wurde in situ mittels NMR-Spektroskopie
untersucht, wodurch ein eindeutiger Beweis fü r ein Rheniumalkyliden als aktive
Spezies erbracht wurde. Dieses homogene System kann als Modell fü r analoge,
hypothetische Spezies in der heterogenen Katalyse betrachtet werden. Die Resultate
sind im Einklang mit unseren frü heren Untersuchungen in der Gasphase und liefern
einen detaillierten Mechanismus fü r die Bildung von aktiven Rhenium Spezies auf
Katalysatoroberflächen.

Untersuchung der Eigenschaften von Liganden
Wir haben die elektronischen und sterischen Eigenschaften von N-heterozyklischen
Carben (NHC) Liganden L in den Komplexen vom Typ [L–Ir(PPh3)2(CO)]+X studiert. Eine
Serie von NHCs mit IMe, SIMe, liPr, Ibenzyl und IPh wurde mittels FT-IR und

31

P NMR

Spektroskopie untersucht. Die Resultate zeigen, dass die in dieser Arbeit untersuchten
NHCs elektronisch ähnlich, jedoch sterisch divergent sind. Die experimentellen
Carbonyl Schwingungsfrequenzen νco der [L–Ir(PPh3)3(CO)]+X— Komplexe korrelieren
nicht stark mit den berechneten TEP (Tolman elektronischen Paramteter) Werten. Um
diese Diskrepanz zu verstehen, wurde die Iridium-Liganden Bindung in diesen
Iridiummonocarbonyl Verbindungen mittels ETS-NOCV Analyse untersucht. Die
Analyse hat aufgezeigt, dass eine lineare Korrelation zwischen den individuellen
Orbitalinteraktionen und der Carbonyl Schwingungsfrequenzen νco besteht. Der Grund
fü r die Diskrepanz zwischen den TEP und νco Werten in den quadratisch planaren
[L–Ir(PPh3)2(CO)]+ Komplexen im Gegensatz zu den tetraedrischen L–Ni(CO)3 Komplexen
viii

kann vermutlich auf die unterschiedliche Koordinationsgeometrie in den beiden
Systemen zurü ckgefü hrt werden.
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Chapter 1
High-valent Rhenium-oxo Complexes and
N-heterocyclic Carbene Chemistry
1.1 Introduction
This dissertation describes two topics in transition-metal chemistry: mechanistic
studies of high-valent Rhenium-oxo complexes in olefin metathesis; and the validation
of Tolman’s electronic parameter for describing the coordination of N-heterocyclic
carbenes in the [L–Ir(PPh3)2(CO)]+X system. Before emphasizing both topics
individually in the subsequent sections, the general properties for rhenium and
N-heterocyclic carbene are described firstly.
Rhenium belongs to period 6 and is the heaviest element in group 7. It was first
discovered in 1925 by Nodaack et al. and later isolated from Molybdenite ores. In the
Earth’s crust Re is usually found in association with other metals, such as, Mo, Cu, Pd,
Zn, Pt, or Nb. Re isotopes are applied most prominently in the field of geology,
cosmology, and medicine.[1] Rhenium complexes have demonstrated promising
potential in catalysis. They can be used in oxygen-atom-transfer reaction, oxidation
reaction, isomerization or etherfication of allylic or propargylic alcohols, the
Beckmann rearrangement of oximes, olefin metathesis, etc,[2] although commercial
applications have been limited to date.
1
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Carbenes are neutral species in which the carbon atom is covalently bonded to two
groups and bears two nonbonding electrons and thus carbenes may possess a singlet
or triplet state.[3] N-heterocyclic carbenes (NHCs) are cyclic carbenes flanked by at least
one amino group. In general, NHCs are stable and isolable compounds and can act as
Lewis basic organocatalysts in organic reactions.[4] Furthermore, utilization of NHCs
has proven beneficial in organometallic chemistry. They are good ligands for
complexation with transition metals and the resultant complexes usually show
outstanding reactivity and stability in organometallic catalysis.[5]
Investigation of Rhenium or NHCs is a rewarding subject since both of them have a
widespread application in catalysis. Insightful mechanistic studies for high-valent
rhenium-oxo chemistry and the exploration of the nature for NHCs can provide
constructive information and pave the way for further development.

1.2 High-valent Rhenium-oxo Catalysts for Olefin Metathesis
1.2.1 History
Olefin metathesis has been utilized extensively in academia and industry for providing
convenient synthetic routes towards medicines and materials. Initially it was
serendipitously discovered by Banks and Bailey at Philips Petroleum while they were
searching a heterogeneous catalyst for production of high-octane gasoline from
propene and alkanes through propene–alkane dimerization.[6] In the presence of
alumina-supported

Mo(CO)6

catalyst,

propene

was

found

to

undergo

disproportionation to a mixture of ethylene and 2-butenes. Over the past 40 years,
metathesis of propene has drawn most of attention due to its utility in the ethylene
production. As a consequence of the increasing demand for propene, it is nowadays
more attractive to apply the process in the reverse direction to produce propene from
2

High-valent Rhenium-oxo Complexes and N-heterocyclic Carbene Chemistry

ethylene and 2-butenes.
At present, Mo- or W-based catalysts supported on silica or alumina are employed on
industrial scale. These catalysts catalyze olefin metathesis efficiently only at elevated
temperatures (250-500 oC); however, they are usually intolerant of polar functional
groups.[7] On the other hand, the heterogeneous catalyst Re2O7/Al2O7 works at much
lower temperature (35

o

C).[8] Besides, its activity can be further enhanced by

introduction of organotin reagents.[9] For instance, Re2O7/Al2O7 in the presence of a
small amount of tetramethyltin can co-catalyze the metathesis of unsaturated fatty
acid esters.
In the early 1990’s, it was demonstrated by Hermann’s group that CH3ReO3
supported on Al2O3-SiO2 or Nb2O5 is a metathesis catalyst, which can transform
functionalized olefins without the need of an additional co-catalyst.[10a] They also
proposed a useful synthetic route towards CH3ReO3 through methylation of Re2O7 with
tetramethyltin, suggesting that CH3ReO3 may be a catalytic precursor in the
system-Re2O7/Sn(CH3)4 on a solid support (Scheme 1.1).[10b]

Re2O7

Sn(CH3)4
THF

Sn(CH3)3
O
CH3
O Re O + O Re O
O
O

Scheme 1.1 Formation of CH3ReO3 after treatment of Re2O7 with Sn(CH3)4.
Further corroborative mechanistic evidence for the above hypothesis was offered by
Scott and co-workers.[11] They reported experimental evidence that the promoter
Sn(CH3)4 reacts with perrhenate (ReO4) supported on dehydrated silica-alumina surface
to

generate

CH3ReO3

aluminosilicates

shows

in

situ.

Furthermore,

indistinguishable

the

activity

catalyst-perrhenate/Sn(CH3)4/
to

CH3ReO3

deposited

on

aluminosilicates. Collectively, these observations strongly suggest that CH3ReO3 is the

3
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primary product in the catalytic system Re2O7/Sn(CH3)4 on a solid support and
CH3ReO3-based catalysts exhibit superior activity in olefin metathesis than their
perrhenate-based counterparts. It is worth mentioning that CH3ReO3 can also act as a
homogeneous catalyst in ring-opening-metathesis polymerization when activated by
organoaluminum compounds.[10a]
O

CH3

OH
Re
Si

OH
O

O
O

O

O

Al

Si
O

Si
O

O

O

Si
Si
O

O
Si

Si

Scheme 1.2 Structure of CH3ReO3 on the surface of dehydrated silicaalumina.[11]
Common heterogeneous olefin metathesis catalysts are summarized in Chart 1.1.[12]
Chart 1.1 Common heterogeneous catalysts for olefin metathesis

MoO3/Al2O3

MoO3/SiO2/(CO, hν )/cyclopropane

WO3/Al2O3

WO3/SiO2/MgO

Re2O7/Al2O3

Re2O7/Al2O3/Sn(CH3)4

CH3ReO3/SiO2-Al2O3

1.2.2 Mechanistic Studies for Re2O7 and Perrhenate-based Catalysts
Even though the Re-based heterogeneous systems are advantageous from the
standpoint of working conditions and compatibility towards functionalized olefins,
they are still not applied to large-scale production process, owing to the high prices of
rhenium compounds and the fact that catalysts with low rhenium loading show only
insignificant activity.[13] Therefore, for improvement of the efficiency of those systems
4
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in both activity and scope, a detailed mechanistic study is required.
In

1971,

Hérisson

and

Chauvin

proposed

a

mechanism

for

transition-metal-catalyzed olefin metathesis.[14] The mechanism involves the [2+2]
cycloaddition of an olefinic double bond with a metallocarbene to form a
metallacyclobutane, followed by cycloreversion to give a new olefin and a metal
alkylidene (Figure 1.1). Accordingly, based on Chauvin’s mechanism, for those
high-valent Rhenium-oxo heterogeneous catalysts, the essential propagating rhenium
carbene is formed at the initiation stage.
M = Transition metal
R = Hydrogen, Alkyl or Aryl group
R1
M
metallocarbene

M

R3

R1

M
+

R2
R3
metallacylobutane

+

R2

R1

R2
metallocarbene

R3

Figure 1.1 Chauvin’s mechanism for olefin metathesis
In general, mechanistic investigations are carried out individually for the Re2O7-,
perrhenate-based catalysts and the CH3ReO3-based catalysts. Thus, the discussions
here also proceed separately, as demonstrated in the literature. For the Re2O7- and

Re2O7/Solid support

Re

Re

Re

Re
+

Solid Support

Solid Support

Scheme 1.3 The titration experiment.
5
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perrhenate-based catalysts, Commereuc and Chauvin pointed out that the active
species are generated upon contact with alkenes.[15] According to Chauvin’s
mechanism, they expected that the active species are rhenium–alkylidene complexes,
and reaction of Re2O7 on a solid support with 2-butenes leads to formation of two
surface rhenium propylidenes. After feeding the system with ethylene, the amount of
released propene can be used to count the active sites present in the working system
(Scheme 1.3). This titration experiment indicated that Re2O7/Al2O3 has generally a very
small number of active Re species (less than 2%) which prohibits the insightful
understanding of the nature of the active sites for the Re2O7- and perrhenate-based
catalysts and accounts for the failure of physical methods to give constructive
information concerning the active sites of these catalysts.[15]
In

1995,

Commereuc

reported

homogenous

models

for

the

Re 2O7/Al2O3

heterogeneous catalyst.[16] Synthesis for those homogeneous models is briefly
described in Scheme 1.4. Such complexes consist of an aluminum-perrhenate bridge
which is present on the aluminum support. Complex A is isolable and active even for
the metathesis of functionalized olefins. Complex B is significantly less efficient
compared to A and exhibits poor stability which hinders further isolation and

(ArO)2AlBui + Re2O7

Ar
O
O
O
Ar O Al O Al O Re O
O
O
O
Ar

THF
rt

A
(ArO)2AlCl(Et2O) + AgReO4

O
Ar O
AgCl +
Al O Re O
Ar O
O

CH2Cl2
rt

B

Scheme 1.4 Synthesis of homogeneous models for Re2O7/Al2O3.
6
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structural characterization. Furthermore, higher metathesis activity can be achieved
for complex A if the reaction is carried out in the presence of weakly coordinating
solvents, e.g. diethyl or diisopropyl ethers. Commereuc assumed that the
decomplexation of THF from the aluminum center is enhanced by the steric crowding
of the ArO ligands and a three–coordinate aluminum center should be favored in the
weak coordination solvents, thereby enhancing the perrhenate metathesis activity.
Nevertheless, the identification of the in situ generated rhenium–alkylidene complexes
during catalysis was not successful.
Despite years of research, the exact nature of the active species present in
a) H-Assisted alkylidene formation
OH
+ Re
Al

Al

O

Re

O
Al

H
Al

OH
Al

Re

O

Al

Re

O

Re

Re
H

b) Vinylic C-H activation
Re
Re

Re

H

c) Allylic C-H activation
Re
Re

Re

H

Re

+

Re

+

d) Pseudo-Wittig mechansim
O
Re O

Re

Re O

+ H C
3

H

Scheme 1.5 Four possible initiation steps for metathesis of 2-butene catalyzed by
Re2O7/Al2O3.
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perrhenate-based heterogeneous catalysts remained unknown. Copéret summarized
the literature reports and proposed four possible initiation steps that would account
for formation of the necessary propagating carbene species (Scheme 1.5): a)
H-assisted alkylidene formation, b) vinylic C–H activation, c) allylic C–H activation, d) a
pseudo-Wittig reaction. In mechanism (a) and (b), the formation of branched olefins is
expected and mechanism (c) involves an allylic C–H activation.[17] The absence of
branched olefins for the metathesis of 2-butene rules out mechanism (a) and (b).
Reactivity studies revealed that the presence of allylic protons is not required in the
initiation step and thus mechanism (c) was excluded. Only the pseudo-Wittig
mechanism is consistent with the experimental data, so that it is regarded as the most
likely mechanism for generating the propagating rhenium–alkylidene species.

1.2.3 Mechanistic Studies for CH3ReO3-based Catalysts.
Rheninum oxo–alkylidene compounds are considered to be the active species for not
only the perrhenate-based catalysts, but also the CH3ReO3-based catalysts. Hoffman

hν ,1h

O Re
O

N
N Re

pyridine

t-Bu

Al2O3, H2O
ZnCl2 dioxanate

O Re
O

(1)

O Re
O

(2)

Scheme 1.6 Synthetic routes for preparation of ReO2(CHtBu)(CH2tBu).
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and co-workers reported the synthesis and characterization of the first example for a
rhenium oxo–alkylidene complex.[18] As shown in Scheme 1.6, photolysis of
ReO2(CH2tBu)3

leads

to

formation

of

the

rhenium

oxo–alkylidene

complex.

Subsequently, Schrock and co-workers prepared the same compound by the
acid-catalyzed hydrolysis of Re(NAr)2(CHtBu)(CH2tBu).[19] This compound is believed to
resemble the active species on solid supports. However, it was reported to be inactive
in cross-metathesis reactions.[19]
In 1992, Basset and co-workers developed a heterogeneous metathesis–active
catalytic system CH3ReO3/Nb2O5.[20a] They found that in this system the formation of
active species does not arise from the methyl group of CH3ReO3 but most likely from
the olefin employed.[20b] Based on this observation, it was once believed that
transformation of the methyl group of CH3ReO3 into a rhenium methylidene was not
possible on the surface.
In 2001, Hermann and co-workers demonstrated that tautomerization of CH 3ReO3 in
argon matrices to the methylidene derivative (CH 2)ReO2(OH) can be effected
photochemically.[21] This tautomerization is induced via light, not thermally accessible,
and observed only in the gas phase. Nevertheless, the existence of this particular
compound implies that C–H activation might be a likely initiation step for generating a
propagating carbene species for CH3ReO3 on solid supports.
With the development of solid-state analytical techniques, scientists acquired an
opportunity to explore and characterize the nature of the catalytic sites for those
heterogeneous catalysts. Recently, Copéret and coworkers employed solid-state IR,
NMR, EXAFS spectroscopy along with DFT calculations and labeling experiments to
show that two types of spectroscopically distinct sites are present after CH 3ReO3 reacts
with γ-alumina partially dehydrated at 500 oC (Scheme 1.7).[22] The main species, which
is the coordination adduct, is not metathesis active and the minor species, which
9
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derives from C–H activation of the methyl group of CH3ReO3 on alumina, is responsible
for activity. These findings establish unambiguously that C–H activation of CH3ReO3 is
possible

on

surface

and

the

resulting

rhenium–methylidene

complex

is

metathesis-active.
O
O

H3C

O Re O +

O Al O
O
O

CH3

Re

O

O

O

H CH2 O
O Al O
O
O

O

O Al O
O
O

Re

+

inactive species
(85-88%)

active sites
(12-15%)

Scheme 1.7 Proposed active sites for CH3ReO3/γ-Al2O3.
On the other hand, it was demonstrated by Scott and co–workers that catalysts
prepared by grafting CH3ReO3 on silica-alumina also contain two kinds of
spectroscopically distinctive sites (Scheme 1.8).[23] The active species is created via two
Lewis acid/base interactions: 1) coordination of the oxo ligand of CH 3ReO3 to an
aluminum center of the support and 2) interaction of a neighboring oxygen with the
rhenium center. In contrast, CH3ReO3 interacting with surface silanols via H-bonding is
metathesis-inactive. They also indicated that preparation of supported catalysts with
high loading of CH3ReO3 results in the prominent increase of inactive sites relative to
the active species.
O

O Re O +
CH3

O Re CH3

O
O
H3C Re O

O
O

Si O Al O
O O O
O

O

Si O Al O
O O O
O

H

+

O

O
Si O Al O
O O O
O

active (minor species) inactive (major species)

Scheme 1.8 Proposed active sites for CH3ReO3/silica-alumina
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The results from Scott are in contrast to those of Copéret, especially regarding the
role of coordination adduct of CH3ReO3 at the Lewis acid sites of solid supports. To
address this dichotomy in observations, it should be noted that different solid
supports may interact differently with CH3ReO3. Therefore, C–H activation, which fits
agreeably with Copéret’s system, may not be applicable to other cases. In addition,
generation of a rhenium–alkylidene species can come from the metathesis of the
rhenium–oxo group and alkenes without interfering with the methyl group in CH3ReO3,
and consequently the pseudo-Wittig mechanism should also be considered as a
possible initiation pathway for the CH 3ReO3-based catalysts.

1.2.4 Conversion of Rhenium Diolates to Metallaoxetanes and
Metallocarbenes.

(Py)n
O
O
Re
O
(Py)nRe O
O

n=1
+
(Py)n
O
O
Re

O
(Py)nRe
O

H

H

+
O
+

O
(Py)nRe
O

+

H

Me
O

n=2
O
(Py)nRe O +
O
Scheme 1.9 Collision-induced-dissociation
CH2O)+ in the gas phase.
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In the last two decades, electrospray-ionization tandem mass spectrometry (ESI-MS/MS)
has been used extensively in the detection and manipulation of organometallic
intermediates in the gas phase.[24] Mechanistic studies can be carried out
comprehensively with the help of tandem MS.[25] Chen and co-workers reported an
electrospray-ionization tandem mass spectrometric study of Re(V) diolate complexes,
in which dissociation of the diolates to afford the rhenium alkylidene complexes was
observed for the first time (Scheme 1.9).[26a] The isomeric metallaoxetanes are
considered to be the intermediate for collision-induced dissociation of the diolates
producing the rhenium alkylidene complexes.
The

observed

rearrangement

of

diolates

to

metalloxetanes

addresses

a

longstanding debate concerning the [3+2] versus [2+2] cycloaddition for high-valent
metal–oxo complexes reacting with olefins. The computation of the thermodynamics
of reacting L–ReO3 with ethylene as a function of L was achieved by Rappé and
co-workers.[27] It was pointed out that the thermodynamically favored product, either
diolate or metallaoxetane, would be determined by release of π strain. Accordingly,
the more π-strained complexes, L–ReO3, in which L is a π donor, prefer the product
that reduces the total π bond order the most, that is, the diolate. For L–ReO3, where L
is a σ donor, the preference for diolate over metallaoxetane is less pronounced or even
reversed. The competition between the [3+2] and [2+2] mechanism for cycloaddition
of L–ReO3 with alkenes is governed by the bonding between Re and the supporting
ligand. Computational studies of Chen and co-workers were in agreement with Rappé’s
qualitative molecular orbital arguments, revealing that for L–ReO3, the [2+2]
mechanism is competitive with the [3+2] mechanism when the rhenium center is
four-coordinate and at least one of the ligands is a σ donor rather than π donor.[26b,26c]
Consequently, they proposed that rearrangement of the diolate to the metallaoxetane
followed by dissociation of an aldehyde would provide a metathesis-active carbene
12
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complex,[26d] which was later coined the pseudo-Wittig mechanism.

1.2.5 Conclusions
Re2O7/Al2O3 is a currently-used industrial catalyst which is tolerant of functionalized
olefins and is reactive under relatively mild conditions. Among all the mechanistic
studies for generation of the active species present on solid supports, the
pseudo-Wittig mechanism appears to be in agreement with experimental data. The
detection of a rhenium–alkylidene complex in the gas phase provides further support
for this mechanism. It is therefore considered as the most likely mechanism for
formation of the active rhenium–carbene species on the surface.

1.3 N-Heterocyclic Carbenes
1.3.1 History
In

1960,

the

formula

of

an

N-heterocyclic

carbene,

1,3-diphenyldihydroimidazol-2-ylidene was proposed by Wanzlick and co-worker.[28a]
They proposed that it was obtained from pyrolysis of 1,3-diphenyl-2-trichloromethyl
dihydroimidazole (Scheme 1.10). However, it was proven later by molar mass
determination

and

Raman

spectroscopy

that

it

is

the

dimer

of

1,3-diphenyldihydroimidazol-2-ylidene.[28b,28c] This dimer reacts with alcohols, acids,
oxygen, sulfur, aldehydes, ketones, esters, nitriles, nitromethane, and sulfones to
furnish products which are formally derived from the monomer. [29] Wanzlick therefore
assumed that the carbene monomer and the corresponding dimer are in an
equilibrium under the reaction conditions, which is called Wanzlick equilibrium. [30] His
assumption was challenged by Lemal et al. whose cross-over experiments suggested
that the dimer didn’t dissociate even upon heating to 130-140 oC.[31a] Winberg et al.
13
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showed the similar results by using other tertraaminoethylenes. [31b] Wanzlick’s
hypothesis was discarded in the mid-1960s. In 1999, Denk and coworks reinvestigated
the cross-over experiments and found some cross-metathesis products formed at
150 oC without the presence of electrophile, supporting the Wanzlick equilibrium.[31c]
Nonetheless, in the presence of potassium hydride, Lemal and co-workers found no
cross-over products under the conditions reported by Denk et al. [31d] Therefore, it was
postulated that the Wanzlick equilibrium observed by Denk et al. might be induced by
trace amount of acids. Finally it was demonstrated by the group of Hahn that the
equilibrium exists between the dibenzotetraazafuvalene and its monomeric carbene,
evidencing the existence of the Wanzlick equilibrium (Scheme 1.11).[31e]

Ph
N CCl3

Ph
N

Ph Ph
N
N

N H
Ph

N
Ph

N
N
Ph Ph

Scheme 1.10 Formation of 1,1’,3,3’-tetraphenyl-2,2’-biimidazolidinylidene

N

N

N

N

N
r.t.

N

Scheme 1.11 Equilibrium between dibenzotetraazafulvalene and the corresponding
N-heterocyclic carbene.
The N-heterocyclic carbene was once assumed to be as an unstable reaction
intermediate. However, in 1991 Arduengo and co-workers isolated the first stable
14
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N-heterocyclic carbene, 1,3-diadamantyl-imidazol-2-ylidene and in 1995 the first
stable

dihydroimidazol-2-ylidene,

1,3-dimesityl-dihydroimidazol-2-ylidene.[32]

Subsequently, Chen and Taton isolated a stable tetraazafulvalene, a dimer of
1,3-dialkylimidazol-2-ylidene and discussed the bond dissociation enthalpy (H) of the
tetraazafulvalene.[34] They found that the enthalpy for the bond dissociation of the
tetraazafulvalene is positive, which suggests that the stability of the N-heterocyclic
carbenes is kinetic, not thermodynamic. Thereafter, the chemistry of carbene has
grown explosively and provided numerous significant contributions to the synthetic
chemistry.

1.3.2 Synthetic Approaches to NHCs
Several synthetic approaches have been proposed for preparation of NHCs, such as
1,1-elimination of alcohols or chloroform or pentafluorobenzene, reduction of
thioureas with molten potassium, and dissociation of the tetraazafulvalenes upon
heating (Figure 1.2).[5c] Among all, the most versatile method is deprotonation of
imidazolium salts with a strong base.[32] Consequently, this method is emphasized here
and the preparation for imidazolium salts is described as follows.

R N
H

N R
X

heat

X= OR, CCl3, C6F5
R N

N R

heat

R N

N R

K

base

S

R N

N R

R N

N R

R N

N R

H X
X= Cl, Br, I, BF4, PF6

Figure 1.2 Common synthetic approaches to NHCs
Symmetrical imidazolium salts can be obtained from sequential condensation
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reactions of amines, glyoxal, and formaldehyde, promoted by a strong acid.
Unsymmetrical imidazolium salts are prepared via alkylation of N-aryl or N-alkyl
imidazoles (Scheme 1.12).[5c] 4,5-Dihydroimidazolium salts, either symmetrical or
unsymmetrial, are accessible by cyclization of ethylenediamines with triethyl
orthoformate (Scheme 1.13).[5c]

O

O

O

2R NH2 +

+
H

H

H

HX
H

R1-X
HN

N

base

-3H2O

R2-X
R1 N

N

R N

N R
H

R1 N

symmetrial

X

N R
2
X
H

unsymmetrial

R= alkyl, aryl. R1=alkyl, aryl. R2= alkyl
Scheme 1.12 Synthetic methods for imidazolium salts.

R NH HN R + HC(OEt)3

NH4X

R N

N R
H

R1 NH HN R2 + HC(OEt)3

NH4X

R1 N

symmetrial

X
N R unsymmetrial
2

H

X

R, R1, R2= alkyl, aryl
Scheme 1.13 Synthetic methods for 4,5–dihydroimidazolium salts

1.3.3 Applications of NHCs in Organometallic Catalysis
In 1968, Wanzlick and Schö nherr synthesized a NHC mercury complex which is the
first application of NHCs as ligands for metal complexes.[33] Subsequently, the
explosion of interest for utilizing NHCs in the coordination chemistry has been driven
by Arduengo’s first isolation of an N-Heterocyclic carbene in 1991.[32a] It was pointed
16
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out by Hermann that this class of compound demonstrates outstanding potential to
serve as supporting ligands in transition–metal complexes.[35] Thereafter, the intensive
investigation of the remarkable ability of NHCs in catalysis began. Numerous
successful examples for applying NHCs in transition-metal catalysis have been
demonstrated.[5] Herein, we emphasize the ruthenium-catalyzed olefin metathesis and
palladium-catalyzed cross-coupling reactions since both reactions are of high
significance for synthetic chemistry and are used extensively in pharmaceutics,
material science, etc.
PCy3
Cl

Ru
Cl
PCy3

Ph

1st generation Grubbs catalyst

Mes

N

N

Mes

Mes

N

N

Cl

Mes

Cl

Ru

Ru

Cl

Cl
PCy3

Ph

PCy3

Ph

Chart 1.2 Ruthenium-based olefin metathesis catalysts.
In 1991, Grubbs and co-workers synthesized a ruthenium complex via reaction of
RuCl2(PPh3)3 with phenyldiazomethane and tricyclohexylphosphine. This complex is
known as the first generation Grubbs catalyst.[36] This well-defined ruthenium complex
can catalyze olefin metathesis reactions and is tolerant towards functional groups.
Furthermore, the improvement of its performance can be achieved by replacement of
one tricyclohexylphosphine by a N-heterocyclic carbene.[37] This class of complexes is
categorized as second generation Grubbs catalysts. The experimental evidence
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establishes unambiguously that the NHC ruthenium catalysts are generally more active
than their phosphine-based counterparts in metathesis reactions.[5b] Besides,
numerous mechanistic studies have been carried out in order to elucidate the activity
difference between the first and second generation Grubbs catalysts.[38]

Heck coupling reaction
+

Pd catalyst
base

X R2

R1

R1

R2

Hiyama coupling reaction
R1

Si(X1)3 +

Pd catalyst

X2 R2

F- or base

R1 R2

Kumada coupling reaction
R1 MgX

+

X2 R2

Ni or Pd catalyst
R1 R2

Negishi coupling reaction
R1

Zn X1 +

Pd catalyst
X2 R2

R1 R2

Suzuki-Miyaura coupling reaction
R1

B(X1)2 +

X2 R2

Pd catalyst
base

R1 R2

Stille coupling reaction
Pd catalyst
R1

SnBu3 +

R1 R2

X2 R2

Scheme 1.14 General representation for Heck, Hiyama, Kumada, Negishi,
Suzuki-Miyaura, and stille coupling reaction.
Pd-catalyzed cross-coupling reactions form a class of transformations that link two
molecules with the help of a palladium catalyst. The most widely applicable reactions
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are Heck, Hiyama, Kumada, Negishi, Suzuki-Miyaura, and stille coupling reactions
(Scheme 1.14).[39] In general, NHC-based Pd catalysts show higher activity and stability
than the corresponding phosphine-based catalysts. The advantages of NHCs as
ligands in Pd–catalyzed cross-coupling reactions are attributed to the strong
σ-donating ability of NHCs, which results in enhanced rate in oxidation addition and
limits possible decomposition pathways.[5]
The area of organometallic catalysis has benefited enormously as a result of
introduction of N-heterocyclic carbenes as supporting ligands. When used to replace a
phosphine ligand, the resultant NHC-metal complexes usually exhibit superior
phenomenological activity. Furthermore, contrary to phosphines, the structure of
N-heterocyclic carbenes is more modular, which make the catalyst optimization more
straightforward.

1.3.4 Tolman’s Electronic Parameter
Quantification of the electronic properties of N-heterocyclic carbenes is of significant
importance, since N-heterocyclic carbenes have prevalent applications as ancillary
ligands in organometallic chemistry in general and transition-metal catalysis in
particular. Several approaches have been proposed to quantify the electron-donor
properties of NHCs serving as supporting ligands in transition-metal complexes.[40]
Among them, Tolman’s electronic parameter (TEP) is a well-established method that is
recognized as a benchmark for electronic characterization of ligands. [41] [L–Ni(CO)3], a
tetrahedral complex, is the standard working system and in the beginning it was used
only for quantifying the electronic properties of phosphines. The working principle is
described below. It is understood that the stretching frequency of CO is influenced
considerably via the metal-to-carbonyl π-back bonding. An electron-rich metal center
can contribute electron density to the π* orbital of CO ligands and therefore weaken
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the CO triple bond, lowering the stretching frequency of carbonyl groups. On the other
hand, the electron richness of the metal center can be modulated by tuning the
σ-donating ability of the supporting ligand. A correlation is therefore built between the
σ-donating ability of the ancillary ligand and the stretching frequency of CO through
interaction with the metal center. Accordingly, the stronger the σ-donating ability of
the ligand, the lower the stretching frequency of the carbonyl group will be. This
method was developed by Tolman and the frequencies derived according to the
procedure described above are called Tolman’s electronic parameter.[41]
The group of Nolan applied the method above to describe the electronic properties
of the common NHC ligands by measuring the carbonyl stretching frequencies for a
series of [(NHC)–Ni(CO)3] complexes.[42] However, the high toxicity and volatility of
[Ni(CO)4] has proved detrimental toward the adoption of [L–Ni(CO)3] as a general
system for quantifying the electronic properties of ligands and in some cases synthesis
of the requisite nickel complexes could not be achievable. Square-planar complexes
such as cis-[(NHC)–IrCl(CO)2] and cis-[(NHC)–RhCl(CO)2] were therefore chosen as an
alternative system, owing to the ease of their preparation.[43] In order to compare the
TEP values obtained from the [L–Ni(CO)3] system, Nolan and co-workers established an
empirical linear equation to correlate the values acquired from the iridium complexes
to those form the nickel-based TEP values.[43b] Following this protocol, several
correlations between different metal-complex systems were built as well, allowing for
a direct comparison for those different systems.[40,44]

1.3.5 Steric factors
Electronic factors and steric factors are highly related to each other and it is therefore
difficult to separate them. Tolman has proposed that the carbonyl stretching
frequency of (PR3)–Ni(CO)3 is not affected by crowding the Ni(CO)3 moiety by the
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substituents on phosphorous, suggesting that Tolman’s electronic parameter can
represent the electronic factors of ligands without substantial contribution from steric
interactions.[41] Tolman utilized the CPK model to describe the steric environment of
(PR3)–Ni(CO)3 by introducing a steric parameter which is called the ligand cone angle θ
or Tolman’s cone angle. The metal center is assumed to be 2.28 Å from the phosphine
atom and a cylindrical cone is therefore drawn between the metal and the outermost
boundary of the CPK model. This apex angle of the cylindrical cone is defined as the
ligand cone angle θ (Figure 1.3).[41] The steric factors of tertiary phosphine ligands are
properly described with Tolman’s cone angle. However, in comparison to the
pyramidal phosphine ligands, the NHC ligands, with (approximate) mirror-plane
symmetry, are more difficult to characterize with Tolman’s cone angle.[45a]

cone angle 

P
2.28 Å
Ni
Figure 1.3 Graphical illustration for Tolman’s cone angle θ.
In order to get a better depiction for the steric demand of NHC ligands, Nolan,
Cavallo, and co-workers proposed a model to measure the NHC bulkiness, which is
called ―buried volume‖ (Figure 1.4).[45a,45b] The buried volume %Vbur is defined as the
percent of the total volume of a sphere around the metal occupied by the atoms of the
ligand under investigation. The sphere has a defined radius and %Vbur is calculated by
using crystallographic or quantum chemically calculated data. Unlike Tolman’s cone
angle, %Vbur can be employed for the comparison of different types of ligands.[40]
Nevertheless, it is pointed out that %Vbur for different NHCs depends on the geometry
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of the metal complexes. There is a discrepancy in the ranking of the steric hindrance of
a variety of NHCs between highly coordinated and two-coordinated metal complexes.
The inconsistency results from distinct conformations accessible to NHC ligands in the
different metal complexes.[40] It indicates that the one-parameter steric descriptions%Vbur represent merely a snap-shot and the extent of the flexibility of the NHC ligands,
especially the substituents on nitrogen is underestimated.[45d]

R

N

N

R

d
M
r

Figure 1.4 Graphical illustraion for percent buried volume %Vbur.
Recently, Cavallo and co-workers investigated static and dynamic steric environment
of NHC ligands in (NHC)Cl2Ru=CH2.[45e] The flexibility, which cannot be obtained from
X-ray structures or theoretical geometry optimizations, can be approached by the
dynamic trajectories. Their analysis shows that the nature of the N substituent groups
can influence the flexibility of the resultant Ru complexes dramatically. This dynamic
model describes more accurately the real metal environment.

1.3.6 Conclusions
The success of isolation of an N-Heterocyclic carbene by Arduengo and co-workers has
opened

a

broad

avenue

for

organometallic

chemistry.

Numerous

valuable

transition-metal catalysts have been made or modified through introduction of NHCs.
Reactivity studies show that NHC-metal catalysts often surpass their phosphine-based
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counterparts in activity and stability. Tolman’s electronic parameter has been
employed to quantify the electron donating properties of phosphines and NHCs in
transition-metal complexes. Several steric models were proposed to describe the steric
hindrance of phosphines and NHCs in complexes. A comprehensive understanding of
the electronic and steric facors can provide an insight into the substantial difference
between the two ligand families and facilitate the rational design of new
organometallic catalysts.

1.4 Scope and Outline of this Thesis
1.4.1 High-valent Rhenium-oxo complexes in Olefin metathesis
In the first part of this thesis, we explore the field of high-valent rhenium-oxo
complexes, with the aim to elucidate the reaction mechanism for Re-based
heterogeneous olefin metathesis catalysts and to find a method for generating a
rhenium–alkylidene complex from rhenium–oxo complexes.
Chapter 2 describes the synthesis and characterization of homogeneous model
systems L–ReO3 for Re-based heterogeneous olefin metathesis catalysis. The influence
is clarified of the electron-withdrawing ligand L and of Lewis acidic additives in the
olefin metathesis reactions catalyzed by L–ReO3. Furthermore, the relationship
between perrhenate (ReO4—), perrhenyl (ReO3+), and metathesis-active rhenium
complexes (L–ReO3) is addressed, indicating that for rhenium-based complexes the
chemical behavior can be manipulated through Lewis acid–base interaction.
In Chapter 3, the first example for generation of a rhenium–alkylidene complex from
a rhenium-oxo complex in solution phase is demonstrated, which supports the
pseudo-Wittig mechanism suggested by gas-phase reactivity studies (Scheme 1.15).[26]
Moreover,

ReO2(CH2tBu)(CHtBu)

was

synthesized,
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coordination of oxygen to B(C6F5)3 to afford an active metathesis catalyst. The
metathesis reaction of (C6F5)3B–ORe(O)(CH2tBu)(CHtBu) with 1-hexene is monitored in
situ by NMR spectroscopy. This study reveals unequivocally that the rhenium
alkylidene is the active species for this reaction.
L

L
O
O

Re

R

O

R

O
O

L

L
O
O

Re
O

R

R

Re

R

O

O
O

O

Re

H +
R
H
R

R

Scheme 1.15 The pseudo-Wittig mechanism for a rhenium trioxo complex reacting
with olefins.

1.4.2 Validation of Tolman’s Electronic Parameter for the Description
of

the

Coordination

of

N-heterocyclic

Carbenes

in

[L–Ir(PPh3)2(CO)]+X
In the second part of this thesis, we describe our investigations on the applicability of
Tolman’s electronic parameter to N-heterocyclic carbenes (NHCs).
In Chapter 4, we employ complexes [L–Ir(PPh3)2(CO)]+X to quantify the electronic
and steric properties of N-heterocyclic carbene ligands L. A series of NHCs including
IMe, SIMe, IiPr, Ibenzyl, and IPh, was studied by FT-IR and

31

P NMR spectroscopy. The

results suggest that the NHCs used in this study are electronically similar but sterically
divergent. However, the experimental carbonyl frequencies νco obtained for
[L–Ir(PPh3)3(CO)]+X— do not correlate well with calculated TEP values.
Chapter 5 offers a rationale for the inconsistency between TEP and νco values
acquired for the complexes [L–Ir(PPh3)2(CO)]+. We correlate the carbonyl stretching
frequencies with the orbital interactions between ligand and [Ir(PPh 3)2(CO)]+. A
relationship was also determined between νco and the orbital interactions for
24
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L–Ni(CO)3.[46] By comparison of the two equations, it is clear that the orbital interactions
in [L–Ir(PPh3)2(CO)]+ do not affect the carbonyl stretching frequency in the same way as
those in L–Ni(CO)3 affect the TEP. The results suggest that the different coordination
geometries cause the discrepancy between TEP and νco acquired for [L–Ir(PPh3)2(CO)]+.
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Design, Synthesis, and Characterization of
Homogeneous

Models

for

Re-based

Heterogeneous Catalysts
2.1 Introduction
Olefin metathesis proceeds with the help of homogeneous or heterogeneous catalysts.
Rhenium-based catalysts can be employed both in homogeneous and heterogeneous
forms.[10a, 22] However, heterogeneous catalysts show much superior activity and utility
to homogeneous rhenium catalysts. Several mechanistic studies have been carried out
with the intention of exploring the active species for those heterogeneous
catalysts.[13–17] It is assumed that the formation of a propagating rhenium alkylidene
species is crucial in heterogeneous catalytic systems; however, the mechanism,
through which Re–alkylidenes are generated (especially in the case of Re2O7/Al2O3), is
not known in detail. In comparison to homogeneous catalysis, understanding of the
mechanism on a molecular level for heterogeneous catalysis remains a challenge.
Accordingly, it is required to synthesize homogeneous models of the hypothetical
surface species present in the rhenium-based heterogeneous catalysts. These models
serve as a bridge between the realms of homogeneous and heterogeneous catalysis
and help to elucidate the reaction mechanism for those heterogeneous catalysts.
Our earlier experimental and computational studies on high-valent rhenium trioxo
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complexes in the gas phase[26] inspired the pseudo-Wittig mechanism and proven
essential for elucidation of the structural requirements for a self-activating
homogeneous metathesis catalyst. It was observed experimentally that dissociation of
a rhenium diolate complex to an aldehyde and a rhenium alkylidene complex (through
rearrangement of metallaoxetane) can be energetically competitive with the expected
dissociation to an olefin and a rhenium trioxo complex (Scheme 2.1).

O
(Py)nRe O +
O

(Py)n
O
O
Re

O
(Py)nRe O
O

n=2
CID

O
(Py)nRe
O

n=1

a rhenium trioxo complex

O

O
(Py)nRe
O

(Py)n
O
O
Re

dissociation to propene and

H

or

or

CID

H
+

H

Me

+
O

dissoication to aldehydes and
rhenium alkylidene complexes

Scheme 2.1 Collision-induced-dissociation products of (Py)nReO(OCHCH3–CH2O)+ in the
gas phase.
As is evident from Scheme 2.2, a reaction sequence from left to right would provide
a route for a rhenium oxo complex to react with an olefin to form a rhenium carbene
by addition, rearrangement, and dissociation. As suggested by qualitative molecular
orbital arguments, as well as high-level quantum chemical calculations, this requires

L

L
O
O
R

Re
O
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O
O

O
O
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R

L

L
O

R

R

Re

O

O
O
R

O

Re

H +
R
H
R

Scheme 2.2 The pseudo-Wittig mechanism for a rhenium trioxo complex
reacting with olefins.
28

Design, Synthesis, and Characterization of Homogeneous Models for Re-based Heterogeneous Catalysts

that (i) the rhenium center is four-coordinate, (ii) the supporting ligand is σ-donor, and
(iii) the σ-donor ligand is electron-deficient. In other words, the electronic property of L
in L–ReO3 plays an important role in metathesis activity.
On the other hand, from a structural point of view, Re2O7 can be divided into two
fragments: one is the perrhenate anion (ReO4—) and the other one is the perrhenyl
cation (ReO3+). It was reported that Re2O7 dissolves in polar solvents, such as THF,
CH3CN, or pyridine to form solvent-adducts (Scheme 2.3).[47] This unsymmetrical
coordination enhances reactivity of Re2O7 towards alkylation, arylation, and analogous
reactions (Scheme 2.4).[47d,48] In addition, cleavage of Re2O7 can be achieved in the
presence of electrophiles, such as trifluoroacetic anhydride, trimethylsilyl chloride,
and hexamethyldisiloxane to give monomeric compounds of the general formula
L–ReO3 (Scheme 2.5).[49] One can thus envision that when Re2O7 is supported on surface,
the cleavage is the primary reaction. Therefore, our design focuses on the use of
perrhenate (ReO4—) and perrhenyl (ReO3+) as building blocks to furnish the target
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Scheme 2.3 Solvent adducts of Re2O7.
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molecules. Furthermore, the properties of perrhenate and perrhenyl are also
investigated and compared with L–ReO3 in order to give a comprehensive view for
those rhenium complexes.
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Scheme 2.4 Illustrations for electrophile-promoted cleavage reactions of Re2O7

O

CF3

O

TFAA
O

Re

THF

O

O

O

Re

Re
O

O

TMSCl
O
O

THF, pyridine

O

O

Cl
N

N

Re
O

O
O
SiMe3
O

HMDS, 100 oC

O

Re

O

O

Scheme 2.5 Examples

for

alkylation,

arylation,

complexes.
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2.2 Results and Discussion
2.2.1 Perrhenate Complexes
The perrhenate anion is a weak coordinating anion. Compared to common used anions,
it is a much weaker base than Cl—, but stronger than ClO4—, SO3CF3—, and BF4—. (Basicity:
Cl—»ReO4—>ClO4—>SO3CF3—»BF4—).[50a] Perrhenates exhibit exceptional stability, in spite of
being structurally analogous to permanganates and perchlorates. The alkali metal
perrhenates are not active to chemical reactions and can only be reduced in the
presence of very strong reducing agents.[50b] Based on our previous gas-phase and
theoretical studies, upon installation of an electron-deficient ligand, the perrhenate
anion could be transformed into a metathesis catalyst. Of the various metal oxide
supporting agents for Re2O7, niobium was found to be very effective in promoting
olefin metathesis, which may be attributed to its strong Lewis acidity as a
transition-metal oxide solid support.[51] Thus, it is reasonable to chose niobium as the
supporting

ligand

in

making

a

homogeneous

rhenium-based

catalyst.

The

sterically-hindered (salophen)NbV oxychloride complex 1 was prepared by reaction of
(CH3CN)2Nb(O)Cl3 with the salophen ligand in benzene, followed by evaporation of
solvent and recrystallization from CH2Cl2/benzene/hexane. Replacement of the
chloride in 1 by BArF4 or perrhenate was achieved by treatment with NaBArF4
(ArF=3,5-bis(trifluoromethyl)phenyl), to afford 2, or AgReO4, to furnish 3, followed by
filtration and recrystallization from CH2Cl2/benzene and CH2Cl2/hexane, respectively
(Scheme 2.6).
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Scheme 2.6 Synthesis of Complex 1, 2, and 3.
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Figure 2.1 Crystal structure of complex 2 (BArF4 not shown here) (ORTEP plot, 50%
probability ellipsoids). Selected distances (Å ) and angles (o): Nb1—O25 1.8898(19),
Nb1—O42 1.9168(18), Nb1—O2 1.9203(19), Nb1—O42a 1.9520(19), Nb1—N10
2.218(2),
97.52(9),

Nb1—N17

2.232(2),

O42—Nb1—O2

O25—Nb1—O42
89.41(8),

100.42(8),

O25—Nb1—O42a

O25—Nb1—O2
112.43(9),

O42—Nb1—O42a 77.44(9), O2—Nb1—O42a 148.89(9).
The structures of complexes 1-3 were determined by X-ray crystallography. All three
complexes share a dimeric structure with a rhomboidal Nb2O2 core. Figure 2.1 and
Figure 2.2 depict the structures for complexes 2 and 3. Notable in 2 is the available
coordination site on each niobium center, which in 1 is occupied by the chloride. The
BArF4 anion in 2 shows no close contact to niobium. By comparison, each perrhenate
moiety in 3 is bound through one oxygen atom to a seven-coordinate niobium, with
Nb-O and Re-O bond lengths of 2.151 and 1.771 Å , respectively, consistent with the
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expected values for metal–oxygen single bonds. Each rhenium center is close to
tetrahedral.

Figure 2.2 Crystal structure of complex 3 (ORTEP plot, 50 % probability ellipsoids).
Selected distances (Å ) and angles (o): Re1-O13 1.665(10), Re1-O14 1.701(13), Re1-O12
1.706(10), Re1-O1 1.771(7), Nb1-O2 1.853(6), Nb1-O10 1.963(7), Nb1-O11 1.969(7),
Nb1-O7 2.033(6), Nb1-O1 2.151(7), Nb1-N3 2.268(7), Nb1-N4 2.281(8), O13-Re1-O14
107.9(7), O13-Re1-O12 110.2(7), O14-Re1-O12 110.5(8), O13-Re1-O1 110.1(4),
O14-Re1-O1 108.2(4), O12-Re1-O1 110.0(4), O2-Nb1-O10 111.5(3), O2-Nb1-O11
113.7(3),

O10-Nb1-O11

122.3(3),

O2-Nb1-O7

77.8(2),

O10-Nb1-O7

77.8(2),

O11-Nb1-O7 78.7(3), O2-Nb1-O1 150.2(3), O10-Nb1-O1 80.2(3), O11-Nb1-O1 78.1(3),
O7-Nb1-O1, 132.0(3).
Focusing on the rhenium center and considering the niobium-containing
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substructure in 3 to be an extended ligand, complex 3 fulfills the structural conditions
delineated in our earlier work for making a metathesis catalyst. Accordingly, complex
3 was tested for metathesis activity (Entry1 in Table 2.1). Catalytic amounts (10 mol%)
of 3 were found to promote the ring-opening metathesis polymerization (ROMP) of
norbornene, the polymer being unambiguously identified as the ROMP product by
NMR. Complexes 1, 2, or perrhenate salts alone produced no detectable ROMP
products under comparable conditions. Notably, an equimolar mixture of CH3ReO3 and
complex 2 also acts as a ROMP catalyst, even exhibiting qualitatively higher activity
than 3 (Entry2 in Table 2.1). Besides, the control experiments showed that CH3ReO3 or
complex 2 doesn’t catalyst the ROMP reaction individually. This observation is
consistent with reports that CH3ReO3 becomes a metathesis catalyst when it is
supported on an appropriate metal oxide. The related heterogeneous systems of metal
oxide-supported CH3ReO3 also generally showed higher catalytic activity than their
perrhenate analogs.[52]
The results indicate that the metathesis activity of complex 3 might be attributed to
the electron-withdrawing property of the niobium ligand which activates perrhenate
through coordination. However, the conditions employed here were harsher than
those for common homogeneous catalysts; this might be due to the fact that the Lewis
acidity of the niobium center is diminished by coordination of Lewis basic nitrogen.
Unfortunately, the low catalytic activity of complex 3 makes detection of the active
species present in the polymerization unfeasible. In order to observe the active species,
and to improve the catalytic activity of perrhenate, we turned to electrospray
ionization mass spectrometry (ESI-MS). ESI-MS has been used to fish reactive
intermediates from solution: a method known as ion fishing.[53] The high sensitivity of
ESI-MS allows for the detection of such species despite their low concentration during a
reaction. [53] Also, electrospray-ionization tandem mass spectrometry (ESI-MS/MS) has
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been demonstrated as a powerful tool in online scrutinizing the reaction course.[53]
The first attempt to fish for reactive intermediates from the ROMP reaction of
norbornene catalyzed by complex 3 failed. No other charged species were detected
other than (salophen)NbV(oxo) cation. Even though ESI-MS is prominent in detecting
trace amount of species present in solution, it is not capable of detecting neutral
compounds which are reluctant to protonate or coordinate to charged metal ions.
Consequently, two charged-complexes label 1 and label 2, which are structurally
analogous to complex 3, were synthesized and submitted for ESI-MS. Synthetic
procedures for label 1 and label 2 are described in the appendix. Nevertheless,
electrospray ionization mass spectrometry showed that the bonding between
[(salophen)Nb(oxo)]+ and ReO4 is insufficiently robust to be maintained in the
ionization process and only [(salophen)Nb(oxo)]+ derivatives can be detected (Scheme
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N O N
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O O O
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N O N
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Cl
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Scheme 2.7 Observed ions subsequent to ESI of label 1.
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2.7-8). This experiment reveals that (i) the perrhenate anion acts as a good leaving
group and (ii) the chemical bonding between [(salophen)Nb(oxo)]+ and ReO4 is not
robust.
O

O
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Scheme 2.8 Observed ions subsequent to ESI of lable 2.
It could be envisaged that a more electron-deficient ligand would strengthen the
bonding between the ligand and perrhenate and further enhance the catalyst
performance in olefin metathesis. With the intention of strengthening the bonding
between perrhenate and the supporting ligand, we decided to use AlCl3 as the auxiliary
activating reagent. Cl2Al–OReO3 is expected to be the primary product of the reaction
between AgReO4 and AlCl3, the formation of AgCl being the driving force. As expected,
an equimolar mixture of AgReO4 and AlCl3 is active in olefin metathesis, exhibiting
quantitatively higher activity than complex 3 (Entry 3 in Table 2.1). A combination of
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AgReO4 and NbCl5 also proved active in olefin metathesis, albeit with lower efficiency
(Entry 4 in Table 2.1). [Sodium(benzo-15-crown-5)]-perrhenate was synthesized in
order to ascertain that the chloride substitution of AlCl3 by ReO4 is essential for
rendering perrhenate metathesis active. The synthetic procedure is demonstrated in
Scheme 2.9. A THF solution of CH3ReO3, benzo-15-crown-5-ether, and NaOH was
sonicated for 15 min and the remaining precipitate was washed with ether, and
followed

by

recrystallization

of

the

residue

from

THF/ether

to

give

[Sodium(benzo-15-crown-5)]- perrhenate in 40% reaction yield.

O

O

O

O

O
+ O Re
O

NaOH, THF

O
O

Ultrasound bath (320 Watt)

O
Na

O

O

O

O
O Re O
O
Yield = 40%

Scheme 2.9 Synthesis of [Sodium(benzo-15-crown-5)]- perrhenate
No polymer was detected when norbornene was treated with an equimolar mixture
of [Sodium(benzo-15-crown-5)]-perrhenate and AlCl3 (Entry 5 in Table 2.1). This
control experiment demonstrated that in the absence of chloride abstraction by Ag+
perrhenate exhibits no ROMP activity, which indicates that a four-coordinate aluminum
is not sufficient to activate perrhenate. A similar observatioon was noted by
Commereuc

for

the

catalytic

system

in

which

a

three-coordinate,

highly

electron-deficient aluminum is believed to render analogous rhenium complexes
metathesis active.[16] These results suggest that a strong Lewis-acidic supporting ligand
on a high-valent four-coordinate rhenium center is crucial for the metathesis reactivity,
which is in agreement with the conclusions obtained from the qualitative molecular
calculations.
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Table 2.1 Conditions and Yields of Norbornene Polymerization a
catalyst

loading

T

t

yield

1b

complex 3

10%

160 oC

24h

40%

2

complex 2 and CH3ReO3

10%

rt

2d

70%

3

AgReO4+ AlCl3

1%

rt

2h

quantitatively

4

AgReO4+ NbCl5

1%

rt

2h

20%

5c

CReO4+ AlCl3

10%

rt

2h

none

a In a typical polymerization experiment, a solution of 100 mg norbornene in 5 mL of
solvent, either CH2Cl2 or C2H4Cl2, was treated with 1% or 10% catalyst. The resulting
polymer solution was poured into 100 mL of MeOH. After 1 h the coagulated polymer
was collected, washed with MeOH and dried under vacuo to yield polynorbornene.
b The reaction was carried out in a sealed tube.
c CReO4 = [Sodium(benzo-15-crown-5)]-perrhenate

2.2.2 Perrhenyl complexes
Perrhenyl may be regarded as an extreme product of the perrhenate anion reacting
with an exceptionally strong Lewis acid by the abstraction of O2. Most of the attention
in the literature has been focused on exploring the properties and abilities of
perrhenate[54] and the studies of perrhenyl ions are relatively scarce.[55] In the beginning,
the properties of perrhenyl were examined. We attempted to synthesize the perrhenyl
cation with a weakly coordinating anion, such as BArF4, which we expected to exhibit
the character of perrhenyl without significant contribution from the counterion. Re2O7
was mixed with TMSCl in the presence of THF to give ReO 3Cl(THF)2 which was further
treated with NaBArF4. The mixture was filtered under Ar and then concentrated in vacuo.
Unexpectedly, recrystallization afforded the colorless tri[(3,5-bis(trifluoromethyl)phenyl)borane–H2O–THF complex, the structure of which was determined by X-ray
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Scheme 2.10 Proposed mechanism for aromatic transfer from boron to rhenium
crystallography. However, the rhenium-containing product could not be identified. A
mechanism for the transformation above is proposed in Scheme 2.10. After chloride is
replaced by BArF4, ReO3(THF)2+ is formed as a transient species which abstracts one
aromatic group from BArF4—. In the absence of THF as the reaction solvent, ReO3+ is
more

reactive

and

abstracts

two

aromatic

groups

from

BAr F4

to

give

Bis[(3,5-bis(trifluoromethyl)phenyl]borinic acid, the identify of which was established
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by comparison with the sample of the authentic compound. Accordingly, perrhenyl
itself can be regarded as an exceedingly strong Lewis acid since it abstracts one or
even two aromatic groups from the stable and inert counterion, BAr F4—.
When norbornene was introduced into the reaction mixture of ReO 3Cl and NaBArF4,
polynorbornene could be isolated in 50% yield. Based on the structural requirements
for a rhenium-based metathesis catalyst employed in our previous studies,
ReO3[3,5-(CF3)2C6H3] in Scheme 2.10 is the most likely candidate for catalyzing this
polymerization.
ReO3[3,5-(CF3)2C6H3] was synthesized in order to investigate the validity of the above
hypothesis. Halogen-metal exchange between 3,5-bis(trifluoromethyl)bromobenzene
and n-BuLi occurred readily at 78oC to give 3,5-bis(trifluoromethyl)phenyl lithium,
which

underwent

Zn[3,5-(CF3)2C6H3]2.

nucleophilic

substitution

ReO3[3,5-(CF3)2C6H3]

reaction

was

with

therefore

ZnCl2
obtained

to

furnish
through

transmetalation of 3,5-bis(trifluoromethyl)phenyl from Zn[3,5-(CF3)2C6H3]2 to Re2O7
(Scheme 2.11). The structures of Zn[3,5-(CF3)2C6H3]2 and ReO3[3,5-(CF3)2C6H3] are both
confirmed via X-ray crystallography (See Appendix). However, as shown in Table 2.2
(Entry 1), ReO3[3,5-(CF3)2C6H3] alone gave only trace amounts of polymer after 18 hours
at room temperature. Nevertheless, a borinic acid is also present in the mixture of
ReO3Cl

and

NaBArF4.

Because

the

said

borinic

acid

might

interact

with

ReO3[3,5-(CF3)2C6H3] and thus activate the latter for the reaction, we decided to use
B(C6F5)3 as an alternative supplementary reagent on account of its commercial
availability and strong Lewis acidity. An equimolar mixture of ReO3[3,5-(CF3)2C6H3] and
B(C6F5)3 was tested in the ROMP reaction of norbornene, which was found to furnish the
requisite polymer in a satisfactory yield (Entry 2 in Table 2.2). One might, therefore,
hypothesize that there is some interaction between ReO 3[3,5-(CF3)2C6H3] and B(C6F5)3,
e.g.

oxygen

coordination

to

boron,

which
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ReO3[3,5-(CF3)2C6H3] in olefin metathesis.

Br
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O Re O
O
yield = 13%

CF3
yield = 60%

Scheme 2.11 Synthesis of [(3,5-bis(trifluoromethyl)phenyl]trioxorhenium
Table 2.2 Conditions and Yields of Norbornene Polymerizationa
Catalyst

loading

T

t

yield

1b

ReO3[3,5-(CF3)2C6H3]

5%

rt

18h

trace

2

ReO3[3,5-(CF3)2C6H3] + B(C6F5)3

5%

rt

1h

quantitatively

3

ReO3(C6F5)THF

5%

rt

16h

quantitatively

4

ReO3Ph

5%

100 oC

16h

66%

5c

CH3ReO3

5%

100 oC

16h

<10%

6

CH3ReO3 + B(C6F5)3

1%

rt

1h

quantitatively

7

CH3ReO3 + BPh3

1%

rt

19h

<5%

a In a typical polymerization experiment, a solution of 100 mg norbornene in 5 mL of
CH2Cl2 was treated with catalytic amount of catalysts. The resulting polymer solution
was poured into 100 mL of MeOH. After 1 h the coagulated polymer was collected,
washed with MeOH and dried under vacuo to yield polynorbornene.
These findings led us to investigate a new catalytic system, ReO3(Aryl). First, ReO3Ph
and ReO3(C6F5)(THF) were synthesized according to the modified procedure reported
by Herrman and co-workers (Scheme 2.12).[48] It is noteworthy that the group of
Herrmann used quinuclidine to stabilize ReO3(C6F5) through the formation of
ReO3(C6F5)(quinuclidine) adduct, which exhibits no metathesis activity. Nevertheless, in
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our modified procedure, ReO3(C6F5)(THF) was isolated and X-ray crystallography
confirmed that ReO3(C6F5)(THF) adopts a dimeric structure with a rectangular Re2O2
core

(Figure

2.3).

It

was

reported

by

Herrmann

and

co-workers

that

ReO3(C6F5)-quinuclidine adduct has a monomeric structure.[48c] The dimeric structure of
ReO3(C6F5)(THF) indicates the electron deficiency at the rhenium center.
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O
2 O Re
-78 oC to rt, ZnCl2 (cat.)
O
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Re2O7, THF

O
2 O Re
O

Re2O7,THF
-78 oC to rt

F
F

+ Zn(ReO4)2(THF)2

F

yield = 5%
+

Zn(ReO4)2(THF)2
yield = 16%

Scheme 2.12 Synthesis of ReO3(Aryl)

Figure 2.3 X-ray structure of C6F5O3Re·C4H8O (ORTEP plot, 50% probability ellipsoids).
Selected distances (Å ) and angles (o): Re1—O13 1.692(8), Re1—O14 1.701(7),
Re1—O15 1.837(5), Re1—O16 2.293(7), Re1—C2 2.165(7), Re1—O15a 2.116(6),
O13—Re1—O14 104.0(3), O13—Re1—O15 104.0(3), O13—Re1—C2 169.0(3).
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Along with CH3ReO3, those complexes were tested for metathesis activity and the
results are listed in Table 2.2. ReO3(C6F5)(THF) catalyzed the polymerization
quantitatively, ReO3Ph provides a moderate yield at elevated temperature, and ReO3CH3
is an inefficient catalyst even at high temperature. We also found that ReO3(C6F5)(THF)
is also capable of catalyzing the cross-metathesis reaction of 1-hexene at elevated
temperature (150 oC), while the other two complexes are not.
Comparing ReO3CH3 and ReO3Ph, the sp2 carbon in the phenyl group is more
electron-withdrawing than the sp3 carbon in the methyl group. As for ReO3(C6F5)(THF),
the perfluorophenyl group makes the rhenium center much more electron-deficient
than the phenyl and methyl group. These results show that electron-withdrawing
substituents at the rhenium center are beneficial for olefin metathesis. X-ray
crystallography reveals that ReO3(C6F5)(THF) is a dinuclear six-coordinate complex.
Based on the structural requirements defined by our gas-phase studies and quantum
chemical calculations, a four-coordinate rhenium complex is essential for metathesis
activity. Consequently, dissociation of the dimer into the monomer followed by
decomplexation of THF from the rhenium center is regarded as necessary reactions
prior to metathesis reactions.
In addition to [Re2O7/Al2O3] or [Re2O7/Nb2O5], ReO3CH3 supported on silica-alumina is
also advantageous as the reaction occurs spontaneously under mild conditions.
Inspired by the binary catalytic system, ReO3[3,5-(CF3)2C6H3] and B(C6F5)3, we
investigated the interaction between CH3ReO3 and B(C6F5)3 and tested the reactivity of
the said system towards olefin metathesis. To our delight, a solution of CH3ReO3 and
B(C6F5)3

in

CH2Cl2

under

nitrogen atmosphere

results in the

formation of

[CH3ReO2{OB(C6F5)3}]. Crystals suitable for X-ray analysis were grown by slow diffusion
of pentane in a saturated dichloromethane solution of the compounds at 35oC. X-ray
crystallography confirmed the structure, with a B–O bond length of 1.668 Å (Figure
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2.4). The 1H NMR spectrum revealed that the methyl group of CH3ReO3 shifts from 2.68
ppm to 2.71 ppm: this downfield shift (0.03 ppm) is attributed to the electron-deficient
nature of the boron center, and the 19F NMR spectrum showed signals at 133, 152,
and 162 ppm, which are typical values for C6F5 substituents on a four-coordinate
boron center. From the data above it can be concluded that the coordination structure
exists in the solution phase, as well as in the solid state.

Figure 2.4 Crystal structure of [CH3ReO2{OB(C6F5)3}] (ORTEP plot, 50% probability
ellipsoids). Selected distances (Å ) and angles (o): Re35—O36 1.69(1), Re35—O37
1.68(1),

Re35—O38

O36—Re35—O37
102.7(7),

1.73(1),

112.7(6),

O37—Re35—O38

Re35—C39

2.05(2),

O36—Re35—O38
114.4(6),

116.3(6),

1.67(2),

O36—Re35—C39

O37—Re35—C39

O38—Re35—C39 105.4(6), Re35—O38—B1 160(1).
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The activity tests are summarized in Table 2.2. [CH3ReO2{OB(C6F5)3}] was found to
exhibit catalytic activity not only in the ROMP reaction of norbornene but also in the
cross-metathesis reaction of 1-hexene (at 150 oC). When BPh3 was chosen as the
auxiliary ligand instead of B(C6F5)3, the metathesis reactivity diminished dramatically,
reaffirming the importance of choosing a suitable Lewis acid. In order to test the
hypothesis that a stronger Lewis acid would augment the metathesis activity for
CH3ReO3, GaBr3 was employed under otherwise identical reaction conditions. In the 1H
NMR spectrum, a singlet signal of 3.52 ppm was observed, which doesn’t lie in the
typical range of the chemical shift for the methyl group of CH3ReO3. An unexpected
rearrangement might happen in this case. Subsequently, when norbornene was
introduced in the equimolar mixture of CH3ReO3 and GaBr3 in CH2Cl2, instead of the
desired ROMP polymer, ring retaining polynorbornene was obtained, which results
from cationic polymerization. From these experiments, it is apparent that very strong
Lewis acids would shut down the metathesis channel and prompt a cationic type of
polymerization. Therefore, using an additional Lewis acid to enhance the metathesis
efficiency for rhenium-based catalysts is feasible, but the Lewis acids have to fulfill two
requirements: 1) electron-deficient enough to render rhenium complexes metathesis
activity. 2) disfavor the cationic polymerization of olefins.

2.2.3 DFT Calculations
In order to gain more insight into the mechanism, reaction coordinate calculations
were performed at the density functional level of theory with the Gaussian 09 program
package with the B3PW91 functional in conjunction with the SDD basis set augmented
by two f polarization functions for the Re center and the D95(d) basis set for the
remaining atoms. Since the polymerization of norbornene was used to test the
metathesis activity of those rhenium complexes in the present study, in accord with
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experiments, norbornene was chosen as the reactant for the calculations. Norbornene
may undergo the [3+2] cycloaddition with L–ReO3 to from a diolate (2), as illustrated in
Scheme 2.13. On the other hand, norbornene may approach the Re center from the
bottom (the O-O-O face) or from the side (the L-O-O face) to give a metallaoxetane (3 or
4) by the [2+2] cycloaddition. As discussed in our earlier manuscript, [26cc] the [2+2]
mechanism is competitive with the [3+2] mechanism in reactions of four-coordinate
rhenium complexes with olefins. Furthermore, the calculations here also show that the
[2+2] cycloadditon is energetically favored over the [3+2] cycloadditon as the initiation
step (Table 2.3). Our attention is therefore focused particularly on the [2+2]

LReO3
mechanism.

ΔE kcal mol-1
Transition states
minima

TsIV
TsI
TsII

TsV

TsIII

2
L
O

Re

4

O

O

1
L
O
O

Re

6

L
O
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O

O

L
O
O
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5

Re

O

L

O

H
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O
O

O

H

Scheme 2.13 Energy Profile for the reaction of L–ReO3 with norbornene.
Subsequent [2+2] cycloaddition forms a metallaoxetane (3 or 4) which undergoes
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ring opening to give a rhenia carbene (5 or 6) and an aldehyde. As a result of a slight
conformational disparity for 5 and 6, those two Re-alkylidenes don’t have the identical
energy, but are energetically similar. As can be deduced from the calculations, TsV
would be the rate-determining step and the activation energy for L–ReO3 reacting with
norbornene to give a rhenia carbene and an aldehyde follows the order:
CH3ReO3>PhReO3>(C6F5)ReO3, indicating that the reaction energy barrier declines as the
Lewis acidity of the corresponding substituent L increases (Table 2.3). In this regard,
the data from the DFT calculations are consistent with the experiments.

Table 2.3 Electronic Energy ΔE in kcal mol-1 relative to LReO3 + norbornene for the
extrema located along the pathways of the pseudo-Witting mechanism described in
Scheme 2.13.
[3+2]

From the side

From the bottom

catalyst
TSI

2

TSII

3

TSIV

5

TSIII

4

TSV

6

(C6F5)ReO3

36.0

14.6

31.8

-4.7

42.7

6.0

20.9

4.7

28.7

6.2

PhReO3

40.1

20.8

34.0

-2.4

45.1

11.4

26.3

-1.1

36.0

12.3

CH3ReO3

38.7

20.3

37.0

-3.4

44.9

13.7

26.0

-2.0

36.7

10.6

BCH3ReO3a

40.4

23.9

31.7

-5.6

35.8

1.8

17.6

-5.3

30.2

3.0

a BCH3ReO3 represents [CH3ReO2{OB(C6F5)3}].
DFT calculations were also performed for the adduct of ReO3CH3 and B(C6F5)3, which
demonstrate that for the pseudo-Wittig mechanism, the energy barrier for formation of
a rhenia carbene and an aldehyde from ReO3CH3 decreases significantly in the
presence of B(C6F5)3 (see Table 2.3). The experimental observations can be rationalized
with the help of the calculated results. The catalyst activation mechanism that was
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found to be favored during the present study is in contrast to the observation of
Copèret and co-workers for CH3ReO3 on γ-Al2O3-(500). In that study, AlsCH2ReO3 (Als
represents the alumina surface), is in fact the active site, which results from C–H
activation of the methyl ligand of CH3ReO3 on γ-alumina.[22] Although we performed an
extensive search for C–H activation of the methyl group of CH3ReO3 through NMR
studies of our system, we couldn’t observe a bridged rhenium carbene analogous to
Copèret’s system. For his system, the C–H activation presumably results from
deprotonation of the methyl group of CH3ReO3 by the alumina surface.[56] However, for
the solution-phase chemistry, it was reported that deprotonation of CH 3ReO3 by either
strong bases, such as NaH, KH, and LDA led to the decomposition of CH3ReO3.[57] The
analogs of enol ethers or enol esters for CH 3ReO3 don’t form under the standard
reaction conditions used for enolization. No evidence for the formation of carbene
complexes from CH3ReO3 can be provided in the solution phase under thermal
conditions. Hermann and co-worker observed the tautomerization of ReO3CH3 in the
gas phase; however, the transformation was carried out through photochemical
activation,[21] and thus does not directly relate to our experiment conditions. Therefore,
C–H activation of CH3ReO3, which was proposed to be the initiation reaction for
generation of a rhenium alkylidene complex from CH3ReO3 in Copèret’s system, may
not be directly relevant to [CH3ReO2{OB(C6F5)3}].

2.2.4 The Rhenium Activity Scale
Considering the experimental data within the present study, the relation among the
perrhenate anion, Re-based metathesis catalysts, and the perrhenyl cation is clarified
and proposed as the Rhenium Activity Scale. The unit of the scale is the calculated
Re–O stretching frequency at the B3PW91/SDD, D95(d) level of theory. It is an
indication of the Re–O bond strength. On the right end of this coordinate, the
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perrhenate anion is a weak Lewis base and often acts as a weakly coordinating anion. It
can be rendered metathesis active through attachment to an aluminum or niobium
electron-deficient center. The metathesis activity of the resulting complex depends on
the electron deficiency of the supporting Lewis acidic ligand. On the other end, the
perrhenyl cation is seen as a strongly Lewis acid and it could abstract one or two
aromatic groups from BArF4. However, when an aryl group, such as perfluorophenyl is
connected to perrhenyl, the resulting Re complex was found to be an active metathesis
catalyst as well. In the middle of the coordinate, Re complexes bearing more strongly
electron donating ligands, such as phenyl or methyl, were found to be stable and
exhibit nearly no metathesis activity at room temperature. Nevertheless, with the aid
of an Lewis acidic additive, such as B(C6F5)3, the said Re complexes can be rendered
metathesis active. In brief, for rhenium-based complexes, the chemical behavior can
be manipulated through the Lewis acid–base interaction.
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2.3 Conclusions
Computational studies and gas-phase mass spectrometric experiments suggested
structural requirements according to which a rhenium trioxo complex would react with
an olefin to form a metathesis-active catalyst. A set of rhenium trioxo complexes was
synthesized and demonstrated to be active in olefin metathesis. Systematic
investigations of ligands and, in particular, Lewis acidic additives revealed important
reaction parameters, indicating that electron-withdrawing substituents or ligands are
beneficial for olefin-metathesis. The relationship between perrhenate, perrhenyl, and
metathesis active rhenium complexes was elucidated and it may provide constructive
information for further improvement of rhenium-based metathesis catalysts.

52

Design, Synthesis, and Characterization of Homogeneous Models for Re-based Heterogeneous Catalysts

2.4 Appendix
2.4.1 XRD Structure of Complex 1

Figure 2.5 Crystal structure of complex 1 (ORTEP plot, 50% probability ellipsoids).
Selected distances (Å ) and angles (o): Nb1—O27 1.865(5), Nb1—O27a 2.044(5),
Nb1—O2 1.962(7), Nb1—O25 1.970(8), Nb1—N17 2.268(8), Nb1—N10 2.291(6),
Nb1—Cl26

2.529(2),

O27—Nb1—O2

110.1(3),

O27—Nb1—O25

109.8(3),

O2—Nb1—O25 126.5(2),. O27—Nb1—O27a 77.88(19), O2—Nb1—O27a 77.6(2),
O25—Nb1—O27a 77.4(3), O27—Nb1—Cl26 151.22(16), O2—Nb1—Cl26 81.16(19),
O25—Nb1—Cl26 80.79(18), O27a—Nb1—Cl26 130.89(13)
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2.4.2 Synthetic Procedure for Label 1
H

H
O

OH

paraformaldehyde

Cl

O

PPh3, benzene

OH

HCl (conc), TBAB
40 oC, 7 days

H

Cl
Ph3P

OH

reflux, 1hour

yield = 94%

N
H2N

NH2

ethanol, 4A molecular sieve

yield = 96%

N
Cl

Cl
OH HO
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O

PPh3

O
N
N
Nb
Cl
Cl
Cl
CH3CN, overnight

reflux, 12 hours
yield = 22%

Cl
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N O N
Nb
Cl
O
O

Cl
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AgReO4
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yield = 53%

Cl
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N O N
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O O O
O Re O
O
label 1
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2.4.3 Synthetic Procedure for Label 2
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O

yield = 70%

O
O
N
N
Nb
Cl
Cl
Cl

OH
N
MeOH, reflux, 48 hours

NH2

O
O

H

O

O

O

O

O

O

O
O

HNO3/H2SO4

O

O

N

benzene, 4 hours

OH HO

yield = 57%

O
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2.4.4 XRD Structure of Bis[(3,5-bis(trifluoromethyl)phenyl] zinc

Figure 2.6 Crystal structure of Bis[(3,5-bis(trifluoromethyl)phenyl]zinc (The other
conformations not shown here) (ORTEP plot, 50% probability ellipsoids). Selected
distances (Å ) and angles (o): Zn1—C1 1.938(4), Zn1—C15 1.925(4), C1—Zn1—C15
177.0(2), Zn1—C1—C2 120.2(3), Zn1—C1—C6 123.6(3), Zn1—C15—C16 120.0(3),
Zn1—C15—C20 123.3(3), C1—Zn1—C15—C20 166(3).
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2.4.5 XRD

Structure

of

[(3,5-Bis(trifluoromethyl)phenyl]

trioxo-

rhenium

Figure 2.7 Crystal structure of [(3,5-bis(trifluoromethyl)phenyl] trioxorhenium (The
other conformations not shown here) (ORTEP plot, 50% probability ellipsoids). Selected
distances (Å ) and angles (o): Re7—C1 2.109(17), Re7—O8 1.681(11), Re7—O10
1.690(12), Re7—O9 1.692(11), O8—Re7—O10 112.4(6), O8—Re7—O9 110.3(5),
O10—Re7—O9 113.7(5), O8—Re7—C1 105.2(6).
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2.4.6 XRD Structure of Bis[(3,5-bis(trifluoromethyl)phenyl] borinic
acid

Figure 2.8 Crystal structure of Bis[(3,5-bis(trifluoromethyl)phenyl]borinic acid (ORTEP
plot, 50 % probability ellipsoids). Selected distances (Å ) and angles (o): O29—Re27
1.71(1),

O30—Re27

170(1),

O28—Re27

1.69(1),

Re27—C21

2.09(2),

O29—Re27—O30 114.0(5), O29—Re27—O28 113.1(5), O29—Re27—C21 107.3(6),
O30—Re27—O28 112.2(5), O30—Re27—C21 104.7(6), O28—Re27—C21 104.7(6)
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2.4.7 1H

and

F

19

NMR

Spectra

of

CH3ReO3

and

the

Adduct

[CH3ReO2{OB(C6F5)3}]

Figure 2.9

H NMR spectrum shows that the methyl group of CH3ReO3 shifts from

1

2.68 ppm to 2.71 ppm which is credited to the electron-deficient nature of the boron
center, and the 19F NMR spectrum showed signals at —133, —152, and —162 ppm,
which are typical values for C6F5 substituents on a four-coordinate boron center.
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From Rhenium oxo Complexes to Rhenium
Carbenes
3.1 Introduction
The system Re2O7/Al2O7 and its related system, CH3ReO3 (MTO)/Al2O3–SiO2, are effective
heterogeneous catalysts for olefin metathesis at ambient temperature.[8] It is well
accepted that metallocarbene and metallacyclobutane are important intermediates in
olefin metathesis. Based on Chauvin’s mechanism, the essential propagating rhenium
carbene has to be formed at the initiation stage. It then participates in the catalytic
cycle to furnish the metathesis products. Therefore, the formation of a rhenium
alkylidene complex is crucial for those rhenium-based heterogeneous catalysts.
Several mechanisms were proposed to account for the formation of the propagating
rhenium alkylidene species.[58,59] Nevertheless, the mechanism for generation of
rhenium carbene species from rhenium oxo complexes on solid supports has not been
established with any certainty. We have demonstrated that the rhenium alkylidene
complexes can be produced from the corresponding glycolates through the
rhenaoxetane in the gas phase, supporting the pseudo-Wittig mechanism as an
operative pathway for initiation.[26] As is evident from Scheme 3.1, a reaction sequence
from left to right would provide a route for a rhenium oxo complex to react with an
olefin to form a rhenium carbene by addition, rearrangement, and dissociation.
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Precisely this sequence of reactions has been proposed as one of the possible
activation mechanisms for the rhenia-on-alumina and rhenia-on-niobia heterogeneous
metathesis catalysts.[59] While the activity of these catalysts is increased significantly by
alkyl metal additives, metal-oxide-supported rhenium itself can catalyze olefin
metathesis. This observation is noteworthy in that the rhenium center in these
heterogeneous catalysts bears no metal–carbon bond.
L

L
O
O
R

Re
O

R

O
O

R

L

L
O
O

Re
O

R

Re

R

O

O
O
R

O

Re

H +
R
H
R

Scheme 3.1 Pseudo-Wittig mechanism for a rhenium trioxo complex reacting with
olefins.
Owing to the structural conditions delineated in our earlier work for making a
metathesis catalyst, we developed a series of self-activating rhenium-based metathesis
catalysts, which means that they are capable of catalyzing olefin metathesis in the
absence of any alkylating agents. We have also fund that the reactivity observed in
those rhenium-catalyzed metathesis reactions appears to be highly related to the
Lewis acidity of the supporting ligands. Thus we turned our attention to search for an
approach to generating a rhenium alkylidene complex directly from a rhenium oxo
complex, expecting to observe and ultimately isolate the active carbene species.

3.2 Results and Discussion
3.2.1 Reactions of ReO3L with Alkenes
Efforts to detect or trap rhenium alkylidene species during the course of the reaction
between high oxidation state rhenium complexes and norbornene are outlined below.
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A variety of high oxidation state rhenium complexes were tested and herein
[CH3ReO2{OB(C6F5)3}] was chosen as the demonstrative example, as it is the most
effective catalyst among the rhenium complexes that were investigated in the course
of the present study. The polymerization of norbornene occurs readily at room
temperature

in

the

presence

of

[CH3ReO2{OB(C6F5)3}]

and

therefore

the

variable-temperature 1H NMR spectroscopy was applied with the intention of observing
reaction intermediates. A J. Young NMR tube equipped with a Teflon screw cap, was
charged with [CH3ReO2{OB(C6F5)3}] and CD2Cl2 or d8-toluene. Norbornene was
introduced into the mixture at 78

C and all subsequent manipulations and

o

measurements, including the 1H NMR measurements, were carried out at 78 oC. 1H
NMR spectra showed that all monomer has already transformed to the resultant ROMP
polymer in one hour at 78 oC, following the addition of norbornene, and no
intermediates or rhenium carbene species were observed. This result indicated that
due to high reactivity, norbornene may not be a suitable candidate for trapping the
intermediates in the metathesis reaction. Accordingly, a less-strained cyclic
olefin-cyclopentene is considered. [CH3ReO2{OB(C6F5)3}] was treated with either 1 eq or
10 eq of cyclopentene at room temperature. After the addition of cyclopentene,

F

19

NMR spectra revealed that the chemical shifts for C6F5 substituents moved upfield
slightly. Nevertheless, no detectable reaction intermediates or metathesis products
could be observed, suggesting that the ring strain plays a prominent role in the
initiation of the metathesis reaction. Other rhenium complexes were investigated as
well, providing analogous results to [CH3ReO2{OB(C6F5)3}]. Further attempts at
utilization of functionalized olefins such as ethyl vinyl ether, 1,4-dioxene,
N-vinyl-2-pyrrolidinone, methyl 1-cyclobutene-1-carboxylate in generation of the
corresponding Fischer-type rhenium carbenes or stabilized rhenaoxetane complexes
failed. The presence of a heteroatom such as nitrogen and oxygen resulted in
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deterioration of the metathesis activity of the Re-based catalysts.
As mentioned previously, in the gas phase the rhenium diolates were used for
generation of the rhenium alkylidene complexes through the isomeric rhenaoxetane.[X]
We considered the intriguing possibility of implementation of an analogous chemisty
in the solution phase by utilizing a rhenium diolate complex as the starting material
for generation of a rhenium alkylidene complex. It was reported elsewhere that
norbornene reacts with Cp*ReO3 to furnish two diolate complexes (Scheme 3.2).[60] The
formation of those complexes agrees with Rappé hypothesis, wherein the more
π-strained complexes, L–ReO3, within which L is a π donor, preferentially generate the
product that reduces the total π bond order the most, that is, the diolate.

Re
O
O
O

benzene, 100 oC

O

Re
O
O

+

O

major

Re
O
O
minor

Scheme 3.2 Synthesis of the diolates complexes from Cp*ReO3.
Our reactivity studies have shown that the metathesis activity for L–ReO3 can be
enhanced significantly in the presence of B(C6F5)3. We therefore envisioned that after
activation by a strong Lewis acid, two norbornylene glycolates may rearrange to the
corresponding rhenium carbenes through rhenaoxetane, as described for the
gas-phase reactions of the propylene glycolates. Cp*ReO(O–C7H10–O) was synthesized
and treated with one equivalent of Al(C6F5)3, which is expected to be a stronger Lewis
acid than B(C6F5)3, and the bonding between Re–O and Al(C6F5)3 is assumed to be
stronger as well. Although the formation of an adduct between Cp*ReO(O–C7H10–O)
and Al(C6F5)3 could be observed explicitly by 1H NMR spectroscopy, the adduct was
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found to be stable in d8-Toluene at ambient temperature and no further reactions were
noted. In order to activate the adduct further, its solution in toluene was warmed to
100 oC for 10 minutes, and the formation of norbornene and oligonorbornene along
with the unreacted adduct was observed. Subsequently, all norbornene was converted
into oligomer at 100 oC in 2 hour (Scheme 3.3). The oligomer was confirmed to be the
ROMP product.

Cp*
O Re O
O

Al(C6F5)3.Toluene
r.t

Cp*
(C6F5)3Al O Re O
O

100 oC, 10 mins

100 oC, 2 hours

+

oilgomer

oilgomer
Scheme 3.3 Reaction of Cp*ReO3 with Al(C6F5)3.

O Re O
O
R1and R2 = H, akyl, aryl.
R1

R2

1,2-alkyl migration

Concerted
O Re O
O
R1

O Re O
O

R2

R2
R1

Scheme 3.4 Proposed mechanism for the extrusion of alkenes from rhenium(V)
diolates.
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Extrusion of alkenes form rhenium(V) diolates is a reported process. Two
mechanisms for accounting for this transformation include a concerted mechanism
and a 1,2-alkyl migration followed by dissociation (Scheme 3.4). Gable and co-workers
reported that the kinetic studies of alkene extrusion from several diolates of
Cp*Re(O)(diolate) complexes. Those data are inconsistent with the concerted
mechanism, but consistent with the stepwise mechanism through the rhenaoxetane
intermediate.[60b]
For our system, in addition to the extrusion of norbornene, the production of
oligonorbornene can be observed as well. Following Gable’s experimental studies, it is
reasonable to propose that the metallaoxetane complex is generated through
rearrangement of the diolate. The resulting rhenaoxetane complex can undergo
cycloreversion to furnish either norbornene and the adduct of Cp*ReO3 and Al(C6F5)3 or
a rhenium alkylidene complex bearing the ring-opened norbornene. Subsequently, the
rhenium

carbene

reacts

further

with

the

extruded

norbornene

to

afford

oligonorbornene (Scheme 3.5). The detection of the rhenium alkylidene species by

Cp*
(C6F5)3Al O Re O
O

100 oC

Cp*
(C6F5)3Al O Re O
O

Cp*
(C6F5)3Al O Re O
O

Cp*
(C6F5)3Al O Re
O

oligonorbornene
H
O

Scheme 3.5 Proposed mechanism for diolate rearrangment at 100 oC.
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NMR spectroscopy is not achievable since it may react readily with norbornene after
formation. Nevertheless, the formation of oligonorbornene indirectly suggests the
presence of a rhenium alkylidene complex.
Experimental observations from the reactivity tests of the afore-mentioned Re
catalysts in either ROMP or cross-metathesis reactions revealed that the inefficient
initiation and rapid propagation is characteristic of the said rhenium-based catalytic
systems, indicating that upon formation rhenium alkylidene complexes react
immediately with alkenes to give the metathesis products. Accordingly, improvement
of the initiation efficiency is the primary concern to be addressed.

3.2.2 Reactions of ReO3L with Alkylidene Transfer Agents
Wittig reaction and Tebbe olefination have become standard tools for olefination of
carbonyl groups in organic chemistry. Use of phosphonium ylides or Tebbe reagents
as the carbene transfer reagent for organometallic compounds is a fascinating concept.
It can provide a simple synthetic approach for substitution of the oxo group in L–ReO3
for an alkylidene group. As stated above, the more reactive complexes, L–ReO3, in
which L is a σ donor, are readily reduced to Re(V) or even lower oxidation states in the
presence of reducing agents. Consequently, more stable complexes, in which L is a π
donor, are chosen preferentially for reaction of L–ReO3 with the carbene transfer
reagents. We are aware of the fact that the metathesis activity drops dramatically for
L–ReO3 when the supporting ligand is a π donor. However, the sacrifice of the activity
may be unavoidable in order to stabilize the resultant rhenium alkylidene complex.
The

commercial

and

commonly

used

phosphorus

ylid,

benzylidenetri-

phenylphosphorane was tested first. Benzylidenetriphenylphosphorane was added
into a solution of Cp*ReO3 in benzene at ambient temperature and the reaction
mixture was analyzed by 1H NMR spectroscopy. Benzaldehyde, phosphonium salt,
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stilbene, and triphenylphosphine oxide were identified in the reaction mixture, but no
rhenium alkylidene species could be detected even at lower temperatures (78 oC to rt),
as judged by variable temperature NMR spectroscopy. Based on the observation of the
undesired products listed above, the plausible mechanism for their formation was
proposed. Rhenadioxophospholane is assumed to be the primary product for reaction
of Cp*ReO3 with benzylidenetriphenylphosphorane. In light of that the occurrence of
the expected rearrangement, we concluded that a rhenaoxophosphetane should be
generated and subsequently undergo a rearrangement to give the rhenium
benzylidene complex and triphenylphosphine oxide. Nevertheless, instead of
rearranging to rhenaoxophosphetane, the rhenadioxophospholane undergoes a
ring-opening reaction to give benzaldehyde, triphenylphosphine oxide, and a reduced
rhenium complex. Subsequently, the Wittig reaction occurs between benzaldehyde
and benzylidenetriphenyl-phosphorane to give stilbene and triphenylphosphine oxide
(Scheme

3.6).

Other

phosphonium

ylides,

such

as

neopentylidenetriphenyl-

phosphorane, gave similar results.
Cp*
O Re O
O

Ph3P

O
Cp*
O Re O
Ph
O
P Ph
Ph
Ph
rhenadioxophospholane

H
Cp*
+ Ph3P O + Re
O

Ph

Ph3P
Ph
Ph

O Cp* Ph
Re
O
Ph
O P
Ph Ph

+ Ph3P O
Ph

Cp*
Ph3P O + O Re
O Ph

rhenaoxophosphetane

Scheme 3.6 Proposed mechanism for reaction of Cp*ReO3 with triphenylphosphonium
benzylidene.
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Cp CH
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Cp CH3

CH3
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Ti
Al
Cl
Cp
CH3

Tebbe reagent

Petasis reagent

It seems that rearrangement of diolate to metallaoxetane is not allowed for the
rhenadioxophospholane complex. Therefore, we turned our attention to Tebbe
olefination. Tebbe reagent and Petasis reagent were used in an attempt to convert
Cp*ReO3 to a rhenium alkylidene complex. Both reagents were found to reduce
Cp*ReO3 readily to Re(V) or lower oxidation state complexes. No intermediary species
could be characterized. Therefore a less nucleophilic or even electrophilic metal-based
carbene transfer reagent should be considered.

Figure 3.1 Crystal

structure

of

dibenzyl(η5-pentamethylcyclopentadienyl)

oxorhenium (ORTEP plot, 50% probability ellipsoids). Selected distances (Å ) and angels
(o): Re1—O7 1.703(3), Re1—C2 2.148(5), Re1—C8 2.169(5), Re1—C15 2.173(5),
O7—Re1—C2

110.83(18),

O7—Re1—C8

O7—Re1—C15 98.12(18).
69

97.72(18),

C2—Re1—C8
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Hf(benzyl)4 is an electron-deficient complex. It was reported to perform the
benzylidenation of benzophenone.[61] Thus, it was considered as a potential
substitutent for Tebbe-type reagents utilized previously. Cp*ReO3 was treated with
Hf(benzyl)4 in CH2Cl2 at room temperature. The reaction mixture was dried in vacuo
and extracted with pentane. The pentane solution was stored at 35oC to give red
crystals, the structure of which was confirmed as Cp*ReVO(benzyl)2 by X-ray
crystallography (Figure 3.1).
The formation of this complex is intriguing and 1H NMR studies showed that
1,2-diphenylethane existed in the mixture along with Cp*Re(V)O(benzyl)2. It is highly
possible that successive benzyl transfers from the hafnium center to the rhenium
center occur, affording Cp*Re(VII)O(benzyl)4 as an intermediate species, which
undergoes

reductive

elimination

to

furnish

Cp*Re(V)O(benzyl)2

and

1,2-diphenylethane (Scheme 3.7). It could be argued that reductive elimination of
1,2-diphenylethane occurred directly from Hf(benzyl)4 when the hafnium center
became sterically crowded: for instance, Cp*ReO3 coordinates to the hafnium center of
Hf(benzyl)4 through oxygen ligand. The control experiment showed that Hf(benzyl) 4
remained intact in the presence of coordinating solvents such as THF and CH3CN and

Ph

Ph
(1)

Hf
O Ph
Re Cp*
Ph O O

Hf
Ph

Ph
O
O Re Cp*
O

(2)

Cp*
O
Ph
Re
O
Ph

Ph

Ph

HfO(benzyl)2

Ph

Ph
Hf
O

Cp*
O
Re Ph reductive elimination Ph
Ph

Ph

Ph
+ Ph

Cp*
O
Re
O
Ph

Cp*
Re O + Ph
Ph

Scheme 3.7 Proposed mechanism for the reaction of Cp*ReO3 with Hf(benzyl)4.
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no 1,2-diphenylethane or toluene could be detected. It indicated that the reductive
elimination of 1,2-diphenylethane takes place on the rhenium center rather than the
hafnium center.
It was established that metal–alkylidene complexes can be generated through a
double alkylation followed by an α-H abstraction.[62] However, the absence of a rhenium
alkylidene species is in contrast with this possibility for reaction of Cp*ReO3 with
Hf(benzyl)4. Furthermore, it was demonstrated that photolysis of ReO2(CH2CMe3)3 in
pyridine gives neopentane and ReO2(CHCMe3)(CH2CMe3), suggesting that α-H
abstraction for Re(VII) dialkyl complexes is a photochemical process.[63]
The

result

described

above

motivated

us

to

seek

another

electrophilic

metal–alkylidene transfer reagent. It was envisaged that an alkylidene transfer might
occur instead of an alkyl transfer when an electrophilic metal complex bearing an
alkyldene moiety is chosen as the reagent for reaction with LReO 3. Upon extensive
literature survey, we found that Ta(CH 2CMe3)3(CHCMe3), which was first isolated by
Schrock in 1974,[62a] is a good candidate. It was synthesized from reaction of
Ta(CH2CMe3)3Cl2 with Li–CH2CMe3 and can be used in the olefination of the carbonyl
group in ketones and esters.[62,64] Furthermore, the group of Schrock used
Ta(CH2CMe3)3(CHCMe3) to synthesize Os(CH2CMe3)2(CHCMe3)2 from Os(CH2CMe3)2O2,
indicating that a pseudo-Wittig reaction occurred between the osmium-oxo and the
tantalum-alkylidene group.[65] Thus, a pentane solution of Ta(CH2CMe3)3(CHCMe3) was
added to Cp*ReO3 in pentane at room temperature. The mixture was filtered,
concentrated in vacuo, and analyzed by 1H NMR spectroscopy. 1H NMR spectra showed
a singlet signal at 12.25 ppm in CD2Cl2 (12.30 ppm in C6D6), which is the region
characteristic of the rhenium alkylidene protons.[9] The chemical shift of the metal
alkylidene

was

not

consistent

with

the

tantalum

carbene

proton

of

Ta(CH2CMe3)3(CHCMe3), which is found at 1.9 ppm, and other tantalum alkylidene
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protons are generally found at chemical shifts upfield of 6 ppm.[62,67] Separation and
purification of this rhenium alkylidene complex is accomplished by flash column
chromatography on buffered preactivated silica gel (pentane/dichloromethane=10:1
and 1% triethylamine), followed by precipitation of impurities from CH 3CN, and
hexamethyldisiloxane at 35 oC. This rhenium alkylidene complex is a very viscous
compound. The attempt at crystallization of this complex failed as a result of its
extremely high solubility even in very apolar solvents. The neopentyl groups around
the rhenium center cause this complex very apolar and therefore it is exceptionally
difficult to crystallize.
Figure 3.2 Selected 1H, 13C HSQC (the red lines) and HMBC (the blue arrows)
correlations for Cp*Re(–tBu)(–tBu)(–Cl)
H

H

H
H

H

C

H
C
C

Re

C

C

H
C
H

Cl

H

H

Structure of this rhenium alkylidene complex was confirmed by mass spectrometry,
and NMR methods, including 1HNMR,
(See Appendix). 1H NMR,

13

C-NMR, HSQC, HMBC, and NOE experiments

13

C NMR, HSQC, and HMBC unequivocally indicates the

presence of the Re–Cp*, Re=CH2tBu, and ReCtBu moieties. The nuclear Overhauser
effect enhancements between the pentamethylcyclopentadienyl, neopentylidene, and
neopentylidyne groups reveal that the said functional groups are proximal, suggesting
that they are bound by the same rhenium center (See Appendix). Furthermore, the
molecular formular C20H34ReCl was assigned by High Resolution FAB-MS from the m/z
461.2205 [M].+ ion. In order to validate the presence of the Re–Cl bond in the rhenium
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complex, a chloride test was implemented by using AgOTf. A new Re-alkylidene signal
(12.74 ppm in C6D6) was detected by 1H NMR spectroscopy, accompanied with the
precipitation of AgCl, revealing that the Re–Cl bonding exists in the complex. However,
attempt to isolate the new-formed Re-alkylidene complex after the chloride abstraction
failed as it decomposed rapidly to give di-tert-butylethylene within one hour. Based on
the experimental data, Cp*Re(–tBu)(–tBu)(–Cl) was assigned as the structure of the
rhenium alkylidene complex. HSQC and HMBC correlations for Cp*Re(–tBu)(–tBu)(–Cl)
are illustrated in Figure 3.2.
We thought that the chlorine atom may come from the contamination of trace
amount of unreacted Ta(CH2CMe3)3Cl2, which is the prescusor for preparing
Ta(CH2CMe3)3(CHCMe3). In order to examine the above hypothesis, pure and
chlorine-free Ta(CH2CMe3)3(CHCMe3) was required. It was obtained by sublimation of
the crude mixture of reaction of TaCl5 and ClMg–CH2CMe3. Reaction of Cp*ReO3 with
pure Ta(CH2CMe3)3(CHCMe3) in pentane was carried out under otherwise identical
reaction conditions. After workup, 1H NMR spectra showed a broad signal at 12.03 ppm
in C6D6, which is the region characteristic of the rhenium alkylidene protons. However,
from the chemical shift, it was deduced that this Re-alkylidene complex is different
from Cp*Re(–tBu)(–tBu)(–Cl). Nevertheless, when it was mixed with TaCl5 in C6D6, the
Re-alkylidene signal (12.30 ppm in C6D6) of Cp*Re(–tBu)(–tBu)(–Cl) appeared with the
disappearance of the broad signal (12.03 ppm), which strongly indicated that a
chloride-transfer occured from tantalum to rhenium.
t-Bu

Cp*
O Re O
O

3
t-Bu

t-Bu
Ta

+ 0.3
t-Bu
t-Bu
t-Bu

Ta

Cl
Cl
t-Bu

t-Bu

Cp*
Cl
Re

pentane, rt, 3h

t-Bu

Yield = 20%

Scheme 3.8 Reaction condition for preparation of Cp*Re(–tBu)(–tBu)(–Cl).
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The reaction condition for preparing Cp*Re(–tBu)(–tBu)(–Cl) is illustrated in
Scheme 3.8. A mechanism is proposed in Scheme 3.9 to account for the formation of
Cp*Re(–tBu)(–tBu)(–Cl) from reaction of Cp*ReO3 with Ta(CH2CMe3)3(CHCMe3) in
t-Bu

Ta
t-Bu

t-Bu

Cp*
O

Re

Cp*

O

t-Bu
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O
O

O

O
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t-Bu

Cl
t-Bu
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Scheme 3.9 Proposed mechanism for formation of Cp*Re(-tBu)(-tBu)(–Cl).
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pentane. As expected, the pseudo-Wittig reaction occurs between Cp*ReO3 and
Ta(CH2CMe3)3(CHCMe3) to furnish Cp*ReO2(–tBu), followed by another pseudo-Wittig
reaction between the latter complex and another equivalent of the tantalum reagents
to afford Cp*ReO(–tBu)2. Subsequent net 1,3-hydrogen shift between one rhenium
alkylidene moiety and the oxo ligand furnishes Cp*Re(–tBu)(–tBu)(OH). Exchange of
the

hydroxyl

group

of

Cp*Re(–tBu)(–tBu)(OH)

by

the

chloride

group

of

Ta(CH2CMe3)3Cl2 generates the final product, Cp*Re(–tBu)(–tBu)(–Cl). It is worth noting
that 1,3-hydrogen shift for CH3ReO3 to give (CH2)Re(=O)(OH) is a light-promoted
reaction, yet 1,3-hydrogen shift for Cp*ReO(–tBu)2 appears to be either a
thermally-allowed process or may result from a sequence of 1,2-hydrogen atom shifts.
We demonstrated that reaction of Cp*ReO3 with Ta(CH2CMe3)3(CHCMe3) in the
presence of Ta(CH2CMe3)3Cl2 leads to the formation of Cp*Re(–tBu)(–tBu)(–Cl) through
the intermediary rhenium–alkylidene complex, Cp*ReO2(CH–tBu). To the best of our
knowledge, it is the first solution-phase experimental evidence for generation of a
rhenium carbene species from a high-valent rhenium-oxo complex.

3.2.3 Rhenium–oxo Alkylidene Complex
The Rheninum oxo–alkylidene species are considered to be the active species for not
only the Re2O7-based catalysts, but also for the CH3ReO3-based catalysts. Hoffman and
co-workers synthesized and characterized the first example for a rhenium
oxo–alkylidene complex, ReO2(CH2tBu)(CHtBu). However, they found that it exhibited no
metathesis activity when treated with olefins.[63,66] On the contrary, our gas-phase
studies have shown that the pyridine-substituted rhenium–ethylidene complex,
PyReO2(CHMe) reacts with propyl vinlyl ether to afford a Fisher-type rhenium
carbene.[26b] At a first glance these observations are inconsistent. Being fully cognizant
of the possibility that the reactivity in the gas-phase and solution phase may diverse,
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we set out to examine the metathesis activity for ReO2(CH2tBu)(CHtBu). The synthesis of
ReO2(CH2tBu)(CHtBu) is depicted in Scheme 3.10.
Mg, ether
Cl

ZnCl2, ether

MgCl

110 oC

Zn

0 oC to rt

yield = 53%

1. 2,6-dimethylaniline and pyridine, DCM, -40 oC
2. TMSCl, DCM -40 oC
3. warmed to rt

Zn
Re(NAr)2(Py)Cl3

Re2O7

DCM, -40oC to rt

yield = 60%

N
N Re

t-Bu

O
O Re

Al2O3, H2O

t-Bu

ZnCl2 dioxanate
yield = 60%

yield = 88%

Scheme 3.10 Synthesis of ReO2(CH2-t-Bu)(CH-t-Bu)
It was tested in the ROMP reaction of norbornene because norbornene is one of the
most reactive olefins. 1 % of ReO2(CH2tBu)(CHtBu) does catalyze the ROMP reaction of
norbornene. However, no cross-metathesis products could be observed when
ReO2(CH2tBu)(CHtBu) reacted with acyclic terminal olefins at room temperature. Our
experimental studies along with the DFT calculations revealed that the metathesis
activity of L–ReO3 could be enhanced significantly by the presence of B(C6F5)3. It can be
envisioned that the coordination should also occur between ReO2(CH2tBu)(CHtBu) and
B(C6F5)3 and the resulting adduct may show superior metathesis activity. Consequently,
an equimolar mixture of ReO2(CH2tBu)(CHtBu) and B(C6F5)3 was also tested in the ROMP
reaction of norbornene. The combination of the Re complex and the Lewis acid was
found to exhibit higher reactivity than ReO2(CH2tBu)(CHtBu) alone (Table 3.1).
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Remarkably, the cross-metathesis reaction of 1-hexene could also be achieved in
presence of the catalytic amount of ReO2(CH2tBu)(CHtBu) and B(C6F5)3.
Table 3.1 Conditions and Yields of Norbornene Polymerizationa

1
2

Catalyst

loading

T

t

yield

ReO2(CH2-t-Bu)(CH-t-Bu)

1%

rt

0.5h

50%

1%

rt

0.5h

quantitatively

ReO2(CH2-t-Bu)(CH-t-Bu)+
B(C6F5)3

a The reaction solvent is CH2Cl2.

In order to obtain an insight into the mechanism of the above transformation, the
reaction was monitored by 1H NMR spectroscopy. The peak of the rhenium carbene
proton was observed to shift downfield from 12.04 to 12.64 ppm after the addition of
B(C6F5)3 to the CD2Cl2 solution of ReO2(CH2tBu)(CHtBu), thus confirming unambiguously
the occurrence of the complexation between ReO2(CH2tBu)(CHtBu) and B(C6F5)3.
Subsequently, 1-hexene was introduced into the mixture and three types of rhenium
alkylidene signals were observed. Based on the chemical shift and coupling pattern,
the two signals were assigned individually as the rhenium neopentylidene and
pentylidene complexes and the third signal may be the Re-methylidene complex (See
Appendix). The signals for those rhenium carbene species and 1-hexene decreased
over time. After 1 hour, the rhenium carbene peaks almost vanished and E/Z 5-decene
and neohexene were observed as the major products (Scheme 3.11). The NMR
experiments confirmed the occurrence of the metathesis reaction between
ReO2(CH2tBu)(CHtBu) and 1-hexene, thereby lending further support to the hypothesis
that rhenium oxo–alkylidene species are likely to be the active species of the
rhenium-based heterogeneous catalysts.
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Scheme 3.11 1H NMR monitoring of ReO2(CH2tBu)(CHtBu) reacting with 1-hexene.
The low metathesis activity of ReO2(CH2tBu)(CHtBu) has to be discussed here.
Herrmann and co-workers used IR and Raman spectroscopy to demonstrate that
π-donor ligands lower the Re–O bond order of L–ReO3 as a result of their
electron-donating abilities and more electron-deficient complexes, L–ReO3, in which L
is σ donor, has a higher Re–O bond order.[68] Accordingly, CH3ReO3 has two pseudo
Re–O triple bonds and the rhenium center of CH3ReO3 gains more electrons than one
would expect. Based on the said statement, ReO2(CH2tBu)(CHtBu) would have two
pseudo Re–O triple bonds as well and therefore it is not electron-deficient enough to
be an efficient metathesis catalyst. In the presence of B(C6F5)3, the triple bond character
of the Re–O bond in ReO2(CH2tBu)(CHtBu) is reduced owing to the coordination of the
oxo ligand to B(C6F5)3, which render the rhenium center more electron-deficient. Hence,
an additional Lewis acid, such as B(C6F5)3, is required to enhance the metathesis activity
of ReO2(CH2tBu)(CHtBu).
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3.2.4 Kinetics and Stereoselectivity
As was mentioned previously, synthesis or trapping of rhenium alkylidene species in
the course of the reaction of L–ReO3 with olefins is complicated by the inefficient
initiation and rapid propagation. This difficultly can be rationalized through
comparison of CH3ReO3 and ReO2(CH2tBu)(CHtBu) in terms of metathesis activity. As
illustrated in Scheme 3.12, CH3ReO3 and ReO2(CH2tBu)(CHtBu) exhibit dramatically
different

reactivity either in the

ROMP reaction of norbornene or in the

cross-metathesis of 1-hexene. If the methyl and neopentyl groups are regarded as
spectator ligands, CH3ReO3 could be considered as a pseudo precursor of
ReO2(CH2tBu)(CHtBu) obtained from the pseudo-Witting reaction of (tBuCH2)ReO3 and
di-tert-butylethylene. Specifically, the reaction between CH3ReO3 and an alkene can be
viewed as an initiation step and the reaction between ReO2(CH2-t-Bu)(CH-t-Bu) and an
alkene as a propagation step. Furthermore, for the metathesis reactions catalyzed by
O Re O
O

no polymerization.

r.t.
t-Bu
H
O Re
O

t-Bu
n

r.t.

(C6F5)3B O Re O
O

no cross-metathesis products.
(It can work at higher temperature)

r.t.
t-Bu
H
(C6F5)3B O Re
O

t-Bu

r.t.

Scheme 3.12 Comparison of CH3ReO3 and ReO2(CH2tBu)(CHtBu)
in term of metathesis activity.
79

Chapter 3

L–ReO3, major proportion of the precatalyst remains unreacted after full conversion of
alkenes into the metathesis products, indicating that the active species are low in
concentration but efficient in reactivity.
We also observed a correlation between the structure of the supporting ligand and
stereoselectivity. As demonstrated in Table 3.2, the percentage of cis–polynorbornene
is directly proportional to the steric bulk of the supporting ligand. In addition, the
stereochemistry of the polymers was found to be temperature dependent. Lower
reaction temperature favors the formation of cis polymers. Re(VII) complexes have no
d electrons on the rhenium center and they are supposed to have a rigid metal center.
Stereomutation may not be a preferred process for those Re(VII) complexes.[69] Further
mechanistic studies addressing the selectivity trends are warranted. This data may
prove essential for the design of new high cis-content selective polymerization
catalysts.
Table 3.2 Comparison of the ratio of cis-polynorbornene in ROMP reactions for various
rhenium catalysts.
Catalyst

temperature

cis-norbornene (%)a

1

ReO2(CH2tBu)(CHtBu)

rt

~100%

2

ReO3(C6F5)3THF

rt

~90%

3

[CH3ReO2{OB(C6F5)3}]

rt

~65%

4

[CH3ReO2{OB(C6F5)3}]

−78 oC warmed to rt

~100%

a The estimate was made on the basis of 1H NMR or 13C NMR.

3.3 Conclusions
The reactivity tests in either ROMP or cross-metathesis reactions and comparisons of
CH3ReO3 and ReO2(CH2tBu)(CHtBu) in terms of metathesis activity suggested that the
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inefficient initiation and rapid propagation are characteristic for rhenium-based
catalytic systems. The transformation of Cp*ReO3 to the rhenium carbene species
through the use of Ta(CH2CMe3)3(CHCMe3) has been demonstrated. Experimental
evidence for the pseudo-Wittig reaction was demonstrated, suggesting that the
rhenium alkylidene species could be furnished from the high oxidation state
rhenium-oxo complexes. The herein disclosed Re carbene was found to undergo
complexation with B(C6F5)3, thereby furnishing an active olefin metathesis catalyst.
NMR spectroscopy provided unambiguous confirmation for the coordination of
ReO2(CH2tBu)(CHtBu) to B(C6F5)3. The resulting complex was found to be active in cross
metathesis of 1-hexene. Overall, the present catalytic system may be regarded as a
homogeneous model of the hypothesized active species present of the heterogeneous
catalysts. The findings from the present study are consistent with our previous
gas-phase studies and constitute the elucidation of the mechanism of generation of
the metathesis active rhenium center on the surface.

81

Chapter 3

3.4 Appendix
3.4.1 1H NMR of Cp*Re(tBu)(tBu)(–Cl) (300 MHz, CD2Cl2)
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3.4.2

C NMR of Cp*Re(tBu)(tBu)(–Cl) (125 MHz, CD2Cl2)
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3.4.3 HSQC of Cp*Re(tBu)(tBu)(–Cl) (500 MHz, CD2Cl2)
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3.4.4 HMBC of Cp*Re(tBu)(tBu)(–Cl) (500 MHz, CD2Cl2)
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3.4.5 NOE (1) of Cp*Re(tBu)(tBu)(–Cl) (500 MHz, CD2Cl2)
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3.4.6 NOE (2) of Cp*Re(tBu)(tBu)(–Cl) (500 MHz, CD2Cl2)
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3.4.7 NOE (3) of Cp*Re(tBu)(tBu)(–Cl) (500 MHz, CD2Cl2)
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3.4.8 NOE (4) of Cp*Re(tBu)(tBu)(–Cl) (500 MHz, CD2Cl2)
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3.4.9 1H NMR monitoring of ReO2(CH2tBu)(CHtBu) reacting with
1-hexene in the presence of B(C6F5)3 (300 MHz, C6D5CD3)
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Application

of

the

[L–Ir(PPh3)2(CO)]+X−

System for the Description of N-heterocyclic
Carbene Electronic and Steric Properties.
4.1 Introduction
N-heterocyclic carbenes (NHCs) were first suggested as ligands for transition metals by
Herrmann in 1995.[35] Their significant contribution to transition metal chemistry has
been demonstrated by numerous successful examples.[5,36,37,39] NHCs are considered to
be analogous to tertiary phosphine ligands.[35] However, the resulting complexes often
perform superior to those bearing ubiquitous phosphines in terms of catalytic activity
and stability. In order to rationalize this effect brought about by NHCs, a detailed
understanding of the coordination between NHCs and transition metals is required.
Tolman’s electronic parameter (TEP) is the symmetrical carbonyl stretching
frequency of L–Ni(CO)3.[41] The TEP is a frequently-used entity to quantify the electronic
properties of N-heterocyclic carbenes and phosphines. This electronic parameter can
be obtained through measuring the symmetrical carbonyl stretching frequency of
L–Ni(CO)3. It makes use of the fact that the electron density of a ligand can influence
the metal-to-carbonyl π-back bonding into the π* orbital of CO.[40] Hence, the stronger
the σ-donating ability of the ligand, the lower the CO stretching frequency will be.
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However, the extreme toxicity and volatility of Ni(CO)4 as well as the difficulty to
replace only one CO for strong σ donors, such as NHCs, has limited the utilization of
L–Ni(CO)3 as a general system for quantifying the electronic properties of ligands.
Square-planar complexes such as cis–[L–IrCl(CO)2] and cis–[L–RhCl(CO)2] have therefore
found use as alternative systems, owing to their simple preparation and easy
treatment.[43]
Vaska’s

complex,

trans-chlorocarbonylbis(triphenylphosphine)iridium(I),

was

reported in 1961.[1] This square-planar complex is an important model compound for
mechanistic studies in homogeneous catalysis. The metal center has 16 valence
electrons and is therefore considered as coordinatively unsaturated. The complex
undergoes oxidative addition with halogens, acids, and electrophiles to give a
six-coordinate 18-electron compound.[71] Besides, oxygen can bind to Vaska’s complex
to give a dioxygen adduct, which reverts to the parent complex upon heating or
flushing with an inert gas.[72] In general, replacement of the chloride ligand of Vaska’s
complex can be carried out via introducing a nucleophilic ligand L in the presence of a
sodium salt to give products with the general formula [L–Ir(PPh3)2(CO)]+X — .[73] The
resultant Vaska-type complexes are good candidates for exploring the electronic and
steric properties of the supporting ligands. Compared to the L–Ni(CO)3 system, the
advantages of using the Vaska-type complexes include the simple and non-hazardous
preparation and their remarkable stability. The carbonyl group is situated directly
trans to the ligand employed and the carbonyl stretching frequency should therefore
be affected significantly by the electron density of the ligand. Furthermore, this system
has only one carbonyl group and the interaction between the ligand and the carbonyl
group is simpler than in the bis-carbonyl and tris-carbonyl systems, and the further
interpretation is therefore more straightforward.
The measured CO stretching frequency may be susceptible to the environment.
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Especially for solution-state infrared spectroscopy, the influence of the reference
solvent is sometimes substantial. This may be caused by, e.g., a change in the
preferred conformation of the molecule due to the surrounding solvent or the
solvent–induced polarization which may increase the ionic bond character of the
molecule. Gas-phase infrared spectroscopy can offer us an opportunity to probe the
conformations

of

such

molecules

without

any

interference

by

solvents.

[L–Ir(PPh3)2(CO)]+X— is composed of a monocationic iridium complex and a counterion.
It can be brought into the gas phase with the loss of the counterion via electrospray
ionization (ESI). The corresponding gas-phase vibrational spectra can therefore be
obtained by IR-UV double resonance techniques.[74] It can be envisaged that the
carbonyl stretching frequencies acquired in the gas phase would reflect the electronic
properties of N-heterocyclic carbenes more appropriately than those obtained from
solution-phase IR spectroscopy.
As for describing the steric properties of N-heterocyclic carbenes, several steric
parameters such as Tolman’s cone angle and the buried volume %Vbur haven been
proposed.[41b,45a,45b] However, it has to be pointed out that such one-parameter steric
descriptions represent merely a snap shot, and the extent of flexibility of the ligands is
underestimated.[45a,45d]

In

Vaska-type

complexes,

two

triphenylphosphines

are

coordinated cis to the ligand of interest and should thus be fairly sensitive to the steric
environment brought about by the ligand. It has been reported that an increased
pyramidalization of phosphorus as a result of steric effects causes the

31

P NMR signal

to shift more upfield.[75] Furthermore, the structural information obtained from NMR
often represents a dynamic average rather than a stationary point. In principle,

P

31

chemical shifts should thus be able to reflect the steric flexibility of the supporting
ligands. Accordingly,

31

P NMR chemical shifts are employed here as an indicator for

describing the steric properties of the variable ligand in Vaska-type complexes.
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4.2 Results and Discussion
4.2.1 Synthesis and Characterization of Vaska-type Complexes
With the purpose of exploring the electronic properties of different N-heterocyclic
carbenes, a series of [(NHC)–Ir(PPh3)2(CO)]+X complexes was synthesized. The
abbreviations for these complexes are based on the ligand which is located trans to
the

carbonyl

group.

For

instance,

when

the

ligand

employed

is

1,3-dimethylimidazole-2-ylidene, the abbreviation for this iridium complex is IMe. The
syntheses of NHC-based Vaska-type complexes are described below.
IMe

was

prepared

by

reaction

of

Ir(PPh3)2(CO)Cl

with

1,3-dimethylimidazolium-2-carboxylate in acetonitrile.[73a] The mixture was filtered,
dried in vacuo, and recrystallized from dichloromethane/diethyl ether to give the
product as yellow prisms (Scheme 4.1). SIMe was obtained by reaction of
[Ir(PPh3)2(CO)Cl],

NaBF4,

and

1,1’,3,3’-tetramethyl-2,2’-bis-imidazolidinylidene

in

acetonitrile at 60 oC, followed by evaporation of the solvent, and recrystallization from
dichloromethane/diethylether to afford the product as yellow crystals (Scheme 4.2).[73b]
IiPr, Ibenzyl, IPh were synthesized according to the procedure described hereafter. To
a suspension of Ir(PPh3)2(CO)Cl and NaBF4 in acetonitrile was added a solution of the
free N-heterocyclic carbene in acetonitrile or THF. The mixture was stirred overnight,
filtered, washed with diethyl ether, and evaporated to remove the solvent. The crude
product was purified by column chromatography over silica gel to give a yellow residue,
which was recrystallized from dichloromethane/diethylether to give the product as
yellow crystals (Scheme 4.3-5). [Ir(PPh3)3(CO)]+OTf—, which is abbreviated as PPh3, was
also synthesized for comparison with the N-heterocyclic carbene complexes. It was
prepared by reaction of Ir(PPh3)2(CO)(OTf) with PPh3 in dichloromethane.[73c] After
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removal of the solvent, the orange residue was collected and washed with toluene and
diethylether to give the product as an orange powder (Scheme 4.6). X-ray structures of
all the reported complexes are illustrated in the Appendix.
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O
O

NH4BF4 +

+

O

NH

N

HN

120 oC, 3 h

H

K-OtBu

N
H

THF, 1 h, rt

BF4

Yield = 86%
Cl
Ph3P Ir PPh3
C
N

N

O

N

N

CH3CN, 12 h, rt

N

N

Ph3P Ir PPh3
C

BF4

O

Yield = 57 %

Yield = 84%

SIme

Scheme 4.2 Synthesis of SIMe.
Cl
Ph3P Ir PPh3
C
i-Pr

N

N

K-O-tBu
i-Pr

THF, 1 h, rt
H

i-Pr

N

N

O
i-Pr

Cl

and NaBF4

CH3CN, overnight, rt

i-Pr

N

N

Ph3P Ir PPh3
C
O

Yield = 86%

Scheme 4.3 Synthesis of IiPr.
95

i-Pr

IiPr

BF4
Yield = 39%

Chapter 4

Ph

N

Cl

N

Ph

Ph

N

Ph

N

Toluene, reflux, 3 d

H

H

Ph

N

Yield = 83%

Ph3P Ir PPh3

Ph

C

N

N

Ph

THF, 1 h, rt

Cl

Cl

O

K-OtBu

Yield = 62%

Ph

N

and NaBF4
Ph3P Ir PPh3

CH3CN, overnight, rt

C

BF4

O

Yield = 39%

Ibenzyl

Scheme 4.4 Synthesis of Ibenzyl
NH2

1. glyoxal(aq), methanol,
rt, 24 h.

N

Ph

2. (CH2O)n, ethyl acetate,
HCI in dioxane (4M), 0 oc to rt
3. NaHCO3(aq), HBF4

N

K-OtBu
Ph

THF, 1 h, rt

H

Ph

BF4

N

N

Ph

Light-sensitive,
prepared in situ

Yield = 24%

Cl
Ph3P Ir PPh3
C
O

and NaBF4

Ph

N

N

Ph

Ph3P Ir PHPh3

CH3CN, overnight, rt

C
O

IPh

BF4
Yield = 30%

Scheme 4.5 Synthesis of IPh
CF3
O S O
Cl

AgOTf

Ph3P Ir PPh3
C

CH2Cl2, 1 h, rt

O

PPh3

O
Ph3P Ir PPh3
C

CH2Cl2, 24 h, rt

PPh3
Ph3P Ir PPh3
C
O

O

PPh3

Scheme 4.6 Synthesis of PPh3.

96

OTf
Yield = 95%

Application of [L–Ir(PPh3)2(CO)]+X– for the Description of NHC Electronic and Steric Properties

4.2.2 Infrared Spectroscopy
IMe, SIMe, IiPr, Ibenzyl, IPh, and PPh3 were studied by FT-IR spectroscopy in
dichloromethane. Each spectrum featured one carbonyl stretching band of similar
intensity. The carbonyl stretching frequencies are listed in Table 4.1. The NHC
complexes generally have a lower carbonyl stretching frequency than the PPh3 complex.
The saturated NHC complex (SIMe) has a slightly higher CO stretching frequency than
the unsaturated analogue (IMe). All NHC complexes used here have rather similar CO
stretching frequencies. Similar results were observed as well for Nolan’s system,
L–Ir(CO)2Cl. Nevertheless, a good linear fit cannot be obtained between the
experimental carbonyl frequencies obtained for [L–Ir(PPh3)3(CO)]+X— and the calculated
TEP (Figure 4.1). This poor correlation implies that (1) the carbonyl stretching
frequency may be effected significantly by solvents, or (2) the factors by which the
ligand influences the carbonyl stretching frequency of the iridium square-planar
complexes, [L-Ir(PPh3)3(CO)]+X—, may be different from those acting in the tetrahedral
nickel complexes, L-Ni(CO)3. The different coordination geometries around the metal
in Ir versus Ni complexes may bring about the poor correlation. It is not clear at this
stage whether the solvent effect or the coordination geometry effect causes the
inconsistency between the two systems. Gas-phase infrared spectroscopic studies can
provide the vibration patterns in the absence of solvents, hence allowing to assess the
solvent effect. To this end, we are waiting on collaborations. On the other hand, a
comprehensive theoretical study into the bonding between the ligand L and the
iridium fragment, [Ir(PPh3)2CO]+ can offer us the opportunity to correlate the carbonyl
stretching frequency to the individual orbital interactions quantitatively, and a fitting
equation can therefore be obtained. Consequently, the geometry effect can be
determined as well. We will discuss the geometry effect more thoroughly in chapter 5.
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Table 4.1 Carbonyl Stretching frequencies for [L–Ir(PPh3)2(CO)]+X
L

X

Solvent

νco (cm-1)

TEPa

IPh

BF4

CH2Cl2

1998.0

2127.9

Ime

Cl

CH2Cl2

1999.2

2128.3

Py

OTf

CH2Cl2

1999.9

2145.2

SIme

BF4

CH2Cl2

2000.7

2128.3

IiPr

BF4

CH2Cl2

2000.9

2125.3

Ibenzyl

BF4

CH2Cl2

2001.9

2128.0

PPh3

OTf

CH2Cl2

2016.9

2141.8

a The TEP values for various ligands were calculated at the B3PW91/D95(d), Ni:SDD(f)
level of theory by Dr. Erik P. A. Couzijn.
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Figure 4.1 Relation between the experimental carbonyl frequencies obtained for
[Ir–(PPh3)3(CO)]+X— and the calculated TEP.
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4.2.3 Description

of

the

Steric

Properties

of

NHCs

in

the

[L–Ir(PPh3)2(CO)]+X System
One-parameter steric descriptions for NHCs, such as Tolman’s cone angle and the
buried volume %Vbur, are based on structural information obtained from CPK models,
X-ray structures or theoretical geometry optimizations. Such data represent merely a
static state, and the extent of flexibility of NHCs may therefore be underestimated. In
order to quantify the steric factors characterizing NHCs more properly, establishment
of an experimental dynamic model is required. In the [L–Ir(PPh3)2(CO)]+X— system, it can
be envisaged that the steric effect brought about by a bulky ligand can cause the cis
PPh3 ligands to pyramidalize more and thus their

31

P NMR chemical shift moves more

up field. Since solution-state NMR spectroscopy often provides a dynamic average
structure rather than a stationary one, it should describe the spatial flexibility of NHCs
more appropriately than the abovementioned static representations. Consequently,
the 31P NMR chemical shift is used here as a probe to quantify the steric properties of
NHCs as well as those of other ligands. It is noted here that the electronic effects of the
ligand may play a role in the 31P NMR chemical shift, but less significant as the ligand is
located cis to the two PPh3 ligands.
The

31

P NMR chemical shifts for the Vaska-type iridium complexes are listed in

Scheme 4.7. The distribution of 31P NMR chemical shifts can be rationalized in terms of
the bulkiness of the supporting ligand. The more bulky the ligand, the more up field
the

31

P NMR chemical shift. Hence, Triphenylphosphine is the bulkiest, followed by

NHCs, pyridine, and triflate. Comparing the saturated NHC (SIMe) and the unsaturated
one (IMe),

31

P NMR spectroscopy reveals that the saturated NHC is sterically slightly

more encumbering than the unsaturated one, which agrees with other models.[45a] A
detailed comparison across the group of NHCs affords a fairly reasonable correlation
between the bulkiness and rigidity of the substituent group on the nitrogen atoms and
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the

31

P NMR chemical shift, indicating that the flexibility of the substituents on

nitrogen for NHCs can be defined properly via examining the 31P signal of PPh3 in the
[L–Ir(PPh3)2(CO)]+X — system. It should be emphasized here that the steric factors
acquired from 31P NMR spectroscopy reflect the steric repulsion between the ligand and
triphenylphosphine in these square-planar iridium complexes. It may not be valid as a
general steric description for other metal complexes because the ligand may not retain
the same conformation as the coordination geometry changes.
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Scheme 4.7 31P NMR chemical shifts for a variety of iridium complexes bearing
different ligands.

4.3 Conclusions
The reported Vaska-type complexes are square-planar and contain one carbonyl group,
one coordinating ligand, and two triphenylphosphines. The carbonyl group is located
trans to the coordinating ligand and the CO stretching frequency should directly
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reflect the electronic properties of the ligand. Two triphenylphosphines are situated cis
to the coordinating ligand and can be used as an indicator for describing the steric
properties of the ligand. As a result, this complex is chosen as a model system for
quantifying the electronic and steric properties of N-heterocyclic carbenes as well as of
other ligands. A variety of Vaska-type iridium complexes were synthesized and
characterized. A reasonable correlation between the bulkiness of the coordinating
ligand and the

31

P NMR chemical shift was observed. Besides,

31

P NMR signals can

reflect the extent of flexibility of the substituent groups on nitrogen for NHCS
accurately. Furthermore, the solution-phase infrared spectroscopy for these iridium
complexes was also studied. The results exhibit that (i) the NHC complexes have
generally a lower carbonyl stretching frequency than the PPh3 complex, (ii) the
saturated NHC complex has a slightly higher CO stretching frequency than the
unsaturated one, and (iii) NHC complexes have similar CO stretching frequencies. It is
reputed that a more donating ligand will increase the electron density at the
coordinated

metal

and

thus

lower

the

carbonyl

stretching

frequency

by

metal-to-carbonyl π-back bonding. Based on this argument, the NHCs used in this
study

have

comparable

electron-donating

abilities,

and

they

are

more

electron-donating than PPh3. To conclude, FT-IR and 31P NMR spectroscopy suggest that
the NHCs used in this study are electronically similar but sterically divergent.
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4.4 Appendix
4.4.1 XRD Structure of IMe

Figure 4.2 Crystal

structure

of

trans-bis(triphenylphosphine)(carbonyl)(1,3

-dimethylimidazol-2-ylidene)iridium(I) chloride (chloride not shown here) (ORTEP plot,
50% probability ellipsoids). Selected distances (Å ) and angles (o): Ir1—C28 1.878(9),
Ir1—C21 2.081(8), Ir1—P2 2.3223(17), C28—Ir1—C21 179.9(3), C28—Ir1—P2a
86.76(4), C21—Ir1—P2a 93.23(4), C28—Ir1—P2 86.76(4), C21—Ir1—P2 93.24(4).
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4.4.2 XRD Structure of SIMe

Figure 4.3 Crystal

structure

of

trans-bis(triphenylphosphine)(carbonyl)(1,3-

dimethy-4,5-dihydroimidazol-2-ylidene)iridium(I) tetrafluoroborate (BF4 — not shown
here) (ORTEP plot, 50% probability ellipsoids). Selected distances (Å ) and angles (o):
Ir1—C26 1.875(6), Ir1—C21 2.071(5), Ir1—P2 2.3134(12), Ir1—P3 2.3146(13),
C26—Ir1—C21

177.6(2),

C26—Ir1—P2

88.77(16),

C21—Ir1—P2

C26—Ir1—P3 92.67(16), C21—Ir1—P3 89.49(14), P2—Ir1—P3 176.47(5).
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4.4.3 XRD Structure of IiPr

Figure 4.4 Crystal

structure

of

trans-bis(triphenylphosphine)(carbonyl)(1,3-

diisopropylimidazol-2-ylidene)iridium(I) tetrafluoroborate (BF4

—

not shown here)

(ORTEP plot, 50% probability ellipsoids). Selected distances (Å ) and angles (o): Ir1—C19
1.870(5), Ir1—C21 2.075(5), Ir1—P4 2.3154(13), Ir1—P2 2.3259(13), C19—Ir1—C21
178.0(2), C19—Ir1—P4 86.07(16), C21—Ir1—P4 94.06(13), C19—Ir1—P2 87.95(16),
C21—Ir1—P2 92.10(13), P4—Ir1—P2 171.91(4).
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4.4.4 XRD Structure of Ibenzyl

Figure 4.5 Crystal

structure

of

trans-bis(triphenylphosphine)(carbonyl)

(1,3-dibenzylimidazol-2-ylidene)iridium(I) tetrafluoroborate (BF4 — not shown here)
(ORTEP plot, 50% probability ellipsoids). Selected distances (Å ) and angles (o): Ir1-C21
1.851(5), Ir1-C2 2.076(4), Ir1-P23 2.3167(10), Ir1-P43 2.3228(10), C21-Ir1-C2
173.79(18), C21-Ir1-P23 88.37(12), C2-Ir1-P23 90.81(11), C21-Ir1-P43 90.54(12),
C2-Ir1-P43 90.25(11), P23-Ir1-P43 178.87(4).
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4.4.5 XRD Structure of PPh3

Figure 4.6 Crystal structure of (carbonyl)tris(triphenylphosphine)iridium(I) triflate
(triflate not shown here) (ORTEP plot, 50% probability ellipsoids). Selected distances (Å )
and angles (o): Ir1-C92 1.854(11), Ir1-P73 2.334(3), Ir1-P113 2.355(3), Ir1-P94 2.402(3),
C92-Ir1-P73 87.5(4), C92-Ir1-P113 84.9(4), P73-Ir1-P113 172.07(10), C92-Ir1-P94
92.85(10). The other conformation in the unit cell is represented in Figure 4.7.
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Figure 4.7 Crystal structure of (carbonyl)tris(triphenylphosphine)iridium(I) triflate
(triflate not shown here) (ORTEP plot, 50% probability ellipsoids). Selected distances (Å )
and angles (o): Ir2-C1 1.879(11), Ir2-P3 2.325(3), Ir2-P41 2.356(3), Ir2-P22 2.390(3),
C1-Ir2-P3 89.2(4), C1-Ir2-P41 83.8(4), P3-Ir2-P41 171.99(9), P41-Ir2-P22 92.26(10).
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A Theoretical Study for the Description of
the

Coordination

of

Ligands

in

the

[L–Ir(PPh3)2(CO)]+ System
5.1 Introduction
The chemical and physical properties of transition metal complexes vary mainly with
the electronic and steric effects of the ligands. Several models for the description of
these properties of the ligands have been developed.[40] Of these, Tolman’s electronic
parameter (TEP) is an established entity which is widely used by organometallic
chemists. It was originally established through recording the A1 symmetrical νCO
stretching vibration of complexes PR3–Ni(CO)3 for various phosphines.[41] A lower
carbonyl stretching frequency indicates a stronger donating phosphine on account of
increased metal-to-carbonyl π-back bonding. The TEP was later used for quantifying
the electronic property of other ligands, such as N-heterocyclic carbenes, divalent
carbon(0) compounds, etc.[76]
Tolman thought that the σ-donor ability and the π-acceptor strength of tertiary
phosphines are the two primary elements of the coordinating power of phosphines. [X]
At the present time, it is believed that the net donor ability of phosphines as well as of
other ligands can be quantified by TEP. A small TEP number for a ligand refers to a
strong net donor ability. With the intention of having an in-depth understanding of the
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physical meaning of Tolman’s electronic parameter, several theoretical approaches
have been proposed.[77] Quantitative analysis of ligand effects (QALE) is a statistical
method for describing the stereoelectronic properties of a ligand by introducing four
parameters d, , Ear, and πp.[77a] Here, d indicates the pure donor ability without any π
contributions,  is a steric parameter based on Tolman’s cone angles, Ear is called the
aromatic effect which reflects the electronic influence exerted by non-alkyl
substituents, and πp describes the π-acidic character of the ligands. QALE is
established through a combination of regression and graphical analysis of the
available experimental data including Tolman’s electronic parameters and Tolman’s
cone angles as well as thermodynamics (H0, S0, G0), kinetics (reaction rates), and
electrochemical (E0) data. Based on QALE, TEP can be decomposed into σ-donor (d)
and π-acceptor (πp) contributions. However, QALE relies on very detailed experimental
data for the ligand of interest and therefore it lacks of predictive power for
experimentally unexplored ligands. Besides, the number of independent equations
required for regression and graphical analysis can be up to 30, which limits the
application of QALE.[77e]
Koga and Suresh employed Vmin to correlate with TEP for Phosphines PR3.[77c] Vmin is
defined as the minimum value of the molecular electrostatic potential (MESP) in the
region of the phosphorus lone pair, which is determined by DFT calculations. They
found that a good correlation is obtained between Vmin and TEP for PR3. Moreover, the
Ni-P bond strengths E, as determined for the reaction Ni(CO)3 + PR3  Ni(CO)3PR3, are
also linearly proportional to the Vmin values. Suresh and Mattew used a similar strategy
for N-heterocyclic carbenes to correlate Vc (the minimum of the MESP at the carbene
nucleus) with TEP and they found a good linear relationship as well.[77f] Nevertheless,
Koga noticed that if there is a strong metal-to-phosphorus π-back bonding, the
R3P–Ni(CO)3 bond strengths and Vmin do not fit to a line, suggesting that the use of Vmin
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alone for describing the bonding between PR3 and Ni(CO)3 is not sufficient. Indeed,
they reasoned that Vmin is basically a quantitative measure of the σ-donating ability for
PR3. However, the interpretation for Tolman’s electronic parameter in terms of only
σ-donor ability is not appropriate.
The elucidation of TEP by using only one variable, such as σ-donor ability,
oversimplifies the bonding interactions between the ligands and transition metals. A
theoretical model which can describe the coordination of ligands in transition metal
complexes in a comprehensive manner would therefore be valuable. One may then use
this model to extract the electronic factors of the ligands in transition-metal
complexes from the corresponding carbonyl stretching frequencies.
As Tolman mentioned, ―we could have chosen some other carbonyl complexes, but
L–Ni(CO)3 forms rapidly on mixing Ni(CO)4 and L in a 1:1 ratio at room temperature,
even if L is very large‖,[X] other transition carbonyl complexes could be employed as
well for exploring the electronic properties of ligands. Given that the shift of the
carbonyl stretching frequency is an indication for the electronic properties of the
ligand, it should hold true for any transition metal carbonyl complex. However, as was
already noted in the previous chapter, an inconsistency exists between TEP and the νco
obtained for [L–Ir(PPh3)2(CO)]+[X] complexes. Accordingly, we decided to investigate the
bonding of the ligand L to [Ir(PPh3)2(CO)]+ and seek to find a quantitative correlation
between the orbital interactions and the carbonyl stretching frequency. This can help
us to validate the influence of the coordination geometry around the metal and further
establish a model which can offer a simple approach for extracting the bonding
information from the carbonyl stretching frequency. To this end, the L–Ir bond energy
was decomposed with the recently developed Extended Transition State [78]–Natural
Orbitals for Chemical Valence[1] (ETS-NOCV) model as implemented in ADF.[80]
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5.2 Theoretical Background of ETS-NOCV Analysis
The ETS-NOCV analysis is a combination of the extended transition state (ETS) method
with the natural orbitals for chemical valence (NOCV) theory.[78-80] It has to emphasized
here that the said transition state does not stand for a maximum on the potential
energy. It denotes the midway between the combined fragments and the final
molecule. The ETS-NOCV analysis not only makes it possible to decompose the
deformation density into chemically different components (such as σ, π, δ, etc.) of the
chemical bond, but it also provides the corresponding energy contributions to the
total bond energy. Thus, the ETS-NOCV analysis offers a quantitative picture of the
chemical bond formation within a theoretical framework.
Based on the ETS method, the total bonding energy E between two or more
interacting fragments is divided into two major components. The first one is the
preparation energy Eprep which corresponds to the amount of energy required to
deform the separate fragments from their equilibrium structure to their geometries in
the total molecule, and to excite them to their valence electronic configurations. The
second one is the interaction energy Eint between the fragments, which is further
decomposed into three chemically meaningful components, Velst, Epauli, and Eoi. Velst
is the classical electrostatic interaction between the fragments as they are brought to
their positions in the final complex. EPauli refers to the repulsive Pauli interaction
between occupied orbitals of different fragments in the final molecule. Eoi represents
the stabilizing interactions between the occupied molecular orbitals on one fragment
and the unoccupied molecular orbitals on the other fragment as well as mixing of
occupied and virtual orbitals within the same fragment after the two fragments have
been brought together. That is, Eoi reflects the stabilization gained by relaxation of
the sum-of-fragments electron density to the density of the total molecule.
112

A Theoretical Study for the Description of the Coordination of Ligands In [L–Ir(PPh3)2(CO)]+

E = Eprep + Eint

(1)

Eint = Velst + Epauli + Eoi

(2)

The difference between the sum-of-fragments density and that of the total molecule
is

called

the

deformation

density.

NOCV

analysis

is

derived

from

the

Nalewajski-Mrozek valence theory. Each NOCV i is defined as an eigenvector of the
deformation density matrix on the basis of the fragment orbitals.
P i = viI

(3)

Therefore, the deformation density  can be expressed in the NOCV representation as
a sum of pairs of complementary eigenvectors (-k,k) corresponding to eigenvalues −vk
and vk with the same absolute value but opposite signs:
(r) = k(r) =  vk[−2-k(r) + 2k(r)]

(4)

Chemically speaking, vk denotes the net charge flow from donors to acceptors and
NOCV pairs are donor and acceptor pairs. In the combined ETS-NOCV scheme, Eoi can
be expressed in terms of contributions from NOCV paris as
Eoi =  Ekoi =  vk[−FTs-k + FTSk]

(5)

Here, FTs-k and FTSk are diagonal transition-state Kohn-Sham matrix elements
corresponding to NOCVs with eigenvalues −vk and vk. Each NOCV pair represents one
of the charge delocalizations k. One can not only visualize k, but also obtain the
energy contributions of k to the bond energy.
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5.3 Results and Discussion
5.3.1 ETS-NOCV Analysis of the Iridium-ligand bond
We performed computational ETS-NOCV analyses of the iridium-ligand bond in
square-planar mono-carbonyl iridium complexes [L–Ir(PPh3)2CO]+ so as to obtain a
more detailed description of the electronic structure of these species and to correlate
the orbital interactions with the carbonyl stretching frequency (Scheme 5.1). In
addition to phosphines and NHCs, CH3CN and pyridine were used as well in order to
obtain a more comprehensive correlation among various ligands. Table 5.1 presents
the results at the BP86/TZP level of theory. The total bonding energy E is decomposed
based on equations (1) and (2). The orbital interaction term Eoi is further deconvoluted
into Eoiσ, Eoiπ, Eoiπ, and Eoirest according to equation (5). Each deformation density
contribution (k) represents a specific orbital interaction. The notation π stands for
the π interactions which are in the coordination plane, and π indicates the π
interactions which are perpendicular to the coordination plane. Herein we use
[(IMe)–Ir(PPh3)2(CO)]+ as a demonstration example for explaining the individual orbital
interactions. Figure 5.1 displays the deformation density contributions (k) that
describe the bond between IMe and the iridium fragment. Green regions denote the
accumulation of electron density, whereas orange regions indicate a depletion of
electron density.
oiσ depicts the formation of the Ir–Cα dative σ bond. As expected, the contours of
oiσ indicate that the σ-bond formation involves electron donation from the lone pair
of Cα of IMe into a d-orbital on iridium, that is, the σ-donation from IMe to
[Ir(PPh3)2(CO)]+. It represents the largest stabilization with Eoiσ = −50.98 kcal mole-1.
oiπ exhibits clearly the π-back bonding from the iridium dxy-orbital into the p orbital
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on the π system of IMe, with an energy contribution of Eoiπ = 8.70 kcal mole-1. It
follows further from Figure 5.1 that another stabilization Eoiπ = 4.45 kcal mole-1
comes from out-of-plane π-back bonding from the iridium fragment to the
α-framework of IMe. Finally, the remaining contributions are combined into Eoirest,
which are mainly different kinds of polarization contributions. oiσ, oiπ, and oiπ
are three major orbital interactions among our systems and thus they are chosen as
the primary parameters to correlate with the carbonyl stretching frequencies. Besides,
the donor and acceptor orbitals for oiσ, oiπ, and oiπ for [(IMe)–Ir(PPh3)2(CO)]+ are
illustrated in the appendix. The contours on CO will be discussed in next session.

L
Ph3P

Ir

Fragmentation
PPh3

C

y

O

x
Scheme 5.1 Fragmentation empolyed in ETS-NOCV analysis of the [L–Ir(PPh3)2(CO)]+
complexes.
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Table 5.1

BP86/TZP ETS-NOCV analysis

of the iridium-ligand bond in the

[L–Ir(PPh3)2(CO)]+ complexes in kcal mol-1
Ibenzyl

Ime

SIme

Py

PPh3

CH3CN

EPauli

190.54

187.35

194.17

112.03

131.47

110.32

Velst

−190.14

−185.85

−189.97

−106.31

−115.93

−92.59

Esterica

0.40

1.50

4.20

5.72

15.54

17.73

Eoi

−77.29

−76.23

−79.30

−51.80

−67.92

−59.40

Eoiσ

−51.24

−50.98

−53.86

−34.95

−45.90

−33.53

Eoiπ

−8.86

−8.70

−8.46

−6.87

−6.32

−9.06

Eoiπ

−4.15

−4.45

−3.98

−2.80

−5.68

−9.33

Eoirest

−13.04

−12.10

−13.00

−7.18

−10.03

−7.48

νcob

2089.50

2091.30

2094.00

2097.10

2104.80

2106.10

a Esteric = EPauli + Velst. b

νco were calculated at the B3PW91/D95(d), Ir:SDD(f) level of

theory.
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Eoiσ = −50.98 kcal mole-1

Eoiπ = −8.70 kcal mole-1

oiσ

oiπ
Eoiπ = −4.45 kcal mole-1

oiπ
Figure 5.1 Contours of deformation density contributions oiσ, oiπ, and oiπ
describing the boning between the cationic iridium fragment and Ime. Green color
denotes the accumulation of electron density and orange color refers to the depletion
of electron density. The first component oiσ was plotted with the contour value 0.002
au and the rest two components, oiπ and oiπ, were plotted wth the contour value
0.0004 au.The corresponding energy contributions Eoiσ, Eoiπ, and Eoiπ are listed.

117

Chapter 5

5.3.2 Statistical Analysis for correlating νco with orbital interactions
It has been pointed out that Tolman’s electronic parameter is a probe for quantifying
the electronic properties of a ligand. In some cases, the emphasis for the electronic
properties lies mainly on the σ-donor ability of the ligand. However, the νco acquired
from any other transition-metal carbonyl complex should reflect the electronic factors
of the ligand employed as well. The application of νco as an electronic probe for the
ligand should not be limited only to the L–Ni(CO)3 complexes. Herein, [L–IrPPh3(CO)]+ is
chosen as the system to correlate the orbital interactions with νco with the intention of
finding a mathematical equation that connects the orbital interactions with νco. First,
the relation between Eoiσ and νco is investigated. As displayed in Figure 5.2, no
rational correlation was obtained, indicating that the interpretation of the shift of νco in
terms of the σ-donor ability of the ligand alone is not appropriate. Besides, no
reasonable relationship could be found either for correlating Eoiπ or Eoiπ individually
with νco.

2110
CH3CN

νco (cm-1)

2105

PPh3

2100
Py

2095

SIMe
IMe
Ibenzyl

2090
2085

-40

-50

-60

-70

-80

-90

Eoiσ (kcal mol-1)
Figure 5.2 Relation between between Eoiσ and νco for the basic framework
[L–Ir(PPh3)2(CO)]+.
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Thus, employment of one parameter to relate with νco failed to give a rational
correlation. Multivariate regression analysis was therefore carried out here to
correlateνco with Eoiσ, Eoiπ, and Eoiπ combined, assuming that νco relates linearly to
the Eoi contributions. The fitting equation was obtained as

νfit = 2120 − 0.12(04) IEoiσI − 3.81(14) IEoiπI + 2.61(21) IEoiπI [cm-1]

(6)

With an R2 value of 0.9632, indicating a fairly good correlation (Figure 5.3).

νfit = 2120 - 0.12(04) IEoiσI - 3.81(14) IEoiπ I + 2.61(21)
IEoiπ I

νfit (cm-1)

2108

PPh3

2103

R² = 0.9632

2098
2093

CH3CN

Ibenzyl

Py

IMe
SIMe

2088

2085

2090

2095

2100

2105

2110

νco (cm-1)
Figure 5.3 Linear regression between νfit and νco. The fitting equation was obtained
from multivariate regression analysis ofνco with Eoiσ, Eoiπ, and Eoiπ.
Based on the fitting equation, the carbonyl stretching frequency is lowered by the
enhancement of Eoiσ and Eoiπ, but is increased with Eoiπ. The deformation density
contributions can provide us a reasonable explanation for the influence of Eoiσ and
Eoiπ. As shown for oiσin Figure 5.1, the σ-bond donation from IMe to the iridium
fragment results in the accumulation of electron density in the lone-pair region of the
carbon atom in the carbonyl group. The additional electron density on the lone pair of
the carbon atom donates into the σ* orbital of the carbonyl group and thus the CO
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bond is elongated, resulting in a downshift of the carbonyl stretching frequency
(Figure 5.4). On the other hand, the out-of-plane π-back bonding from the iridium
fragment to the α-carbon of IMe weakens the out-of-plane iridium-to-CO π-back
bonding, and thus the resultant CO bond attains more triple-bond character, which
gives rise to an upshift of the carbonyl stretching frequency. Nevertheless, according
to oiπ in Figure 5.1, the in-plane π back bonding from the iridium fragment to IMe
should also cause depletion of electron density in the Ir-CO πII bond, and thus the
iridium-to-carbonyl π back bonding would get weaker, which should result in an
upshift of the carbonyl stretching frequency as well. However, the latter doesn’t agree
with the sign of the coefficient for Eoiπ in the fitting equation (6). What causes this
disparity is not yet clear.

PPh3
L

Ir

C

O

PPh3
Figure 5.4 Illustration of the σ* orbital of the carbonyl group.

5.3.3 Comparison of TEP with νco Obtained from [LIr(PPh3)2(CO)]+
A bad correlation exists between TEP and νco acquired from [L–Ir(PPh3)2(CO)]+. The TEP
is established from tetrahedral L–Ni(CO)3 complexes; however, [L–Ir(PPh3)2(CO)]+ is a
square-planar complex. The inconsistency between TEP and νco acquired from
[L–Ir(PPh3)2(CO)]+ probably results from the fact that both complexes do not adopt the
same coordination geometry. In order to clarify the influence of this geometrical effect,
a correlation equation between νco and orbital interactions was also determined for
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L–Ni(CO)3. This work was carried out by Dr. Erik P. A. Couzijn by examining various
ligands including SIMe, IMe, IPh, PMe3, PPh3, Py, CH3CN, PH3, PCl3, PF3, and CO. The
fitting equation obtained was

νfit = 2062(8) − 2.1(3) IEoiσI + 2.2(6) IEoiπ +EoiπI − 1(3) IEoiσpI R2 = 0.9823

(7)

In addition to the three major orbital interactions used in equation (6), the

σ-polarization is also included in equation (7), as it turned out to still contribute
significantly to the orbital interactions. Furthermore, for L–Ni(CO)3 complexes, due to
the free rotation of the ligand–metal bond, Eoiπ and Eoiπ are combined together in
equation (7). The contours of the deformation density contribution for the

σ-polarization in Me3P–Ni(CO)3 is illustrated in Figure 5.5. Through comparison of
equations (6) and (7), it is clear that the orbital interactions in [L–Ir(PPh3)3(CO)]+ do not
affect the carbonyl stretching frequency in the same way as those in L–Ni(CO)3. The
results suggest that the geometry effect causes the discrepancy between TEP and νco
acquired from [L–Ir(PPh3)2(CO)]+.

Figure 5.5 Contours of the deformation density contribution oiσp, describing the
bonding between the Ni(CO)3 and PMe3. Green color denotes the accumulation of
electron density, and orange color refers to a depletion of electron density. The
contour value is 0.001 au.
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5.4 Conclusions
ETS-NOCV analyses of the iridium-ligand bond in square-planar mono-carbonyl iridium
complexes were carried out. The individual orbital interactions were obtained as Eoiσ,
Eoiπ, Eoiπ, and Eoirest. A linear fitting equation for νco with the individual orbital
interactions was established as equation (6), in which IEoiσI and IEoiπIII suppress the
carbonyl stretching frequency νco, whereas IEoiπI causes it to shift to higher
wavenumbers. The rationale for the inconsistency between TEP and νco acquired from
[L–Ir(PPh3)2(CO)]+ is addressed through comparing this fitting equation with an
analogous one for L–Ni(CO)3 (equation (7)), which suggests that the difference in
coordination geometry is responsible for the discrepancy between the two systems.
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5.5 Appendix
5.5.1 Donor and acceptor orbitals for oiσ, oiπ, and oiπ in
[(IMe)–Ir(PPh3)2(CO)]+
Donor orbital

Acceptor orbital

oiσ

oiπ

oiπ
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Chapter 6
Conclusions
High-valent Rhenium oxo Complexes in Olefin Metathesis
DFT calculations and gas-phase mass-spectrometric experiments suggested the
structural requirements for rhenium oxo complexes that would form metathesis
catalysts by reaction with olefins. A set of rhenium trioxo complexes was therefore
synthesized and demonstrated to be active in olefin metathesis. Systematic variation
of ligands, and in particular, Lewis acidic additives revealed important reaction
parameters, indicating that electron-withdrawing substituents or ligands are beneficial
for olefin metathesis activity. Furthermore, the relationship between perrhenate
(ReO4), perrhenyl (ReO3+), and the metathesis-active rhenium complexes (LReO3) is
elucidated, showing that the chemical behavior of rhenium-based complexes can be
steered through the Lewis acid–base interaction.
The studies of the reactivity in olefin metathesis highly suggested that inefficient
initiation and rapid propagation is characteristic for these rhenium-based catalysts.
The

transformation

of

Cp*ReO3

into

a

rhenium

alkylidene

complex

with

Ta(CH2CMe3)3(CHCMe3) was demonstrated. This pseudo-Wittig reaction is the first
experimental evidence that isolable rhenium alkylidene complexes could be generated
from

high-valent

rhenium-oxo

complexes.

Moreover,

the

precatalyst

ReO2(CH2-t-Bu)(CH-t-Bu) was synthesized, which can be activated with B(C6F5)3 to result
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in

an

active

metathesis

(C6F5)3B-OReO(CH2-t-Bu)(CH-t-Bu)

catalyst.
with

The

1-hexene

was

metathesis
studied

in

reaction

of

situ by NMR

spectroscopy, revealing unequivocally that the rhenium alkylidene is the active species
in this reaction. The system can be regarded as a homogenous model of the
hypothetical species present in the heterogeneous catalytic systems. The present
results are in line with our previous gas-phase studies and provide a comprehensible
elucidation of the mechanism for the generation of active rhenium species on solid
supports.

Validation

of

Tolman’s

Electronic

Parameter

for

the

Description of the Coordination of N-heterocyclic Carbenes in
[L-Ir(PPh3)2(CO)]+X
To quantify the electronic and steric properties of N-heterocyclic carbenes, Vaska-type
iridium complexes were studied as a model system. A variety of complexes
[L–Ir(PPh3)2(CO)]+X was therefore synthesized and characterized. The steric factors
brought about by a bulky ligand can cause the cis PPh3 ligands to pyramidalize more
and thus their

31

P NMR chemical shift moves more up field. A fairly good correlation

between the bulkiness of the ligand and the 31P NMR chemical shift was observed.

31

P

NMR signals are time averaged and thus take into account the extent of flexibility of
the substituent groups on nitrogen for NHCs. Additionally, the iridium complexes were
studied by solution-phase infrared absorption spectroscopy. The NHC complexes have
similar CO stretching frequencies, which are considerably lower than that of the PPh3
complex. It is often stated that a more donating ligand will increase the electron
density at the coordinated metal, causing a lower carbonyl stretching frequency by
metal–to–carbonyl π–back bonding. Based on this argument, the NHCs used in this
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study have comparable electron–donating abilities and are more electron–donating
than PPh3. To conclude, FT-IR and 31P NMR spectroscopy suggest that the NHCs used in
the present study are electronically similar but sterically different.
The donating ability of a ligand can be described by Tolman’s electronic parameter,
which is the symmetrical carbonyl stretching frequency of the corresponding L–Ni(CO)3
complex. However, the experimental carbonyl

frequencies νCO obtained for

[L–Ir(PPh3)2(CO)]+X do not correlate well with calculated TEP values. In order to account
for this discrepancy, ETS-NOCV analyses were carried out for the iridium–ligand bond
in these iridium monocarbonyl complexes. A linear correlation between the individual
orbital interactions and νCO was thus established. The rationale for the inconsistency
between νCO and TEP was addressed by comparing the fitting equations for the
square-planar [L–Ir(PPh3)2(CO)]+ versus the tetrahedral L-Ni(CO)3 complexes, suggesting
that the difference in coordination geometry is responsible for the discrepancy
between the two systems.
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Experimental data
7.1 Syntheses
General Remarks. Unless otherwise stated, all manipulations were carried out under
an argon atmosphere on a vacuum line using standard Schlenk techniques. The
solvent were dried by distillation from the following drying agents prior to use and
were transferred under Ar: CH2Cl2 (CaH2), CH3CN (CaH2), ethanol (Mg), benzene (CaH2),
n-hexane (Na/K), 1,2-dichloroethane (CaH2). IR spectra were recorded on a
Perkin-Elmer FT-IR Paragon 1000 spectrometer. NMR measurements are reported for
Varian Mercury 300 (1H, 300 MHz;

13

C, 75 MHZ), Brucker DRX 400 (1H, 400 MHz;

100 MHZ), Brucker DRX 400 (1H, 400 MHz;

13

13

C,

C, 100 MHZ), and Brucker DRX 500 (1H,

500 MHz; 13C, 125 MHZ) spectrometers. Chemical shifts (δ values) are reported in ppm
with respect to Me4Si (δ = 0 ppm), used as an internal standard for

13

C and 1H NMR.

Coupling constants (J) are given in Hz. 13C NMR was proton broad-band-decoupled. The
multiplicities of peaks are denoted by the following abbreviations: s, singlet; d,
doublet; t, triplet; m, multiplet; br, broad. High resolution ESI and MALDI-MS
measurements, and Elemental analysis were performed respectively by Mass
Spectrometry Service Facility and by the Microanalytical Laboratory of the
Laboratorium fü r Organische Chemie, ETH-Zü rich.

129

Chapter 7

Synthesis of tetra-tert-butyl-salophen[81]
3,5-Di-tert-butylsalicylaldehyde (5 g, 0.02 mol), 1,2-diaminobenzene (1.08 g, 0.01
mol), and ethanol (40 mL) were mixed together. The mixture was refluxed for 3 h. It
was then cooled to room temperature and stored at 20 oC for 24 h. The precipitate
was filtered off, washed with cold ethanol, and dried in vacuo to give the product as
yellow crystals (2.7 g, 50%): mp 191–192 oC; IR (KBr): ν 3022, 3016, 2964, 2909, 2871,
1616, 1576, 1483, 1469, 1440, 1394, 1363, 1273, 1251, 1227, 1216, 1209, 1202,
1172, 880, 786, 779, 725 cm-1; 1H NMR (300 MHz, CDCl3) δ 1.32 (s, 18H), 1.44 (s, 18H),
7.21–7.25 (m, 4H), 7.29–7.33 (m, 2H), 7.44 (d, J = 2.4 Hz, 2H), 8.66 (s, 2H), 13.53 (br,
2H);

13

C NMR (75 MHz, CDCl3) δ 29.4, 31.5, 34.1, 35.1, 118.3, 119.8, 126.8, 127.3,

128.2, 137.2, 140.3, 142.7, 158.6, 164.7; HRMS (MALDI) (M++H, C36H49N2O2) cald:
541.3794. found: 541.3790.

Synthesis of (CH3CN)2Nb(O)Cl3[82]
To a solution of NbCl5 (3 g, 11.1 mmol) in 20 mL of acetonitrile was slowly added an
acetonitrile (15 mL) solution of (Me3Si)2O (1.8 g, 11.1 mmol). The mixture was stirred at
room temperature for 2 h to give a canary yellow solution which was filtered,
concentrated to half volume under reduced pressure, and cooled to 40 oC. The
resultant colorless crystalline product was collected and dried in vacuo to yield
(CH3CN)2Nb(O)Cl3 (2.6 g, 79 %). IR (KBr): ν 3412, 3328, 3252, 1639, 1529, 1484, 1400,
1359, 1114, 1038, 954, 894, 798, 625 cm-1.

Synthesis of complex 1
To a benzene (5 mL) solution of tetra-tert-butyl-salophen (2.73 g, 5 mmol) was added
(CH3CN)2Nb(O)Cl3 (1.5 g, 5 mmol). The initial yellow solution turned into a deep red one
immediately. The mixture was stirred for 4 h, filtered, and evaporated in vacuo. The
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residue was recrystallized with CH2Cl2/hexane to furnish complex 1 as yellow crystals
(2.0 g, 58%): mp 391 oC (dec); IR (KBr): ν 2967, 2908, 2871, 1604, 1581, 1557, 1542,
1464, 1434, 1386, 1364, 1273, 1248, 1185, 906, 856, 757, 570 cm-1; 1H NMR (300
MHz, [D6]DMSO) δ 1.28 (s, 18H), 1.43 (s, 18H), 7.50–7.53 (m, 2H), 7.58 (d, J = 2.1 Hz,
2H), 7.66 (d, J = 2.1 Hz, 2H), 7.80–7.83 (m, 2H), 9.13 (s, 2H);

13

C NMR (75 MHz,

[D6]DMSO) δ 29.3, 31.1, 34.0, 34.9, 118.7, 120.2, 128.9, 129.3, 131.5, 138.6, 140.7,
145.4, 158.4, 164.8; HRMS (MALDI) (M+Cl, C36H46N2NbO3) cacld: 647.2572. found:
647.2571. Anal. Calcd for C36H46N2O3ClNb: C 63.30, H 6.79, N 4.10, O 7.03, Cl 5.19, Nb
13.60; found: C 63.03, H 6.86, N 4.05, O 7.20, Cl 5.25.

Synthesis of complex 2
Complex 1 (100 mg, 0.15 mmol), NaBArF4 (130 mg, 0.15 mmol), and CH2Cl2 (5 mL)
were mixed together. The mixture was stirred for 9 hours, filtered, and evaporated in
vacuo. The residue was recrystallized with CH2Cl2/benzene under Argon atmosphere
to give complex 2 as orange crystals (160 mg, 73%): IR (KBr): ν 2966, 1604, 1546,
1466, 1434, 1399, 1353, 1273, 1245, 1116, 1000, 982, 930, 886, 854, 838, 753, 712,
681, 668 cm-1; 1H NMR (300 MHz, CDCl3) δ 1.29 (s, 36H), 7.19–7.24 (m, 4H), 7.45 (s,
4H), 7.57 (d, J = 2.1 Hz, 2H), 7.72 (br, 8H), 7.93 (d, J = 2.1 Hz, 2H), 8.98 (s, 2H);

13

C

NMR (75 MHz, CDCl3) δ 29.6, 30.8, 34.9, 35.3, 117.4, 117.7, 119.1, 121.5, 122.7,
126.3, 128.7, 129.1, 129.6, 129.9, 130.8, 134.7, 136.0, 139.2, 143.1, 149.6, 156.3,
160.7, 161.4, 162.1, 162.7, 164.0. Anal. Calcd for C68H58N2O3BF24Nb: C 54.06, H 3.87,
N 1.85, O 3.18, B 0.72, F 30.18, Nb 6.15; found: C 54.26, H 4.02, N 1.87.

Synthesis of complex 3
To solution of complex 1 (1.14 g, 1.67 mmol) in acetonitrile (100 mL) was added an
acetonitrile (50 mL) solution of AgReO4 (0.6 g, 1.67 mmol). The mixture was heated to
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70 oC for 10 min and stirred at room temperature for 2 h. The formed yellow
precipitate was collected and extracted with CH2Cl2 to give a yellow solution. It was
filtered to remove AgCl and evaporated in vacuo to furnish the yellow residue which
was recrystallized with CH2Cl2/hexane to yield complex 3 as yellow crystals (1.15 g, 77
%): mp 291 oC (dec); IR (KBr): ν 3024, 3016, 2966, 2908, 2871, 1612, 1584, 1558,
1545, 1274, 1250, 1216, 1206, 935, 885, 848, 793, 779, 768, 758, 727, 719, 696,
672, 668 cm-1; 1H NMR (300 MHz, [D6]DMSO) δ 1.28 (s, 18H), 1.43 (s, 18H), 7.50–7.53
(m, 2H), 7.58 (d, J = 2.4 Hz, 2H), 7.65 (d, J = 2.4 Hz, 2H), 7.79–7.82 (m, 2H), 9.12 (s,
2H); 13C NMR (75 MHz, [D6]DMSO) δ 29.3, 31.1, 34.0, 34.9, 118.8, 120.4, 129.1, 129.5,
131.7, 138.8, 140.9, 145.6, 158.6, 165.1; HRMS (MALDI) (M+ReO4, C36H46N2NbO3)
cacld: 647.2572. found: 647.2571. Anal. Calcd for C36H46N2O7NbRe: C 48.16, H 5.16, N
3.12, O 12.47, Nb 10.35, Re 20.74; found: C 47.91, H 5.21, N 3.15, O 12.41.

Synthesis of phenyltrioxorhenium[48c]
To a cooled (78 oC) solution of Re2O7 (490 mg, 1.00 mmol) in 30 mL of THF was added
a THF (10 mL) solution of Ph2Zn (110 mg, 0.5 mmol). The mixture was slowly warmed
to room temperature in 2 h and stirred for 1 h. Afterwards the solvent was removed in
vacuo and the residue was extracted with pentane (2 X 15 mL), giving a solution that
was filtered via canula, concentrated to ca. 5 mL, and cooled to 78 oC for 2 h. The
afforded

white

crystals

were

collected

and

dried

in

vacuo

to

furnish

phenyltrioxorhenium (100 mg, 16% yield based on Re): 1H NMR (300 MHz, CD2Cl2) δ
7.60–7.72 (m, 3H), 7.85–7.89 (m, 2H).

Synthesis of (pentafluorophenyl)trioxo(THF)rhenium[48c]
A mixture of (C6F5)2Zn (722 mg, 1.80 mmol) and ZnCl2 (1M in ether, 0.2 mL) in THF (10
mL) was added dropwise to a cooled (78 oC) solution of Re2O7 (1.58 g, 3.26 mmol) in
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50 mL of THF. The mixture was slowly warmed to room temperature in 2 h and stirred
for 1 h at room temperature. Afterwards the solvent was removed under vacuum and
the dark residue was extracted with pentane (2 X 30 mL), giving a solution that was
filtered via canula and dried in vacuo to a purple oil. It was recrystallized in pentane at
35 oC to furnish (pentaflurophenyl)trioxo(THF)rhenium as colorless crystals (150 mg,
5% yield based on Re): 1H NMR (300 MHz, CD2Cl2) δ 3.96 (br, 4H), 1.98 (br, 4H); 19F NMR
(282 MHz, CD2Cl2) δ 156.6 (m, 2F), 138.8 (m, 1F), 107.9 (m, 2F).

Synthesis of [CH3ReO2{OB(C6F5)3}]
CH3ReO3 (42 mg, 0.17 mmol), B(C6F5)3 (171 mg, 0.33 mmol), and CH2Cl2 (5 mL) were
mixed together and stirred for 1 h. The resultant yellow solution was filtered and the
filtrate was then layered with pentane (10 mL), and cooled to 35 oC. Yellow crystals
were obtained after 24 hours (70 mg, 54%): IR (KBr): ν 2908, 1649, 1592, 1530, 1520,
1473, 1381, 1320, 1294, 1185, 1110, 1073, 1045, 974, 967, 956, 948, 856, 839, 796,
775, 736, 730, 720, 708, 700, 692, 682, 676, 664, 612, 575 cm-1; 1H NMR (300 MHz,
CD2Cl2) δ 2.72 (s, 3H);

F NMR (282 MHz, CD2Cl2) δ 160.7 (br, 6F), 145.2 (br, 3F),

19

129.4 (br, 6F); 13C NMR (75 MHz, CD2Cl2) δ 20.9, 114.4, 138.2 (dm, 1JC-F = 243.9 Hz),
144.8 (dm, 1JC-F = 259.1 Hz), 148.8 (dm, 1JC-F = 246.4 Hz).

Synthesis of tri[(3,5-bis(trifluoromethyl)phenyl]borane–H2O–THF complex
To a THF (5 mL) solution of Re2O7 (190 mg, 0.392 mmol) was added TMSCl (0.1 mL,
0.788 mmol) at room temperature. The reaction mixture was stirred for 10 min and
dried under vacuum. To the residue was added CH 2Cl2 (5 mL) and NaBArF4 (278 mg,
0.314), and the stirring was continued overnight. The mixture was filtered under Ar,
and then evaporated under vacuum. The residue was recrystallized with THF/hexane
at 35 oC to furnish tri[(3,5-bis(trifluoromethyl)phenyl)borane(H2O)(THF) complex as
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colorless crystals. (127 mg, 50%): 1H NMR (300 MHz, CD2Cl2) δ 1.78–1.82 (m, 8H),
3.54–3.58 (m, 8H), 7.72 (s, 6H), 7.78 (s, 3H);

13

C NMR (75 MHz, CD2Cl2) δ 25.8, 69.0,

120.9, 124.6 (q, 1JC-F = 271.0 Hz), 130.8 (q, 2JC-F = 32.2 Hz), 133.2, 153 (br).

Synthesis of bis[(3,5-bis(trifluoromethyl)phenyl]borinic acid
Re2O7 (250 mg, 0.516 mmol) and TMSCl (2.5 mL, 19.56 mmol) were mixed together
and stirred for 1 h. The mixture was evaporated under vacuum and then CH2Cl2 (5 mL)
and NaBArF4 (411 mg, 0.464) were introduced. The reaction mixture was stirred
overnight, dried in vacuo, and extracted with hexane (5 mL) twice. The extract was
cooled to 35 oC. Colorless crystals were afforded after 48 hours (70 mg, 33%): 1H NMR
(300 MHz, CD2Cl2) δ 8.10 (s, 2H), 8.20 (s, 4H); 13C NMR (75 MHz, CD2Cl2) δ 122.6, 124.6
(q, 1JC-F = 271.2 Hz), 130.5 (q, 2JC-F = 32.0 Hz), 138.0, 150.0. The structure was
characterized by comparing with the authentic compound.

Synthesis of bis[(3,5-bis(trifluoromethyl)phenyl]zinc
To an ether (6 mL) solution of 1–bromo–3,5–bis(trifluoromethyl)benzene (2 g, 6.83
mmol) was added dropwise a hexane solution of n-BuLi (1.6 M, 4.26 mL) at 78 oC. The
reaction mixture was stirred for 10 min and then an ether (12 mL) solution of ZnCl2
(465 mg, 3.4 mmol) was added at this temperature. It was slowly warmed to room
temperature and the stirring was continued overnight accompanying with the
formation of white precipitate. After removal of the solvent under reduced pressure,
the residue was extracted with 15 mL of toluene, filtered through a thin layer of celite,
and then evaporated again under reduced pressure. The resultant precipitate was
washed with cold hexane (35 oC, 25 mL) and dried in vacuo to give the product as
colorless crystals (1 g, 60%): 1H NMR (300 MHz, CD2Cl2) δ 7.87 (s, 2H), 8.17 (s, 4H); 13C
NMR (75 MHz, CD2Cl2) δ 124.0 (q, 1JC-F = 271.0 Hz), 125.8, 131.9 (q, 2JC-F = 33.2 Hz),
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134.9, 138.6 (br). 19F NMR (282 MHz, CD2Cl2) δ 63.0 (s, 6F).

Synthesis of [(3,5-bis(trifluoromethyl)phenyl]trioxorhenium
A THF (50 mL) solution of bis[(3,5-bis(trifluoromethyl)phenyl]zinc (600 mg, 1.22 mmol)
was added dropwise to a cooled (78oC) solution of Re2O7 (1.18 mg, 2.44 mmol) in THF
(10 mL). The mixture was slowly warmed to room temperature in 2 h and stirred for 1
h. Afterwards the solvent was removed under vacuum and the residue was extracted
with pentane (2 X 30 mL), giving a solution that was filtered via canula, concentrated to
ca. 5 mL, and cooled to 35 oC for 48 h. The slightly purple crystals were collected and
dried in vacuo to afford [(3,5–bis(trifluoromethyl)phenyl]trioxorhenium (140 mg, 13 %):
H NMR (300 MHz, CD2Cl2) δ 8.13 (s, 1H), 8.30 (s, 2H);

1

13

C NMR (75 MHz, CD2Cl2) δ

123.0 (q, 1JC-F = 271.0 Hz), 128.4, 133.1 (q, 2JC-F = 34.1 Hz), 142.1, 153.5; 19F NMR (282
MHz, CD2Cl2) δ 63.3 (s, 6F); Anal. Calcd for C8H3O3F6Re: C 21.48, H 0.68, O 10.73, F
25.48, Re 41.63; found: C: 21.43, H: 0.75, 25.47.

Synthesis of [Sodium(benzo-15-crown-50)]-perrhenate[84]
To a THF (10 mL) solution of CH3ReO3 (100 mg, 0.4 mmol) was added
benzo–15–crown–5–ether (110 mg, 0.41 mmol) and NaOH (20 mg, 0.5 mmol). In an
ultrasonic bath the color changed to brown and a brown precipitate formed in 15 min.
The precipitate was collected and recrystallized with THF/ether at 25 oC to yield the
product (110 mg, 50%): 1H NMR (300 MHz, CD2Cl2) δ 3.74–3.77 (m, 4H), 3.81–3.84 (m,
4H), 3.95–3.98 (m, 4H), 4.23–4.26 (m, 4H), 6.95–7.04 (m, 4H).

Synthesis of (2,6-Me2C6H3N=)2Re(Py)Cl3[19]
To a suspension of Re2O7 (2 g, 4.13 mmol) in 33 mL of CH2Cl2 were added
2,6-dimethylaniline (3 g, 24.76 mmol) and pyridine (5.3 mL, 65.53 mmol). The
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reaction mixture was cooled to 40 oC and TMSCl (8.4 mL, 66.19 mmol) was
introduced dropwise. The stirring was continued at room temperature for 1 h and the
color changed from dark red to dark green. Afterwards the volatile components were
removed under vacuum and the dark green residue was extracted with boiling
benzene, giving a solution that was filtered via canula. Dark green crystals formed as
the volume of the filtrate decreased in vacuo. Pentane was added to complete
crystallization to furnish the product as dark green crystals (3 g, 60%): 1H NMR (300
MHz, CD2Cl2) δ 9.29 (br, 2H), 8.02 (br, 1H), 7.57 (br, 2H), 7.19 (d, J = 7.1 Hz, 4H), 6.91
(t, J = 7.1 Hz, 2H), 2.75 (br, 6H), 2.34 (br, 6H).

Synthesis of bis(neopentyl)zinc[85]
Neopentylmagnesium chloride was prepared by heating (110 oC, 6 h) a stirred solution
of 10 g (940 mol) of neopentyl chloride in 20 mL of ether containing 3.1 g (130 mmol)
of magnesium and 0.08 mL (9.4 mmol) of 1,2–dibromoethane. At 0 oC, a solution of
ZnCl2 (6.39 g, 470 mol) in ether (40 mL) was added to the mixture using an addition
funnel. After stirring for 2 days at room temperature, solvent was removed at 0 oC
under reduced pressure, leaving a sticky white residue. It was extracted with pentane
(60 mL), filtered, and pentane was removed by distillation at atmospheric pressure.
Distillation of the residue gave the product as colorless liquid (5.2 g, 53 %): 1H NMR
(300 MHz, C6D6) δ 1.09 (s, 9H), 0.47 (s, 2H).

Synthesis of (2,6–Me2C6H3N=)2Re(=CHtBu)(–CH2tBu)[86]
To a CH2Cl2 (5 mL) solution of (2,6–Me2C6H3N=)2Re(Py)Cl3 (1 g, 1.64 mmol) was added a
pentane solution of bis(neopentyl)zinc (0.62 g, 2.99 mmol) at 78 oC. A red-green
solution was formed rapidly upon warming the mixture to rt. After adding NEt4Cl (0.5 g,
3 mmol), the reaction mixture was stirred at room temperature for 1h, filtered through
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celite, and dried in vacuo. Careful recrystallization of the residue from pentane (2 mL)
afforded red crystals (0.6 g, 65%): 1H NMR (300 MHz, CD2Cl2) δ 12.32 (s, 1H), 7.00–7.08
(m, 6H), 2.95–3.09 (m, 2H), 2.35 (s, 6H), 2.19 (s, 6H), 1.22 (s, 9H), 0.97 (s, 9H).

Synthesis of ZnCl2(dioxane)[87]
ZnCl2 (5 g, 0.037 mol) and ether (38 mL) were mixed together and stirred for 3 h. To
the stirred solution was added dioxane (3.23 g, 0.037 mol) and the white precipitate
formed immediately. The stirring was continued for 1 h. The precipitate was collected,
and dried in vacuo to give ZnCl2(dioxane) quantitatively: 1H NMR (300 MHz, CD2Cl2) δ
3.65 (s, 4H).

Synthesis of ReO2(CHtBu)(CH2tBu)[86]
To a pentane solution of (2,6–Me2C6H3N=)2Re(=CHtBu)(–CH2tBu) (0.6 g, 1.06 mmol) was
added an activated neutral alumina (0.6 g, 20 % loading by weight). The flask was
wrapped in alumina foil to exclude light and the mixture was stirred for 2 days.
ZnCl2(dioxane) (476 mg, 2.12 mmol) was added and the mixture was stirred for 1 day,
filtered in order to remove ZnCl2(ArNH2)2, and dried in vacuo to give an extremely thick
red-oil (316 mg, 88%): 1H NMR (300 MHz, D-Toluene) δ 12.04 (s, 1H), 2.87 (d, J = 14.3
Hz), 2.63 (d, J = 14.3 Hz), 0.96 (s, 9H), 0.94 (s, 9H);

13

C NMR (75 MHz, D-Toluene) δ

282.8, 45.3, 38.4, 32.0, 31.3, 29.9.

Synthesis of Cp*ReO3[88]
1. Preparation of oxidation solution.
30 % H2O2(aq) (39.7 g) was mixed with fresh distilled ether (89 mL). The excess water was
removed with anhydrous MgSO4 (50 g). After filtration, the prepared oxidation solution
(3.5 M in ether) was stored at 20oC.
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2. Synthesis of trioxo(pentamethylcyclopentadienyl)rhenium(VII)
Cp*Re(CO)3 (2.5 g, 6.17 mmol) was treated with an ether solution of H2O2 (50 mL, 3.5 M)
and the solution was cooled 40 oC. To the suspension was added dropwise an ether
solution (10 mL) of MTO (50 mg, 0.2 mmol). The reaction mixture was slowly warmed
to room temperature in 3 h and stirred at room temperature for another 15 h. Most of
the solvent (30–40 mL) was removed under reduced pressure and the yellow
precipitate formed when the remaining solution was cooled to 0 oC. The precipitate
was collected, washed with cold ether (5 ml, 5 times), and pentane (20 mL) and dried
under vacuum. To the mother liquid and combined ether extract were added 50 mL of
ether, MgSO4 (5 g), and a catalytic amount of MnO2 (ca. 0.3 g). After filtration, the
suspension was washed with ether and left at 30 oC to give another batch of products.
The total yield is 90%.: 1H NMR (300 MHz, D-benzene) δ 1.61 (s, 15H); 13C NMR (75 MHz,
D-benzene) δ 119.3, 10.0.

Synthesis of Cp*ReVO(benzyl)2
To a CH2Cl2 (1 mL) solution of Cp*ReO3 (25mg, 0.068 mmol) was added a CH2Cl2 (1 mL)
solution of Hf(benzyl)4 (73 mg, 0.134 mmol) at room temperature. The mixture was
stirred at rt for 20 min, dried under vacuum, and extracted with pentane (5 mL). The
pentane solution was stored at 35 oC to give the product as red crystals (7 mg, 20%):
H NMR (300 MHz, CD2Cl2) δ 7.50 (d, J = 7.5 Hz, 4H), 7.19 (t, J = 7.2 Hz, 4H), 7.05 (t, J

1

= 7.2 Hz, 2H), 4.45 (d, J = 12.9 Hz, 2H), 3.28 (d, J = 12.9 Hz, 2H), 1.58 (s, 15H);

13

C

NMR (75 MHz, CD2Cl2) δ 152.6, 130.1, 128.4, 123.9, 99.6, 13.9, 10.6.

Synthesis of neopentylmagnesium chloride
Mg (5.72 g, 235.4 mol), 1,2-dibromoethane (0.15 mL, 1.74 mmol), neopentyl chloride
(0.9 g, 8.4 mol), and diethylether (5 mL) was mixed and heated to 60 oC. To the
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mixture was added dropwise a diethylether (75 mL) solution of neopentyl chloride
(17.24 g, 161.7 mmol) at 60 oC. Subsequent to the addition, the resultant mixture was
heated to 110 oC for 12 h and cool down to room temperature. To the residue was
added diethylether (30 mL) and then filtered by canula to give a diethylether solution
of neopentylmagnesium chloride (117 mL, 1.19M, 82 %). The concentration of this
Grignard solution was determined by titration with 1M Toluene solution of s–BuOH in
the presence of 2,2-biquinoline.

Synthesis of Ta(CH2CMe3)3(CHCMe3)[62b]
An ether solution of neopentylmagnesium chloride (1.19 M, 117 mL) was added
dropwise into a suspension of TaCl5 (9 g, 25.13 mmol) in diethylether (250 mL) at
room temperature. The reaction proceeded through stages characterized by
greenish–yellow, yellow, and orange–brown colors. Subsequent to the addition, the
reaction mixture was stirred for 1 h, filtered, and dried under vacuum to give a deep
brown residue, which sublimed at 90oC and 1x10－5 torr to afford the product as deep
organe nuggets (2 g, 17%): 1H NMR (300 MHz, benzene) δ 1.90 (s, 1H), 1.45 (s, 9H),
1.15 (s, 27H), 0.82 (s, 6H).

Synthesis of Cp*Re(–tBu)(–tBu)(–Cl)
A suspension of Cp*ReO3 (80 mg, 0.22 mmol) in pentane (2 mL) was added quickly a
pentane (3 mL) solution of Ta(CH2CMe3)3(CHCMe3) (302 mg, 0.650 mmol) at room
temperature. The reaction mixture was stirred for 2 h, filtered, and evaporated to
remove the solvent. The residue was purified by column chromatography over
buffered pre-treated silica gel (the elute is pentane/dichloromethane = 10/1, and 1%
triethylamine),

followed

by

precipitation

of

impurities

from

CH 3CN

and

hexamethyldisiloxane at －35 oC to give the product (18 mg, 20 %): 1H NMR (300 MHz,
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CD2Cl2) δ 12.25 (s, 1H), 1.95 (s, 15H), 1.27 (s, 9H), 1.24 (s, 9H);

13

C NMR (75 MHz,

CD2Cl2) δ 296.5, 274.6, 109.5, 53.3, 47.0, 31.5, 28.5, 11.2.; HRMS (ESI) (C20H34Re+)
cacld: 461.2213. found: 461.2205. (C20H34ORe+) cacld: 477.2162. found: 477.2160.
The buffered pre-treated silica gel is prepared by heating silica gel at 250 oC under
vacuum overnight and treating this silica gel with excess amount of triethylamine.

Synthesis

of

trans-bis(triphenylphosphine)(carbonyl)(1,3-dimethylimidazol-

2-ylidene)iridium(I) Chloride[73a]
Ir(PPh3)2(CO)Cl (200 mg, 0.256 mmol), 1,3-dimethylimidazolium-2-carboxylate (72 mg,
0.514 mmol), and acetonitrile (30 mL) were mixed together. The mixture was stirred
for 12 h at room temperature. It was filtered, dried in vacuo, and recrystallized from
dichloromethane/diethylether to give the product as yellow prisms (156 mg, 70%): IR
(KBr, in CH2Cl2): ν 3055, 2988, 1999, 1422, 1257, 896, 762, 693, 520 cm-1; 1H NMR
(300 MHz, CD2Cl2) δ 7.42-7.51 (m, 30H), 6.59 (s, 2H), 2.89 (s, 6H); 31P NMR (121 MHz,
CD2Cl2) δ 21.1; HRMS (ESI) (M+－Cl, C42H38IrN2OP2) cacld: 841.2083. found: 841.2086.

Synthesis of 1,3-dimethylimidazolinium tetrafluoroborate[89]
To a mixture of triethyl orthoformate (1.483 g, 10 mmol) and ammonium
tetrafluoroborate (1.049 g, 10 mmol) was added N,N’-dimethylethylenediamine (0.889
g, 10 mmol). The mixture was heated at 120 oc for 3 h and cooled to room temperature,
and the solvent was evaporated. The resulting ionic liquid was washed with EtOH/Et 2O
(v/v=1, 6 mL) five times and then dried in vacuo to give the product as brown oil (1.6 g,
86 %): 1H NMR (300 MHz, D-DMSO) δ 8.31 (s, 1H), 3.83 (s, 4H), 3.07 (s, 6H); 13C NMR (75
MHz, D-DMSO) δ 158.4, 50.3, 34.1; 19F NMR (282 MHz, D-DMSO) δ 147.0.
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Synthesis of 1,1’,3,3’-tetramethyl-2,2’-bi-imidazolidinylidene[90]
To a mixture of 1,3-dimethylimidazolinium tetrafluoroborate (300 mg, 1.61 mmol)
and THF (7 mL) was added a THF (30 mL) solution of potassium tert-butoxide (181 mg,
1.61 mmol).The reaction mixture was stirred for 1h, filtered, dried in vacuo to give the
crude

product

1,3-di-methylimidazol-2-ylidene

which

dimerized

gradually

to

1,1’,3,3’-tetramethyl-2,2’-bi-imidazolidinylidene at room temperature. It was used
without further purification (90 mg, crude yield = 57%).

Synthesis

of

trans-bis(triphenylphosphine)(carbonyl)(1,3-dimethy-4,5-dihydro-

imidazol-2-ylidene)iridium(I) tetrafluoroborate[73b]
To a suspension of Ir(PPh3)2(CO)Cl (100 mg, 0.128 mmol) and NaBF4 (16 mg, 0.145
mmol) in acetonitrile (5 mL) was added 1,1’,3,3’-Tetramethyl-2,2’-bi-imidazolidinylidene (25 mg, 0.255 mmol). The mixture was heated to 60 oC for 3 h, evaporated
to remove solvent, and washed by hexane to give yellow precipitate which was
recrystallized from dichloromethane/diethylether to afford the product as yellow
crystals (100 mg, 84%): IR (KBr, in CH2Cl2): ν 3055, 2988, 2001, 1436, 1422, 1264,
1096, 1060, 896, 736, 711, 520 cm-1; 1H NMR (300 MHz, CD2Cl2) δ 7.53-7.65 (m, 30H),
2.66 (s, 4H), 2.54 (s, 6H); 31P NMR (121 MHz, CD2Cl2) δ 21.0; 13C NMR (100 MHz, CD2Cl2)
δ 205.6, 185.6, 134.5 (t, Jc-p = 6.3 Hz), 132.4 (t, Jc-p = 27.3 Hz), 132.2, 129.4 (t, Jc-p = 5.2
Hz), 51.5, 37.0. HRMS (ESI) (M+BF4, C42H40IrN2OP2) cacld: 843.2245. found: 841.2271.

Synthesis of 1,3-diisopropylimidazole-2-ylidene
To a mixture of 1,3-diisopropylimidazolinium chloride (200 mg, 1.06 mmol) and THF
(4 mL) was added a THF (20 mL) solution of potassium tert-butoxide (118 mg, 1.05
mmol). The reaction mixture was stirred for 1h, filtered, and dried under vacuum to
give the crude product 1,3-diisopropylimidazole-2-ylidene, which was used without
141

Chapter 7

further purification (140 mg, crude yield = 86%).

Synthesis

of

trans-bis(triphenylphosphine)(carbonyl)(1,3-diisopropylimidazol-

2-ylidene)iridium(I) tetrafluoroborate
To a suspension of Ir(PPh3)2(CO)Cl (150 mg, 0.192 mmol) and NaBF4 (33 mg, 0.3 mmol)
in

CH3CN

(15

mL)

was

added

a

CH3CN

(15

ml)

solution

of

1,3-diispropylimidazol-2-ylidene (59 mg, 0.38 mmol). The reaction mixture was stirred
overnight, filtered, washed with diethyl ether, and evaporated to remove solvent. The
crude

product

was

purified

by

chromatography

over

silica

gel

(acetone/dichloromethane = 1:25 and NaBF4) to give yellow precipitate which was
recrystallized from dichloromethane/diethylether to afford the product as yellow
crystals (180 mg, 39%): IR (KBr, in CH2Cl2): ν 3055, 2001, 1436, 1422, 1264, 1095,
1060, 1032, 896, 758, 737, 724, 712, 700, 518 cm-1; 1H NMR (300 MHz, CD2Cl2) δ
7.26-7.55 (m, 30H), 7.00 (s, 2H), 4.59 (septet, J = 6.6 Hz, 2H), 0.50 (d, J = 6.6 Hz, 12H);
31

P NMR (121 MHz, CD2Cl2) δ 18.1; 13C NMR (150 MHz, CD2Cl2) δ 183.7 (t, Jc-p = 12.0 Hz),

172.4 (t, Jc-p = 13.4 Hz), 134.4 (br), 132.7 (t, Jc-p = 26.4 Hz), 132.1, 129.7 (t, Jc-p = 5.1 Hz),
120.1, 54.6, 22.4. HRMS (ESI) (M+BF4, C46H46IrN2OP2) cacld: 897.2715. found: 897.2727.
Anal. Calcd for C46H46N2OBF4P2Ir: C 56.16, H 4.71, N 2.85, O 1.63, B 1.10, F 7.72, P 6.30,
Ir 19.54; found: C 55.96, H 4.67, N 2.86.

Synthesis of 1,3-dibenzylimidazolium chloride[91]
The mixture of 1-benzylimidazole (1.60 g, 10.11 mmol) and benzyl chloride (1.06 g,
8.37 mmol) in Toluene (50 mL) was refluxed for 3 days. The precipitate was collected,
washed with diethyl ether, and dried overnight at 120 oC in vacuo to give the product
as white powder (2 g, 83%): 1H NMR (300 MHz, CD2Cl2) δ 11.46 (s, 1H), 7.46–7.49 (m,
4H), 7.38–7.41 (m, 6H), 7.22 (d, J = 1.5 Hz, 2H), 5.56 (s, 4H); 13C NMR (75 MHz, CD2Cl2)
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δ 138.6, 133.6, 129.6(Co,p), 129.1, 121.9, 53.8.

Synthesis of 1,3-dibenzylimidazol-2-ylidene
To a mixture of 1,3-dibenzylimidazolinium chloride (200 mg, 0.7 mmol) and THF (4
mL) was added a THF (20 mL) solution of potassium tert-butoxide (78 mg, 0.695
mmol). The reaction mixture was stirred for 1h, filtered, and dried under vacuo to give
the crude product 1,3-dibenzylimidazole-2-ylidene, which was used without further
purification (108 mg, crude yield = 62%).

Synthesis

of

trans-bis(triphenylphosphine)(carbonyl)(1,3-dibenzylimidazol-

2-ylidene)iridium(I) tetrafluoroborate
To a suspension of Ir(PPh3)2(CO)Cl (100 mg, 0.128 mmol) and NaBF4 (23 mg, 0.209
mmol)

in

CH3CN

(10

mL)

was

added

a

CH3CN

(10

ml)

solution

of

1,3-dibenzylimidazol-2-ylidene (63 mg, 0.254 mmol). The reaction mixture was stirred
overnight, filtered, washed with diethyl ether and evaporated to remove solvent. The
crude

product

was

purified

by

chromatography

over

silica

gel

(acetone/dichloromethane = 1:25 and NaBF4) to give yellow precipitate which was
recrystallized from dichloromethane/diethylether to afford the product as yellow
crystals (54 mg, 39%): IR (KBr, in CH2Cl2): ν 3056, 2002, 1265, 1096, 1060, 760, 741,
721, 711, 704, 698, 520 cm-1; 1H NMR (300 MHz, CD2Cl2) δ 7.35–7.59 (m, 30H), 7.22 (m,
2H), 7.04 (m, 4H), 6.44 (m, 4H), 6.37 (s, 2H), 4.24 (s, 4H); 31P NMR (121 MHz, CD2Cl2) δ
20.3; 13C NMR (75 MHz, CD2Cl2) δ 184.0 (t, Jc-p = 11.7 Hz), 174.7 (t, Jc-p = 13.2 Hz), 134.0
(t, Jc-p = 6.2 Hz), 132.9, 131.9 (t, Jc-p = 27.1 Hz), 131.7, 129.4(Co,p), 129.3, 129.2 (t, Jc-p =
3.8 Hz), 121.9, 55.1; HRMS (ESI) (M+BF4, C54H46IrN2OP2) cacld: 993.2715. found:
993.2712. Anal. Calcd for C54H46N2OBF4P2Ir: C 60.06, H 4.29, N 2.59, O 1.48, B 1.00, F
7.04, P 5.74, Ir 17.80; found: C 59.10, H 4.45, N 2.75.
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Synthesis

of

trans-bis(triphenylphosphine)(carbonyl)(1,3-dibenzylimidazol-2-

ylidene)iridium(I) tetrafluoroborate
To a suspension of Ir(PPh3)2(CO)Cl (100 mg, 0.128 mmol) and NaBF4 (23 mg, 0.209
mmol)

in

CH3CN

(10

mL)

was

added

a

CH3CN

(10

ml)

solution

of

1,3-dibenzylimidazol-2-ylidene (63 mg, 0.254 mmol). The reaction mixture was stirred
overnight, filtered, washed with diethyl ether and evaporated to remove solvent. The
crude

product

was

purified

by

chromatography

over

silica

gel

(acetone/dichloromethane = 1:25 and NaBF4) to give yellow precipitate which was
recrystallized from dichloromethane/diethylether to afford the product as yellow
crystals (54 mg, 39%): IR (KBr, in CH2Cl2): ν 3056, 2002, 1265, 1096, 1060, 760, 741,
721, 711, 704, 698, 520 cm-1; 1H NMR (300 MHz, CD2Cl2) δ 7.35–7.59 (m, 30H), 7.22 (m,
2H), 7.04 (m, 4H), 6.44 (m, 4H), 6.37 (s, 2H), 4.24 (s, 4H); 31P NMR (121 MHz, CD2Cl2) δ
20.3; 13C NMR (75 MHz, CD2Cl2) δ 184.0 (t, Jc-p = 11.7 Hz), 174.7 (t, Jc-p = 13.2 Hz), 134.0
(t, Jc-p = 6.2 Hz), 132.9, 131.9 (t, Jc-p = 27.1 Hz), 131.7, 129.4(Co,p), 129.3, 129.2 (t, Jc-p =
3.8 Hz), 121.9, 55.1; HRMS (ESI) (M+BF4, C54H46IrN2OP2) cacld: 993.2715. found:
993.2712. Anal. Calcd for C54H46N2OBF4P2Ir: C 60.06, H 4.29, N 2.59, O 1.48, B 1.00, F
7.04, P 5.74, Ir 17.80; found: C 59.10, H 4.45, N 2.75.

Synthesis of (carbonyl)tris(triphenylphosphine)iridium(I) triflate[92]
Ir(PPh3)2(CO)Cl (100 mg, 0.128 mmol) and AgOTf (33 mg, 0.128 mmol) were mixed in
CH2Cl2 (5 mL) and the mixture was stirred for 1 h in the absence of light. AgCl was
removed by vacuum filtration. To the filtrate was added a CH 2Cl2 (2 mL) solution of
triphenylphosphine (34 mg, 0.129 mmol) and the reaction mixture was stirred for 2 h.
After removing the solvent, the orange precipitate was collected and washed by
Toluene (1 mL) and ether (20 mL X 3) to give the product as orange powder (140 mg,
95%): IR (KBr, in CH2Cl2): ν 3055, 2988, 2017, 1481, 1436, 1422, 1263, 1159, 1097,
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1032, 896, 754, 718, 638, 521 cm-1; 1H NMR (300 MHz, CD2Cl2) δ 7.03–7.66 (m, 45H);
31

P NMR (121 MHz, CD2Cl2) δ 18.3 (t, Jp-p = 29.4 Hz), 15.7 (d, Jp-p = 29.4 Hz).
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7.2 Crystallographic

data

and

structure

refinement

parameters
Substance identification

complex 1

complex 2

Empirical formula

C36H46ClN2NbO3

C68H58BF24N2NbO3

Fw [g mol–]

683.134

1510.892

T [K]

223

223

Crystal system

Monoclinic

Triclinic

Space group

P21/c

P1̄

a [Å ]

12.4705(4)

13.2231(2)

b [Å ]

24.0249(11)

17.5266(3)

c [Å ]

17.0948(8)

17.9374(3)

α [deg]

90.00

81.6621(7)

β [deg]

107.785(2)

84.7026(7)

γ [deg]

90.00

71.3669(8)

V [Å 3]

4876.9(4)

3892.87(11)

Z

4

2

Density (calcd) [Mg m–3]

1.33

1.289

μ [mm-1]

0.667

0.261

F(000)

2020.0

1700.0

Crystal size (mm3)

0.54 x 0.43 x 0.3

0.3 x 0.28 x 0.12

θ range for data collection [deg]

2.425—27.485

2.425—27.485 °

Reflections collected

6825

51953

Independent reflections

5107

17725

Data/restraints/parameters

5107/3/471

11725/0/1039

GOF on F2

1.502

1.237

Final R1, wR2 [ I > 2σ(I)]

R1 = 0.0831, wR2 = 0.2192

R1 = 0.0639, wR2 = 0.1734

Largest diff. peak and hole [eÅ -3]

0.644 and –0.724
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1.023 and –0.732

Experimental data

Substance identification

complex 3

[(3,5-(CF3)C6F3]2BOH

Empirical formula

C80H104N8Nb2O14Re2

C24H11BF18O· 2(C4H8O)

Fw [g mol–]

1959.93

812.340

T [K]

220(2)

223

Crystal system

Monoclinic

Hexagonal

Space group

P21/c

P31

a [Å ]

14.2665(3)

14.4884(5)

b [Å ]

29.5664(7)

14.4884(5)

c [Å ]

20.3114(4)

14.8018(8)

α [deg]

90

90.00

β [deg]

91.759(2)

90.00

γ [deg]

90

120.00

V [Å 3]

8563.5(3)

2690.8(2)

Z

4

3

Density (calcd) [Mg m–3]

1.520

1.504

μ [mm-1]

3.142

0.158

F(000)

3936

1230

Crystal size (mm3)

0.09 x 0.08 x 0.07

0.26 x 0.22 x 0.05

θ range for data collection [deg]

1.98 to 26.02

2.753—26.022

Reflections collected

23523

8435

Independent reflections

15390

6173

Data/restraints/parameters

15390 / 0 / 968

8435/1/487

GOF on F2

1.083

1.459

Final R1, wR2 [ I > 2σ(I)]

R1 = 0.0789, wR2 = 0.1680

R1 = 0.0909, wR2 = 0.2249

Largest diff. peak and hole [eÅ -3]

1.610 and –1.256

0.424, –0.284
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Substance identification

[(3,5-(CF3)C6F3]2Zn

[(3,5-(CF3)C6F3]ReO3

Empirical formula

C16H6F12Zn

C8H3F6O3Re

Fw [g mol–]

491.570

447.297

T [K]

123

173

Crystal system

Triclinic

Monoclinic

Space group

P1̄

P21/c

a [Å ]

8.3321(8)

4.9059(2)

b [Å ]

9.0137(9)

14.4229(6)

c [Å ]

11.2232(13)

29.9958(14)

α [deg]

96.331(4)

90.00

β [deg]

97.728(4)

94.3779(13)

γ [deg]

97.406(7)

90.00

V [Å 3]

821.26(15)

2116.2(2)

Z

2

8

Density (calcd) [Mg m–3]

1.988

2.808

μ [mm-1]

1.623

11.567

F(000)

480.0

1632.0

Crystal size (mm3)

0.285 x 0.105 x 0.03

0.15 x 0.03 x 0.006

θ range for data collection [deg]

2.425—26.373

2.425—25.350

Reflections collected

7740

10508

Independent reflections

3321

3689

Data/restraints/parameters

7740/0/286

3689/6/338

GOF on F2

0.938

0.976

Final R1, wR2 [ I > 2σ(I)]

R1 = 0.0544, wR2 = 0.1372

R1 = 0.0563, wR2 = 0.1381

Largest diff. peak and hole [eÅ -3]

0.415, –0.785

1.553, –1.290
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Experimental data
Substance identification

(C6F5)–ReO3(THF)

[CH3ReO2{OB(C6F5)3}]

Empirical formula

C6F5O3Re·C4H8O

C19H3BF15O3Re

Fw [g mol–]

473.360

761.211

T [K]

223

173

Crystal system

Triclinic

Monoclinic

Space group

P1̄

P21/n

a [Å ]

6.4296(2)

11.491(2)

b [Å ]

9.5288(3)

9.349(2)

c [Å ]

10.3429(4)

19.309(3)

α [deg]

71.8948(13)

90.00

β [deg]

85.6748(13)

98.205(7)

γ [deg]

80.0861(14)

90.00

V [Å 3]

593.14(3)

2053.1(6)

Z

2

4

Density (calcd) [Mg m–3]

2.650

2.463

μ [mm-1]

10.320

6.078

F(000)

440.0

1424.0

Crystal size (mm3)

0.36 x 0.075 x 0.045

0.28 x 0.26 x 0.15

θ range for data collection [deg]

2.425—27.485

2.753-27.485

Reflections collected

7167

14061

Independent reflections

2714

4352

Data/restraints/parameters

7167/0/181

14061/0/352

GOF on F2

0.949

1.337

Final R1, wR2 [ I > 2σ(I)]

R1 = 0.0485, wR2 = 0.1278

R1 = 0.0971, wR2 = 0.2223

Largest diff. peak and hole [eÅ -3]

2.470, –3.793

2.075, -2.379
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Cp*–ReV(=O)(benzyl)2

[(IMe)–Ir(PPh3)2(CO)]+Cl

Empirical formula

C24H29ORe

C44H42Cl5IrN2OP2

Fw [g mol–]

519.695

1046.246

T [K]

100

100

Crystal system

Monoclinic

Orthorhombic

Space group

P21/n

Pbcm

a [Å ]

7.4611(2)

20.4356(3)

b [Å ]

23.1549(5)

18.5016(4)

c [Å ]

11.8927(3)

23.0159(5)

α [deg]

90.00

90.00

β [deg]

90.6072(9)

90.00

γ [deg]

90.00

90.00

V [Å 3]

2054.48(9)

8702.1(3)

Z

4

8

Density (calcd) [Mg m–3]

1.680

1.597

μ [mm-1]

5.924

3.485

F(000)

1024.0

4160.0

Crystal size (mm3)

0.33 x 0.27 x 0.075

0.39 x 0.195 x 0.15

θ range for data collection [deg]

2.910—27.485

2.910—27.485

Reflections collected

10755

33988

Independent reflections

4561

9618

Data/restraints/parameters

10755/0/235

33988/0/537

GOF on F2

0.950

1.145

Final R1, wR2 [ I > 2σ(I)]

R1 = 0.0408, wR2 = 0.1194

R1 = 0.0516, wR2 = 0.1488

Largest diff. peak and hole [eÅ -3]

2.626, 2.830

2.233, 2.295
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Experimental data
Substance identification

[(SIMe)–Ir(PPh3)2(CO)]+BF4

[(IiPr)–Ir(PPh3)2(CO)]+BF4

Empirical formula

C43H42BCl2F4IrN2OP2

C48H50BCl4F4IrN2OP2

Fw [g mol–]

1014.679

1153.704

T [K]

100

100

Crystal system

Monoclinic

Triclinic

Space group

C2/c

P1̄

a [Å ]

39.3802(5)

9.8855(2)

b [Å ]

12.3996(2)

13.0544(2)

c [Å ]

17.0285(3)

19.3578(4)

α [deg]

90.00

86.5114(8)

β [deg]

98.6293(6)

89.3209(8)

γ [deg]

90.00

84.5555(7)

V [Å 3]

8220.9(2)

2482.19(8)

Z

8

2

Density (calcd) [Mg m–3]

1.640

1.544

μ [mm-1]

3.511

3.022

F(000)

4032.0

1152.0

Crystal size (mm3)

0.195 x 0.18 x 0.06

0.24 x 0.06 x 0.027

θ range for data collection [deg]

2.910—27.485

2.910—27.485

Reflections collected

46792

37186

Independent reflections

9391

11344

Data/restraints/parameters

46792/0/505

37186/0/572

GOF on F2

1.146

0.950

Final R1, wR2 [ I > 2σ(I)]

R1 = 0.0466, wR2 = 0.1401

R1 = 0.0474, wR2 = 0.1235

Largest diff. peak and hole [eÅ -3]

3.276, 2.266

1.351, 2.009
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[(Ibenzyl)–Ir(PPh3)2(CO)]+BF4

[(Ir(PPh3)3(CO)]+OTf

Empirical formula

C55.88H51BCl0.88F4IrN2O1.50P2

C60H55F3IrO5P3S

Fw [g mol–]

1146.46

1230.21

T [K]

100(2)

99(2)

Crystal system

Monoclinic

Triclinic

Space group

C2/c

P -1

a [Å ]

32.5926(11)

12.4123(3)

b [Å ]

12.0362(4)

19.3752(5)

c [Å ]

25.7358(9)

22.0332(6)

α [deg]

90

92.0550(10)

β [deg]

103.224(2)

95.8520(10)

γ [deg]

90

90.5810(10)

V [Å 3]

9828.2(6)

5267.3(2)

Z

8

4

Density (calcd) [Mg m–3]

1.550

1.551

μ [mm-1]

2.889

2.727

F(000)

4599

2480

Crystal size (mm3)

0.22 x 0.05 x 0.02

0.04 x 0.06 x 0.14

θ range for data collection [deg]

1.28—27.61

0.93—27.59

Reflections collected

11399

51096

Independent reflections

39727

23916

Data/restraints/parameters

11399/2/626

51096/0/1260

GOF on F2

0.767

1.701

Final R1, wR2 [ I > 2σ(I)]

R1 = 0.0332, wR2 = 0.0903

R1 = 0.0771, wR2 = 0.2336

Largest diff. peak and hole [eÅ -3]

1.628, 1.120

5.146, 3.274
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