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ABSTRACT

This thesis describes mechanistic investigations of acetate assisted C-H activation, the
synthesis of cyclometallated complexes containing nitrogen donor ligands via this method
and the applications of cyclometallated complexes in terms of insertion reactions.

Chapter one introduces the synthesis, by C-H activation, of cyclometallated complexes
containing C,N bidentate ligands of palladium, ruthenium, rhodium and iridium. The
introduction also gives an overview on the mechanisms of C-H activation and the
applications of C-H activation in catalysis, particularly in direct arylation.

Chapter two provides an introduction to the synthesis of arene ruthenium and Cp*M (M = Ir,
Rh) half sandwich cyclometallated complexes). The scope of cyclometallation via acetate-
assisted C-H activation with different directing groups (pyrazole, pyridine, imines, imidazole,
oxazoline and triazole) is discussed. The methodology is extended to six membered rings,
non aromatic sp’ and sp’ C-H bonds. Mechanistic investigations using bidentate ligands
showed that chelating ligands can prevent the C-H activation process.

Chapter three describes a joint computational and experimental study of the cyclometallation
reactions of dimethylbenzylamine (DMBA) with [IrCl,Cp*], using a range of chelating
bases. DFT calculations show that facile C-H bond cleavage occurs via 'ambiphilic metal
ligand activation' (AMLA) and the ease of C-H activation is governed by the accessibility of
the k2-x1 base displacement step; thus, more weakly coordinating bases promote C-H
activation.

Chapter four reports the reactivity of cyclometallated half-sandwich complexes (synthesised
in chapter two). Alkynes are shown to insert into the M-C bond. In some cases C-N bond
formation occurs to form a heterocycle. The product formed depends on the ease of the
reductive elimination step. The relevance of these results to the catalytic synthesis of hetero-
and carbocycles is discussed.

Throughout the thesis all new compounds are fully characterised spectroscopically and by
elemental analysis and several compounds have been structurally characterised by X-ray
crystallography.
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Chapter One

General introduction



1 Chapter 1

1.1 C-H activation

C-H activation is a very active area of research in organometallic chemistry, the aim of
which is to make a more efficient and effective use of cheap and abundant hydrocarbon
feedstocks.'™ It has applications in catalysis and organic synthesis.”” One major goal of
C-H activation research therefore, is not simply to find new C-H activation reactions but
to obtain an understanding of them that will allow the development of reagents capable
of selective transformations of C-H bonds into more reactive functionalized molecules.
This introduction will discuss (i) the use of C-H activation in cyclometallation reactions
with Pd, Ru, Ir and Rh, (ii) the different mechanisms of C-H activation and (iii) the

catalytic applications of C-H activation with a focus on direct arylations.
1.2 Cyclometallation by C-H activation

The term “cyclometallation” was introduced by Trofimenko in 1973' to describe
reactions of transition metal complexes in which a ligand undergoes an intramolecular
metallation with the formation of a chelate ring containing a metal-carbon bond and a

metal-donor atom bond (Fig. 1.1).

X
w—_
\ X=N,P,0,S
C

Fig. 1.1

Cyclometallated complexes have found applications in areas such as organic synthesis'"

1 13, 14, 15, 16, 17

2 catalysis and photochemistry.'” '® Cyclometallation was discovered in the



early 1960s'" > and provides a straight forward entry to organometallic compounds
with a M—C o bond. Cyclometallation has been accomplished with a wide variety of
ligand systems, including hard donor groups and soft donor groups.” Cyclometallated
complexes can be synthesized by transmetallation reactions,'* ' ligand exchange,'®

oxidative addition'® or C-H activation,' this introduction will focus on cyclometallation

by C-H activation.

Palladium has undoubtedly been the most extensively studied metal in cyclometallation
chemistry. Reviews focusing specifically on cyclopalladation and on the wide

20, 21
d.™

application potential of palladacycles have appeare Palladium(II) precursors

(Lio[PdCly] or Pd(OACc),) are generally used for the C-H bond activation (Fig 1.2).

Cyclopalladation occurs with a wide range of functional groups directing the C-H
activation. Fig. 1.2 shows some of the N-donor ligands which have been used to direct
aromatic C-H activation. Amines (1.1),22’ 2 imines (1.2),24 azobenzene (1.3),24

23: 26 pitrosoanilines (1.5),%”% pyridines (1.6), pyrimidines 1.7%,

diazobenzene (1.4),
1.831), oximes (1.9),”* imidazoles (1.1051),33 oxazolines (1.10b),** thiazoles (1.10c),34
triazoles (1.11)*>*¢ and pyrazoles (1.12)'° can all direct the C-H activation of a phenyl
C-H bond to form a five-membered palladacycle. In the case of amines as directing
groups, C-H activation with tertiary amines was known since the 1970s however in
1968 Cope and Friedrich postulated that cyclopalladation would fail when primary
amines were used.'® In 2003 Vicente et al. reported that primary amines can be
activated with Pd(OAc), in MeCN at 80 °C.” It is believed that palladium promoted C-
H activation occurs via an electrophilic pathway and a mechanistic study of

cyclometallation of DMBA with Pd(OAc), reported by Ryabov will be discussed

further below (section 1.3.4.1).



Equ. (1)

N D
PdX, + N _— 12 N
> C 2\

H—C

X=Cl, OAc X =Cl, OAc

)
Sy

X \ "N T Z N

NR;Rj NR ’
. a.2) NR{R, 1.5) N
1.3)
(1.6)

(1.4)

22T Y
NN L/

(1.102) X = NR win
(1.92) R =H (1.10b) X = O .
an (18 X=N, Y=CH (19 R=Me  (1.10c)X =S

—_—z
z

/
[ \
-

(1.12)

Ligands used to direct C-H activation in equation (1)

Fig. 1.2

In the case of imines, endo and exo isomers can be envisaged. The endo isomer contains
the double bond of the imine in the metallocycle whereas the exo isomer contains the
double bond of the imine outside the metallocycle. Gomez reported the reaction of
imines (1.13) with Pd(OAc), and showed that the formation of the endo five-membered
ring (1.14) was favoured for R = H, however, when R = Me the exo product (1.15) was

formed (Scheme 1.1).*’
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Scheme 1.1

Cyclopalladation is not restricted to five membered rings, C-H activation of aromatic C-
H bonds to form six-membered rings has also been reported with different directing
groups, for example, amines (1.16°°, 1.17%), amidines (1.18),” imines (1.19),*
azonaphthalenes (1.20)," pyridines (1.21),* and pyrazoles (1.22)*® (Fig. 1.2). The
formation of six-membered rings is known to be slower than the formation of five-
membered rings (Fig. 1.3).23 In the case of (1.22) in presence of Liy[PdCly]
cyclopalladation did not occur and [Pd(LH),Cl,] (L = 1.22) was observed whereas in
presence of Pd(OAc), the reaction produced the desired complex. Hence,

cyclopalladation is easier with Pd(OAc), than with LideCl4.36

NMe, & NH, HN NR
\f N=—CHar

(1.16) 1.17) (1.18) 1.19)
O NA
N/ r —N N—h{
\_/ N
(1.20) a.21) 1.22)
Fig 1.3



Activation of sp’ C-H bonds has been described to form five-membered rings with
hydrazones (1.23),"** oxazolines (1.24),* benzothiazoles (1.25)* and six membered

rings with imines (1.26),"” oximes (1.27)** and pyridines (1.28)" (Fig. 1.4).

‘BUY . N N
N\NRﬁ2 =
o

(1.23) (1.24) (1.25)

Ligands which form a five-membered ring containing a Pd-C(sp3) bond

Me Me
‘ N——OH N
——NR Me / / \
(1.26) Me R

(1.27) (1.28)
Ligands which form a six-membered ring containing a Pd-C(sp3) bond
Fig. 1.4

Sokolov reported the reaction of (1.29) and (1.30) with Li;[PdCls] (Scheme 1.2). When
R =H the sp3 C-H activation occurs to form (1.31), however when R = CHNMe the sp2

C-H activation is preferred and (1.32) is formed exclusively (Scheme 1.2).%°

P(i——CI
N
X
R=H
— P
2
N\ R L aap |
' LipPdCl,
P
R = CHNMe N\
—_—
(129R=H NMe
1.30) R = CH]
(1.30) R = CH=NMe P~
‘ al,
(1.32)
Scheme 1.2



The aim of this overview was to show that the cyclopalladation via C-H activation is
well known with a wide range of N-donor groups, with the formation of five and six-
membered rings and also different types of C-H bonds activated (sp?, sp’).'” " >
Cyclopalladation is easier in the presence of Pd(OAc), than Li,[PdCl4]. The roles and
effects of the carboxylate on C-H activation will be studied in Chapter 3, and the effect
of the directing group on acetate-assisted C-H activation with ([IrCLLCp*],,
[RuCly(pcy)]z, [RhClL,Cp*],) will be investigated in Chapter 3.

Cycloruthenated compounds have been much less studied than the cyclopalladated ones.

A recent review by Pfeffer et al.

showed that in contrast to cyclopalladation,
cycloruthenation via C-H activation could be achieved with a variety of Ru precursors
of different oxidation states hence, it is difficult to classify cycloruthenation reactions
by the mechanism of C-H activation. This section will focus on the range of N-directing
groups used for cycloruthenation via C-H activation; the formation of half sandwich
cycloruthenated C—N complexes will be discussed in Chapter 2.

Chaudret ef al. showed that 2-phenylpyrazole, 2-phenylpyridine and benzoquinoline
were cycloruthenated with [RUHQ(Hz)z(PiPI'3)2] to form (1.33) and (1.34). (Scheme 1.3).

They investigated the mechanism of this reaction and isolated an agostic intermediate

(1.35)(Scheme 1.3).%*
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Scheme 1.3

Cyclometallation of imines with [Ru(CO);Cl;], by Bennett et al. produced (1.36) but in
a very low yield (<10%) (Scheme 1.4).>> Pfeffer et al. concluded that the use of
[Ru(CO);Cl,], required the loss of a carbonyl ligand and this accounted for the harsh
conditions used and the low yields obtained.”® The same ligand reacted with
[Ru3(CO);;] to produce a bis-cyclometallated complex (1.37) in modest yields (Scheme

1.4).

|
/N
CI(OC),RU
[Ru(CO),CIl,
_ [Ru@O)Cll,
- - 2

120 °C

(1.36)

>10% yield
_N — ]
X [Ru(CO);l,
[ ek u
X
(OC),RU
L aq3n 2
38% yield
Scheme 1.4



Recent work using vinyl pyridine has shown the activation of non aromatic C-H bonds
with [RuHCI(PPhs);], although the formation of ethyl pyridine during the reaction
suggested that the H, formed during the reaction further reacts to reduce the substrate
(Scheme 1.5).°° However cycloruthenation without ligand reduction has been realized

using RuCl,(PPh;); as the ruthenium source.>®

N RuHCI(PPh;),

P CsCO;

Scheme 1.5

In conclusion, despite the wider range of precursors used the scope of cycloruthenation
of N-donor ligands by C-H activation is much less than cyclopalladation and
cycloruthenation with Ru(CO) precursors suffers from harsh conditions and low yields.
There is no easy method to cycloruthenate a wide range of N-donor ligands under mild

conditions by C-H activation.

As found for Ru there are fewer examples of cyclometallation of N-donor ligands with
Rh and Ir than Pd in the literature. This section will describe selected examples of C-H
activation with N-donor ligands with Ir and Rh, examples involving half sandwich

complexes will be discussed in more detail in Chapter 3.

For iridium and rhodium cyclometallation can occur from M(I) or M(IIl) oxidation
states. Imine ligands have been cyclometallated with Ir(Ill) and Rh(III) complexes
[M(PPh;),H,(acetone),] (M = Ir, Rh) to form (1.38) (Scheme 1.6).”” °* However
although an M(III) starting material is used the authors suggest reductive elimination of

H, occurs first. The reaction then proceeds by oxidative addition of the C-H bond to the



M() (M = Ir, Rh) intermediate. Interestingly, only five-membered rings were formed
which confirmed the easier formation of five-membered rather than six-membered
rings.”” ®* A mixture of the starting complex and the coordinated imine (1.39) were
formed in presence of d,-MeOH suggesting the reversibility of the C-H bond activation

(Scheme 1.6).°

l

H

7)CMe2 PFg
H PPhs
H e
PhsP. OCMe —~wm
\ ’ 2 PhP~—
Phap” | ocMe, /
M=Rh,Ir

M=Rh, Ir
(1.38)

d4-Methanol

MeOD

PhaP_

/ Ph P/ \
PhSP\Rh _OMe
PhgP— \/OMe +

D
(1.39)

Scheme 1.6

Another example of C-H activation was described using benzoquinoline with
[Ir(PPhs),(cod)]” in presence of H, to form (1.40)(Scheme 1.7).°° A non aromatic C-H
activation of an imine proton rather than an aromatic C-H activation was reported by
Suggs et al. in 1979 (Scheme 1.8). They showed that (1.41) selectively produced (1.42)

in the presence of [RhCI(PPh;);] (Scheme 1.8).

X

Ir(cod)(PPh;)z]
Hz

Scheme 1.7

PPhs

(1.40)
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Scheme 1.8

Cyclometallation with N-donor ligands was further developed with MCl;. nH,O (Ir,
Rh). Nonoyama described the cyclometallation of 2-phenylpyridine, benzoquinoline
and 2-phenylpyrazole with Ir and Rh complexes (Scheme 1.9).° Chloro-bridged dimers
(1.43) and (1.44) were formed (Scheme 1.9).°’. Alkylated and non-alkylated oximes
have been used as directing groups for C-H activation, reaction with [Rh(cod)Cl], or
RhCl; n(H,O) both gave the corresponding dimeric species [Rh(C*N),Cl], (C'N =
cyclometallated ligand).61 Reaction of diazobenzene with RhCl;, nH,O in the presence
of NaOAc gave biscyclometallated complex (1.45) but this time as a monomer (Scheme
1.10).59 Complexes of type [Ir(C"N);] and [Ir(C’N)y(N*N)]" have recently been
synthesized with a wide range of N directing groups for their luminescent applications
however these reactions require harsh conditions. This field has been reviewed recently

by Baranoff ez al.®?

10
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Q RhCl;. n H,O ‘
©/ NaOAc

Scheme 1.10

In general C-H activation from a M(I) complex (M = Ir, Rh) proceeds via oxidative
addition of the C-H bond into the metal. The mechanism(s) of C-H activation at M(III)
are much less well defined and electrophilic, oxidative addition or metathesis
mechanisms maybe possible. There are fewer examples of C-H activation with Rh and
Ir in comparison to Pd and, as observed with Ru, there is no simple method which

works for C-H activation with a wide range of N donor ligands under mild conditions.

From this introduction it is clear that there is not one method for cyclometallation of N-
donor by C-H activation that works for all four metals Pd, Ru, Rh and Ir. Although there

are many examples of cyclometallation by C-H activation with these metals there are

11



very few detailed mechanistic studies. Oxidative addition of a C-H bond is the most
likely pathway in the case of Ir(I), Ru(0) and Rh(I) whereas Pd(Il) reacts via an
electrophilic type activation. For cyclopalladation Pd(OAc), is a better precursor than
Li;[PdCl4] which shows that OAc may play a role in this particular reaction. In order to
expand the range of cyclometallated complexes and their applications new
cyclometallation reactions which occur under mild conditions are desirable. A better
understanding of the mechanism(s) of cyclometallation by C-H activation may provide
greater insight and hence aid progress in this area.”” The next section will discuss

mechanisms of inter and intra molecular C-H activation.

1.3 Mechanisms of C-H activation

Experimental and theoretical research has given a good understanding of the
mechanisms of C-H activation and prior to 2005 five broad classes had been identified
namely (i) oxidative addition (OA) with electron rich low valent transition metal, (i1) o-
bond metathesis (SBM) at electrophilic early transition metal centres (iii) 1,2 addition,
(iv) electrophilic-activation (EA) at electron deficient late transition metal centres and
(v) radical mechanisms, which will not be discussed in this thesis. Distinguishing
between these possibilities experimentally can be extremely difficult; however, insight
can often be gained from computational methods which can even lead to proposals of

novel mechanisms for C-H activation.”>®*

This section will give an overview of these
four classes of C-H activation and recent work on ambiphilic activation® which has

some similarities to electrophilic activation and 1,2-addition.

1.3.1 Oxidative addition

Oxidative addition is a mechanism where an electron rich metal reacts with a C-H bond
to form a M—C and M—H bond via a three membered transition state (Scheme 1.11).

12



Early experimental studies were reported by Graham et al.*®®, Bergman et al.®” and Jones
et al.®® using d* fragments Cp*ML (M = Rh, Ir, and L= PMe;, CO). Further studies
showed that the formation of reactive 16-electron complexes prior to the C-H activation

. . 6972
was a common feature for this reaction.®®”’

M OA /’H
+ _— M\ i —_— M
"R
Scheme 1.11
In early work, many metal complexes were shown to activate the strong arene C-H bond
(110 kcal/mol) but few reported the activation of the weaker alkane C-H bond (96-102

keal/mol).®”* Bergman er al. described activation of cyclohexane to form (1.46) under

mild conditions (Scheme 1.12).”

@‘m &

B —
cyclohexane l

Ir
Mep” \H Mep” |
I H

(1.46)

Scheme 1.12
Bergman et al. reported that photolysis of (1.47) leads to loss of H; to give (1.48) which
undergoes oxidative addition of methane via a proposed three—centre transition state
(1.49) to give the Ir'"" complex (1.50) (Scheme 1.13).”* The electron-donating Cp* and
the electron rich metal centre were necessary for oxidative addition of a C-H bond. An
indication that less electron-rich systems might function well in this reaction has been

provided by Graham and Hoyano, who found that Cp'Ir(CO) also activates methane.*®

S e o

I H A o Me Ir—Me
v - Mep” |/ —
Mesp” \ H Me;P Y Mesp” |
H H
147 (148) (1.49) (150)

Scheme 1.13
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The same group demonstrated C-H activation of alkanes, methane and ethane with the
Ir'™ complex [ItMe(PMe;)(OTH)Cp*] (1.51) under mild conditions.”” Two possible
mechanisms were proposed: (i) a nucleophilic pathway via oxidative addition,
proceeding through an Ir(V) intermediate then reductive elimination; or (ii) o-bond
metathesis (Scheme 1.17). The reaction was dependent on the ease of dissociation of
OTf to form a 16-electron species. Hence, complex (1.52) reacts faster than (1.51)
because the dissociation of DCM to form a 16-electron species (Scheme 1.14) is easier

than dissociation of triflate (Scheme 1.15).

OTf +
; \ : \ oxidative addition ﬁ \ i
I
"“~orr /Ir+ RH V2 /rté-l
RsP - Me RP pMe RsP g
(1.51)
c—bond metathesis reductive elimination
+
\ - ’@
Ir \
e’ 4T /lr—OTf
3 !
Ro-eofy R5P \

Scheme 1.14

BAr', BAT, BATF,
-CH,Cl, .
= ==
\

\\CICHZCI / N /Ir*Ph
RsP Me Pt Ry Mo CRCh RsP" cicH,Cl
2

(1.52)

Scheme 1.15

For iridium the reaction of the more electron donating PMes complex is thirty times
faster than with the P(OMe); one whereas in the case of the Rh analogs the rates of the
reaction were about the same for PMe; and P(OMe); and about 1000 times slower than

with Ir.”® The authors suggested this was due to a more difficult dissociation of triflate

14



in the case of Rh than Ir.”” This suggests that the rate determining step is the

dissociation and not the C-H activation.

This experimental study from Bergman ef al. could not distinguish between an OA and
SBM mechanism so computational chemistry was used to probe the mechanism
involved. Hall et al. considered the reaction of methane with [IrMe(PMes)Cp]” via the
two probable mechanisms (OA, SBM) and showed that OA was the lower energy
pathway.”® Despite a careful search, no transition state for SBM pathway could be
found. Hence, in this case computational chemistry allowed the distinction between an

oxidative addition and a SBM mechanism.

1.3.2 ¢-Bond metathesis

SBM is a one step reaction by which two c-bonds are broken and two new c-bonds are
formed in a concerted manner without change of the metal oxidation state (Scheme
1.16). This process is known for early d° transition metal complexes where a change in
the oxidation state is not possible and Watson et al. described the SBM mechanism for
the exchange of *CHy4 with the methyl group of (1.53) (Scheme 1.17).” Methane may
coordinate very weakly to the electrophilic Lu centre via a C-H bond. This is followed
by a rearrangement via (1.54), which results in methyl group exchange to give (1.55)
(Scheme 1.20). Bercaw ef al.™’ suggested that the transition state may be relatively non-
polar and suggested the term “c-bond metathesis mechanism”, however a computational
study of Eisenstein suggested a more polar TS.®* This topic has been recently reviewed

by Lin."!
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Lin, and Eisenstein previously computed methane activation with {TpM(PH3)(CHj3)}

(M = Fe, Ru, Os; Tp = tris(pyrazolyl)borate) fragments via four membered ring

transition states. They showed that the activation barrier increased in the order Os<

Ru< Fe (Fig. 1.5) with a change in the nature of the C-H process showing a dramatic

effect of the nature of the metal centre.®? With M = Os a 3-centred oxidative addition

was computed, but with the Ru and Fe analogues, 4-centred transition states were seen.

For M = Ru a very shallow Ru(IV)-H intermediate was located, while for M = Fe, C-H

activation was clearly a one-step process via a transition state featuring a short Fe-H

distance of only 1.53 A showing some Fe-H bonding which suggested an oxidative

character. With late transition metals the computed transition states often show a M—H

bond. Lin called these mechanisms oxidatively added transition states (OATS).

16



M=Os

Fig. 1.5 Energy in Kcal/mol, [M] = TpM(PHj3) with M = Fe, Ru, Os.

In 2003, using DFT calculations Periana and Goddard showed that C-H activation
catalysed by [IrPh(acac),(pyridine)] goes via SBM type of mechanism rather than OA.*
In the transition state the Ir-H distance is short (1.58 A) which implies an oxidation at
the metal centre during the process, the authors called this mechanism an oxidative
hydrogen migration (OHM). They rationalised the difference in mechanism in
comparison to Bergman’s system [Ir(CH3)(PMes3)(OT)Cp*] by two main factors. They
speculated that in Bergman’s complex the Cp* is less bulky than the bis-acac making
the seven coordinated Ir(V) intermediate more favoured, and the more electron donating

ligands (Me, PMej3) also make the OA more favoured.

Gunnoe ef al. described an experimental and computational study on the C-H activation
of arenes (CsHsX) with [TpRu(L)(CsHsX)Me] (L = PMes, CO) investigating the effect
of substituents on the arene and other ligands. The calculations showed a short Ru-H
bond distance (between 1.592 and 1.677 A) in the transition state which is similar to
Goddard’s observations for OHM, moreover the reaction showed a lower energy barrier
for L = PMe; than L = CO, consistent with the more donating ligand stabilizing the
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“oxidative character” in the transition state.*** More recently they studied the impact of
the acidic character of the C-H bond being activated by varying the substrate (CH3NO,,
CH;CN, (CH;),CO, THF). An easier activation of more acidic C-H bonds was observed
(CH3NO; > CH3CN > (CH;3),CO > THF). These results showed that the 16 electron
fragment {TpRu(PMe;)R} can activate sp> C-H bonds and confirmed a degree of
heterolytic character in the transition state with the C-H activation resembling an

intramolecular proton transfer.*

Recently Hall ef al. reported®” a computational study summarising all the different
mechanisms reported in the literature for a SBM type of mechanism (SBM, OHM
(Goddard), OATS (Lin)) and showing a “spectrum of mechanisms for metal-mediated
hydrogen transfer” (Fig. 1.6). Macgregor and Davies suggest that a continuum of
structures will be formed as more computational data become available on SBM
processes.®™ Hence, whilst computation has provided some insights into different
mechanisms the ability to distinguish between some of these mechanisms without

computation has become almost impossible.

Cmmmmmmmmmme e H Commmmmmmm e H  HyC------mmmmmoeee H C H
i
!
M]--==========e ¢ e ¢ e c [M]-=========mmmeee c
SBM TS OATS OA/RE TS OHM TS
SBM OA/RE
Fig. 1.6

1.3.3 1,2 addition

Bergman® (Scheme 1.18a) and Wolczanski’® (Scheme 1.18b) independently reported

in 1988 that transient Zr(IV) imido complexes could activate a C-H bond via 1,2-
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addition (Scheme 1.18). Computational studies have also been reported on these

91,92
L=

systems by Wolczanski ef a which confirm the 1,2 addition mechanism.
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[Si' = (t-Bug)Si]

Scheme 1.18

In 2005, Periana’ and Gunnoe® reported the first experimental studies of 1,2-addition
of a C-H bond to an M-X (X = O, N) single bond. Gunnoe reported H/D exchange with
benzene using [TpRu(PMes),(OH)] as catalyst in the presence of D,O at 100°C.**
Kinetic studies suggested that dissociation of PMes occurs before the coordination of
benzene. The selective ortho and meta deuterium incorporation into toluene suggested

the metal is involved in the process.

More recently Gunnoe ef al. studied the effect of substituting the hydroxyl group with
OPh, NHPh, SH, Cl and OTf. H/D exchange was only observed with NHPh as a
substituent.” They suggested that C-H activation was related to the basicity of the
group receiving the hydrogen and that non-dative heteroatom-based ligands on low
oxidation late transition metals would have lower activation barriers for C-H activation
than similar metal-alkyl or aryl bonds. They proposed that the mechanism of C-H(D)
activation steps for (X = OH, NH,)*® involved coordination of the C-H(D) bond to the
metal centre followed by a net heterolytic cleavage in a process that resembles o-bond

metathesis.”®”

Further computational studies on benzene activation with 16 electron
{Ru(PH3)X} (X = Me, OH, NH,) showed substantial differences in the transition states

with a lower activation barrier for X = NH,, OH than X = Me, the latter showing a
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shorter M—H bond distance. The authors explained this by the presence of a lone pair on

NH,/OH and a less efficient bridging for the proton transfer with X = Me (Fig. 1.7).”°

Fig. 1.7

1.72/2.05/2.03

[Ru]
2.23/2.402.36 /3~ 231/2.17/2.20

X

C/~-\ \“ o
ey 1.52/1.39/1.27

1.49/1.35/1.39

[Ru] = Ru(PH,)(Tab)

. Tab HB(NNH);
bond distances in the transition state for X= Me/NH,/OH

Periana et al. showed the formation of (1.59) via C-H activation of benzene with
[Ir(acac),(OMe)L] (L = MeOH, pyridine) (Scheme 1.19).” In the presence of Cg¢De,
MeOD was produced via H/D exchange. A computational study of the system showed
that the reaction proceeds via a SBM (four-membered TS (1.57)) rather than an OA
(three-membered ring TS). As with Gunnoe’s observation on [TpRu(PMe;),(OH)],
(1.56) catalyses the H/D exchange in presence of D,O via an Ir-OH intermediate.””’
Oxgaard et al. further analysed the 1,2 addition across the Ir-OMe bond by computing
the localised orbitals. They observed an electrophilic metal attacking the benzene
generating a positively charged hydrogen, which was transferred to the coordinated

hydroxide which they termed an internal electrophilic substitution mechanism (IES).”®

+
C|)Me TMe CeH
fir] Da— [ir] — — o P o
| o [1r — [
" AN AN

HOMe \
\ H (l)Me pyr

(1.56) Ve H (1.59)

(1.58)

[Ir] = Ir(acac), .57 pyr = pyridine

Scheme 1.19
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Goddard et al. concluded that the net 1,2 addition of C-H bonds to an M-X bond (X =
O, N) occurs via a four-membered transition state however there is no M—H bonding
interaction and the forming X-H bond and the cleaving M-X bond are not based on the
same orbital, which makes the process fundamentally different to SBM. Davies and
Macgregor viewed the process as concerted, involving an electron-deficient metal and a
basic ligand acting together to cause a heterolytic scission of the C-H bond, they called

this an AMLA process (ambiphilic metal ligand activation).®®

1.3.4 Electrophilic activation

1.3.4.1 Intramolecular C-H activation

As mentioned in section 1.2.1, Ryabov et al. studied the mechanism of cyclopalladation
of DMBA (DMBA = N,N’ dimethylbenzylamine) in the presence of Pd(OAc),. > %
Detailed kinetic studies led the authors to propose a Wheland intermediate and an
electrophilic C-H activation since in the case of substituted DMBA the rate constants of
the reaction increased as the donor strength of the ring substituent increased. The
activation parameters of the rate-limiting step, AH* and AS* (11 kJ/mol and -254 J/(K
mol) respectively) were in accord with a highly ordered six-membered transition state
(Fig. 1.8) in which the leaving hydrogen is abstracted by the second arm of the acetate

and not the external amine.

Fig. 1.8 Fig. 1.9
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A similar mechanistic investigation of cyclopalladation of imines with Pd(OAc), was

1% The rate of the reaction was measured at different

carried out by Gomez et a
temperatures and pressures and the authors suggested a highly ordered transition state,
but this time with the bound oxygen of a monodentate acetate acting as a proton
acceptor via a four-membered transition state (Fig 1.9). This is closely related to the
transition states proposed by Gunnoe’ and Periana®™ as discussed earlier where the

basic heteroatom plays an important role in the proton transfer in a four-membered

transition state.

Davies and Macgregor studied the cyclometallation of DMBA with Pd(OAc),
computationally, they considered three possible mechanisms namely oxidative addition,
sigma bond metathesis, related to the pathway proposed by Gomez ef al’’ and
electrophilic activation via a six membered transition state as suggested by Ryabov.”" *
The most favoured pathway was an H-transfer process via a six-membered transition
state involving an agostic C-H interaction, rather than the Wheland intermediate
proposed by Ryabov with hydrogen bonding to the free arm of acetate (Fig. 1.8). The

displacement of one arm of the acetate to form the agostic intermediate was the rate

determining step with an activation barrier of 13 kcal/mol.'”

The computed activation barrier of 13 kcal/mol for the H-transfer was lower than that
computed for OA (+34.3 kcal/mol) or SBM (+25.7 kcal/mol). A small KIE was
computed (1.2) which is consistent with a low KIE experimentally observed by
Ryabov.”*?" Davies and Macgregor suggested an ambiphilic activation by an
electrophilic metal centre and an intramolecular base, they also suggested a small
influence of the metal which implied that this process could be extended to other metal

1
centres. 00
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Davies had already shown experimentally that acetate-assisted cyclometallation of
amines, imines and oxazolines with [MCl,Cp*], (M = Ir, Rh) and [RuCly(pcy)]»
occurred at room temperature. Subsequently, the acetate assisted C-H activation of
DMBA with [IrCl,Cp*], was computationally investigated and again a six membered
transition state was the most favoured transition state and this will be further discussed
in Chapter 2. Following this, Jones et al. carried out an experimental study of acetate
assisted cyclometallation of phenylimines [PhN=CH(p-CsH4R)], (R = OMe, CHs, F,
CO;Me, CF; and CN). Kinetic measurements showed that the reaction with [Cp*IrCl,],
was 2-4 times faster than the reaction with [Cp*RhCl], for a given substrate; also the
reactions with the substrate bearing a p-methoxy substituent was over 10 times faster
than the reaction with the p-trifluoromethyl substrate, consistent with an electrophilic

type activation.'"!

Echavarren and Maseras have studied palladium catalysed intramolecular arylation
using a combined experimental and theoretical approach.'®> Treatment of (1.60) with
Pd(OAc), led to the formation of (1.61) and (1.62)(Scheme 1.20). The ratio of the
regioisomers formed (1:1) was independent of the electronic nature of the substituent
which ruled out an SgAr mechanism and kinetic results showed a high KIE (Kyp=5)

which was consistent with a proton transfer being the rate determining step.

7N 7N
R |— R—l R
/ /
Pd(OAc),, L, K,CO; .
DMF
L = monodentate Phosphine
B

r
(1.60) (1.61) (1.62)

R =4-OMe, 3-OMe, 4-CFs, 4-Cl, 3-Cl, 3,4,5-(F),

Scheme 1.20
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Three different transition states were envisaged by DFT computations, TS1 involving a
four membered transition state where the bromide acts as an acceptor, TS2 involving
external carbonate as base, or TS3 with bound carbonate as base (Fig. 1.10). TSI
showed the highest activation energy (43.5 kcal/mol) but whether the inter TS2 or
intramolecular TS3 pathway was favoured depended on the substituent on the phenyl
ring with small differences between the two (6 kcal/mol). A bidentate phosphine was
also tried, the DFT computations showed the intermolecular pathway to be favoured and
confirmed previous observations in which electron withdrawing substituents made the

reaction lower in energy.

A similar experimental and theoretical study of the sp® C-H activation shown in Scheme
1.21 was carried out by Fagnou et al.'” The reaction selectively produced one
regioisomer (1.63)(Scheme 1.21). The DFT calculation showed a six-membered
transition state with an agostic interaction between the Pd and the C-H being activated
(Fig. 1.11). The regioselectivity observed experimentally was confirmed
computationally showing a lower activation barrier for the primary C-H activation in

comparison to the other isomers.

o Et O
Pd(OAc), (3 mol %)
PCy,-HBF, (6 mol %)
Et
O,N
O,N Br

Cs,COj5 pivOH (30 mol%) 2
Mesitylene 135 C (1.63)

Scheme 1.21

24



Fig. 1.11
Baudoin, Clot ez al. reported the formation of benzocyclobutenes by sp® C-H activation

catalysed by Pd(OAc), to produce (1.64)(Scheme 1.22).'™ The reaction showed a high
KIE (Kyp = 5.8) which suggested that C-H activation was the rate determining step
(Scheme 1.22). Two possible isomers could be formed from the first step (C-Br
oxidative addition) and a computational study showed that (1.66) previously reported by
Hartwig et al.'” was more stable than (1.67) (Fig. 1.12). Calculations of the C-H
activation step from (1.66) showed a higher activation barrier than the one reported by
Fagnou, moreover the overall process was endothermic and acetate showed a lower
activation barrier than carbonate which is opposite to the experimental results. However
when the C-H activation process was computed from (1.65) the C-H activation proceeds
via ('0,CX)Pd complexes with an agostic interaction with one C-H bond of the 'Bu
group of the aromatic ring. The proton transfer now occurs in a plane perpendicular to
the P-Pd-Ph plane and the lower activation barrier is calculated with carbonate as
observed experimentally and the reaction is now exothermic. This study demonstrated
that the carboxylate does not need to be located cis to the site being activated in the

square planar complex.

25



R_

1l

l S CRR,Me
Rs | Br
Y

/ O

Pd(OAc),, P'Bus, K,CO4

R4

X

DMF, 140 C
Br

Scheme 1.22

N CR{R,Me
|
Ry——
N
N us
Br/ P8
(1.66)
Fig. 1.12

1.3.4.2 Intermolecular C-H activation
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In 2000, an early computational study of C-H bond activation of benzene and methane

by Pd(O,CH), and Pd(PH3), was reported by Sakaki et al.'®® C-H activation of benzene,

via OA, with Pd(PHs), has a high activation energy and is significantly endothermic

whilst C-H activation of benzene with PA(OCOH), has moderate activation energy (16-

20 kcal/mol) due to assistance by formate and is exothermic. They showed that the

processes involved an n'-n? displacement of one arm of the formate by the C-H bond.

Subsequent electrophilic attack of the metal occurs in concert with the abstraction of the

proton by the formate ligand to give a heterolytic fission of the C-H bond (Fig 1.13).

©——-:H\
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H

Fig. 1.13
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Further development of mechanistic studies on direct arylation with perfluorobenzenes
in the presence of Pd(OAc), was reported by Fagnou et al. in 2006.'"" Interestingly, the
reaction was easier in the case of electron deficient arenes which contrasts with a purely
electrophilic activation mechanism. However a computational study located a transition
state with a six membered ring similar to that in Fig. 1.13, showing that hydrogen
bonding to acetate plays a key role. Fagnou called this process a concerted metallation
deprotonation (CMD) to describe that the hydrogen is abstracted by the coordinated
base at the same time as the M—C bond is formed. The faster reaction of electron
deficient arenes is therefore due to the greater acidity of the proton being abstracted.
They reported the advantage of using pivalate for the C-H activation experimentally and

theoretically. '*®

Goddard et al. studied the activation of benzene and methane by [Ir(acac),(OAc)]
computationally.'” They showed that a six-membered ring transition state was lower in
energy for both methane and benzene activation than the four membered ring transition
states. Very recently they reported a combined experimental and computational study of
C-H activation of benzene with [Ir(acac),(k2-OAc)].'"® Experimentally deuterium
incorporation in benzene was observed in the presence of CD3;CO,D and CF;CO,D.
Monodeuteration was observed with CF;CO,D whereas multideuteration occurred in
CH3CO;D. The authors showed that in acetic acid, the rate-determining step is the
displacement of one arm of the bidentate acetate followed by benzene coordination
resulting in rapid H/D exchange via a six-membered acetate-assisted transition state. In
contrast, in trifluoroacetic acid, C-H bond cleavage becomes rate determining, resulting

in the formation of only monodeuterated benzene.
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Computation has helped shed light on mechanisms and influence of ligands. However it
also allows more fine distinctions between mechanisms, for example CMD, IES both
involving electrophilic type of activation with an intramolecular base, or OHM as a
process between OA and SBM. Davies and Macgregor in a recent review commented
on the importance of the lone pair of the heteroatom involved in the four and six
membered ring transition states involved in the proton transfer. They emphasized the
little influence of the M—H bonding interaction during the C-H activation at M-X (X =
O, N) and therefore the difference to the SBM at M—H, M—C and M—B. They viewed
these processes as variants of concerted ambiphilic activation in which an electron
deficient metal and a basic ligand cause a heterolytic cleavage of a C-H bond, they
termed these AMLA mechanisms (ambiphilic metal ligand activation) which would
include CMD, IES and OHM processes. They suggested to specify an AMLA(4) and
AMLA(6) for four and six-membered transition states. This section has shown the
variety of mechanisms and approaches to C-H activation. The next section will attempt
to give an overview of the applications of C-H activation in catalysis with a focus on

direct arylation.

1.4 Applications of C-H activation in C—C bond formation

The development of methods for the direct conversion of C-H bonds into C-O, C—N
and C—C bonds remains a critical challenge in organic chemistry.” The aim of this brief
introduction is to describe some advances in catalytic processes involving C-H
activation followed by C—C bond formation. The C—C bond formation step can either be
an insertion, e.g. with an alkene or alkyne, or a reductive elimination with another M—C

bond on the same metal. Cases of alkyne insertion are specifically dealt with in Chapter
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4, so this section will focus on direct arylation reactions, where the C—C bond forming

step is reductive elimination involving a M—C bond of an arene or heterocycle.

The classical methods of creating an Ar—Ar bond have involved the reaction of aryl
organometallics of B, Sn, Si, Mg with a wide range of aryl halides in the presence of a

transition metal (Scheme 1.23 (iii))."'" ''?

While high yields and selectivities can now
be obtained by these traditional methods, they still suffer from drawbacks. Both
coupling partners need to be preactivated, which is wasteful since it necessitates the

installation and subsequent disposal of stoichiometric activating agents. The coupling of

two aryl C-H bonds to give the corresponding biaryl product would seem ideal
(Scheme 1.23 (i)). However, given the strength of the C—H bond, these processes are

thermodynamically disfavoured. A chemical compromise with the substitution of one
preactivated species with a simple arene (Scheme 1.23 (ii)) and there have been

considerable advances in the last five years with now several reviews on the subject.® "
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Ar H + Ar H —— Ar Ar (i) ideal
M cat . X
Ar X + Ar H —> Ar Ar (ii) compromise
M cat .
Ar X o+ Ar M ——— A Ar (iii) ~ avoidable

Scheme 1.23

This introduction will focus on use of Pd, Ru, Ir and Rh to couple a C-H bond with an
Ar-X precursor and the more difficult, and hence rarer, coupling of two aryl C-H bonds.
For each metal the different possibilities involving C-H activation (i.e. type (i) and (i1)
in Scheme 1.23) will be classified according to inter or intramolecular processes and to

the directing functional groups.
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1.4.1 Palladium catalysed direct arylation

1.4.1.1 Palladium catalysed direct arylation with halogenated substrates

Early examples of palladium catalysed intramolecular direct arylation were reported by
Ames et al.""*'"® In an attempt to investigate the Heck reaction, they observed the
arylation of a C-H bond (1.73) instead of the product from the Heck reaction (Scheme
1.24). Further investigation of this reaction showed it could be extended to a variety of

116
benzofurans.

o / OEt N==N
o0
O, ——
N\ X

Pd(OAc),

NEt;, MeCN X=0,NH

1.73
X=0,NH am)

Scheme 1.24

Fagnou et al. recently studied the formation of (1.75) starting from (1.74) with
Pd(OAc), as catalyst (Scheme 1.25)."'" The reaction produced the cyclised product
(1.26) with high yields with all three halogens (Cl, Br, I) and the authors initially
suggested an electrophilic proton abstraction mechanism for the C-H activation related

to that computed by Maseras'* (See section 1.3.4.2).

The nature of the base and its counterion have a significant impact on catalyst reactivity
and se:lectivity.118 For example, while K,CO; gave optimal results, both Na,COs and
Cs,COs were less effective, giving lower conversion and leading to a higher proportion
of (1.76) whilst KOAc gave good selectivity but lower conversion and alkoxide bases
led to an increased amount of (1.76). Organic bases such as Et;N, Cy,MeN, and
diisopropylethylamine (DIPEA) gave (1.76) as the major product and very low

conversion. More recently a more detailed experimental study combined with DFT
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calculations'"” showed a lower energy barrier for a CMD pathway using pivalate as an
intramolecular base (see section 1.3.4.2). This approach has also been applied to sp’ C-
H activation as described earlier (Scheme 1.25 in section 1.3.4.2).'” The mechanism of
the overall process goes via an oxidative addition of the CX bond to Pd(0) followed by
a C-H activation then reductive elimination to generate the desired product and the

Pd(0) catalyst.

Pd(OAc), (1% mol)

PCy;-HBF, (2% mol)
K,CO; (2 eq)

(1.74)
(1.75) (1.76)
X=Br,Cl1

Scheme 1.25

Weak N-donor functional groups can direct arylation such as (benz)oxazoles,'*’

122, 123 123, 124

indoles,"?! pyroles (benz)imidazoles, and undergo arylation with arylhalides.
In these cases the C-H activation nominally proceeds via a three membered ring
interaction between the N-atom and the metal centre. As expected three membered rings
are not very stable so the M—N bond is not retained in the products, this may be a factor
in allowing catalytic turnover. These transformations are an improvement on both
partners being activated, however they usually suffer from the use of an excess of one
of the aryl partners. Fagnou et al. investigated the possibility of using a 1:1 ratio of the
two coupling partners and one set of conditions which could be applied for a wide range

123 They showed that the use of a catalytic amount of pivalic acid (30%) and

of ligands.
excess CaCOs afforded optimal results even with a 1:1 ratio between the two aromatic

groups and these conditions could be applied to a wide range of substrates. The benefit

of using pivalic acid was also applied to a wide range of heterocycles.'*
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As observed with weak N-donor directing groups, S-donor groups can direct arylation

123, 126-128 129-131 132,133

with benzothiophenes and benzothiazoles and O-donor with furans
again nominally via a three membered ring interaction. Fagnou et al. recently reported a
mechanistic investigation of the arylation of benzothiophenes in the presence of pivalic
acid (Scheme 1.26). In a competition between (1.77) and (1.78) arylation occurred
preferentially on the fluorinated benzothiophene (1.78) which is not consistent with a

SeEAr mechanism however it is consistent with a CMD mechanism since the C-H bond

is more acidic in this case. A computational study also agreed with a CMD mechanism.

\ Pd(OAc),/ PCy; HBF, \ Ar
Ar-Br
S PivOH S

1.77) KaCO; (1.79)
_—

F DMA

(1.78) (1.80)

Scheme 1.26

Pyridine N-oxide can be used as substrate to direct arylation catalysed by Pd(OAc), in
presence of CsCOj; (Scheme 1.27).°*1*> The reaction is compatible with electron
donating and electron withdrawing substituents. In all cases the arylation selectively
takes place in the position ortho to the N-oxide which implies a weak interaction
between the oxide and the Pd centre presumably via a four membered ring for the C-H

activation step. The reaction is compatible with bromides, chlorides, iodides and

136, 137 138,139

triflates the latter has also been used for sp” arylation (Scheme 1.27).
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Scheme 1.27

Direct arylation via a five membered ring intermediate has been reported for weak
donor groups e.g. ketones'*’, aldehydes'*" '*?, amides'* and nitrobenzene'**. However,
direct arylation with arylhalides with strong N-donor groups, using Pd(II)/Pd(0)
catalysts does not seem to be favourable probably due to a difficult reductive
elimination from a stable cyclometallated intermediate (see below). Phenolates which
are strong O-donors have been reported for direct arylation with aryl iodide via a six-
membered ring cyclometallated intermediate to form (1.85) (Scheme 1.28)."** Note, in
this case, unlike the previous cases involving the smaller rings, no phosphine ligand is
used, presumably the strong chelating atom blocks one site hence a phosphine could not
remain bonded throughout the catalytic cycle.

Pd(OAc), (5%mol)
Cs,C05 (1.2 eq) on

_—

DMF OH

(1.85)

d

Scheme 1.28
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As mentioned above, strong N-directing groups giving five or six membered rings have
not been reported for the direct arylation with arylhalides with Pd(I1)/Pd(0) catalysts.
An alternative for the direct arylation of strong N-directing groups (arylpyridines,
quinolines, pyrrolidinones, oxazolidinones, and benzodiazepines) has been reported by
Sanford et al. in presence of Pd(OAc), and diphenyliodonium salts. These reactions
were proposed to proceed by a Pd(II)/Pd(IV) mechanism with (i) C-H activation at
Pd(Il) followed by (ii) oxidative addition of the iodonium salt and (iii) reductive
elimination to form the desired product and regenerate the Pd(I) catalyst (Scheme
1.29).7 " %7 Generally, faster reaction rates and higher yields were observed with

electron-deficient aryl groups.

C-H activation

7

N C-H [An,I]*
oxidative addition

(iii) reductive N

Pd(II) elimination < \ |
Pd

C/(IV) Ar

N C-Ph

2R\

(N = pyridine, quinoline, oxazolidinone, benzodiazepine)
Scheme 1.29
In conclusion, Pd-catalysed direct arylation with halogenated substrates has been
described with O-donor and weak N-donor directing groups via a Pd(0)/Pd(II)
mechanism. The absence of reports showing arylation of strong directing groups via this
mechanism suggests the reductive elimination step from a cyclometallated intermediate
is difficult. Another method was to use a Pd(I)/Pd(IV) catalytic cycle where the
reductive elimination from a Pd(IV) intermediate is much easier than from a Pd(Il)

intermediate.
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1.4.1.2 Palladium catalysed direct arylation with non-halogenated substrates

Sanford et al. reported the Pd-catalysed coupling of two aryl C-H bonds with quinoline,
pyridine, pyrazole, and pyrimidine which are strong directing groups in the presence of
AgCO; and benzoquinone (Scheme 1.30).'** The order of C-H activations is different to
the systems involving an aryl halide. No phosphine is present and in this case the
cyclometallation occurs first whereas with aryl halides the oxidative addition occurs
first. They showed that the presence of benzoquinone was essential; no conversion was
observed without it. Mechanistic studies showed that the benzoquinone ligand is bound
to the Pd centre during the second C-H activation probably making the the Pd(II) centre
more electrophilic. The easier dissociation of the benzoquinone in comparison to
phosphine probably helps the reductive elimination. They proposed that these
transformations proceed via the (i) ligand-directed C-H activation to afford a
cyclometallated intermediate, (if) benzoquinone-assisted C-H activation of the arene,
(iii) C—C bond forming reductive elimination, and (iv) oxidation of the Pd(0) to Pd(II)

by Ag,CO5 (Scheme 1.31).'*

D SR

Pd(OAc),
benzoquinone
AgyCO;
benzene
DMSO
\N Ph —
O 3o
N
P \NJ\©
N
Ph
Scheme 1.30
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m benzoquinone \Pd/
o
7\
C L

Pd(1l)

(iv) Ag,CO;4
reoxidation

C-H activation
benzene

‘ (ii) Non-directed

H*

(iii) reductive o

Pd(0) elimination
-—
M N
N C-Ph < \Pd/
C/ \Ph

(o}

Scheme 1.31 Mechanism proposed by Sanford ef al. for the arylation of strong directing
group.'*®

C—C bond forming reactions involving C-H bonds on each coupling partner are rare,
particularly those at inactivated sp’ positions, however, Fagnou has described the
development of arene-alkane coupling.'*""*° In the absence of a halogenated ligand an
external oxidising agent is needed to make the catalytic cycle turnover. Fagnou showed
that the use of an air atmosphere at ambient pressure provided superior outcomes
compared to the use of other common oxidants such as copper(Il) acetate and silver(I)
acetate. The reaction could be applied to the formation of five-membered rings e.g.
(1.87) via an sp3 C-H activation (Scheme 1.32) and to sp2 C-H activation to form a six-
membered ring (1.89)(Scheme 1.32), with optimum conditions using ‘BuONa in pivalic
acid. This also showed that esters could direct the arylation via a five membered ring in

. 1
an intramolecular process.' ™’
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o Pd(OAc), (0]
Ar / N NaO'Bu Ar- / N
. _—
air, PivOH
MeO,C

(1.86) (1.87)

Ar- / Ar /
Pd(OAc),
NaO'Bu
_—_—
air, PivOH

MeO,C MeO,C

.58 (1.89)

Scheme 1.32
Intermolecular coupling of two sp” C-H bonds has been reported using O-directing
groups with pyridine N-oxide and Ag(OAc) as an oxidising reagent (Scheme 1.33)."'
No homocoupled product was observed which implies that the oxygen directs the C-H
activation via a four membered ring. In this case oxidative addition of the C-H bond of

the pyridine N-oxide with Pd(0).

Pd(OAc),
N Ag,CO;4
+ _—
/
|
&

Scheme 1.33

1.4.1.3 Palladium catalysed direct arylation with no directing group

The direct arylation of a triazole with ArC1"°%, ArBr'>® and ArOTs'? has been recently
reported. Interestingly the arylation selectively took place in the heterocyclic ring to
form (1.90) and not on the aromatic ring which showed that a cyclometallated triazole
complex could not be an intermediate of this reaction, this is therefore an example of a

non directed arylation (Scheme 1.34).
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// \ Pd(OAc), | \ oMe
N ~ X-Phos N ~

N K,CO4 N
+ —_—

it
MeO OMe DMF/'BuOH OMe

OMe

(1.90)

Scheme 1.34

In 2006, Fagnou reported the arylation with no directing groups of electron deficient
perfluorobenzenes (1.91) with ArBr (1.92) to form (1.93) (Scheme 1.35). The reaction
was favoured with C-H acidic benzenes i.e. a selectivity opposite to a SgAr pathway.
Computational studies revealed that the key C-H bond functionalisation step occurred

via a CMD mechanism. The same group extended this reaction to CL.'>*

The authors
concluded that the C-H activation depended on the acidity of the C-H bond rather than
the nucleophilicity. They also showed direct arylation of non fluorinated benzenes, '*

interestingly a catalytic amount of pivalic acid was needed for the reaction to proceed in

. 1
this case.'®

Pd(OAc), R F
P'Bu,Me HBF,
.

(1. 91) (1.92) P13

Scheme 1.35
As mentioned earlier the ideal situation is the intermolecular coupling of two C-H bonds
without preactivation and directing group. Lu ef al. reported the direct arylation of

155

benzene with mesitylene. > They showed that the ratio of the concentrations of

TFA/K,S,0g was important to achieve the formation of (1.94)(Scheme 1.36).

38



Pd(OAC), C
TFA
© K,S,05
+ R

(1.94)
Scheme 1.36
In the case of palladium the intra and intermolecular direct arylation with no
preactivation and no directing group could be achieved, however there are currently
only a few examples. On the other hand, direct arylation of halogenated rings can be
achieved with a wide range of directing groups. The understanding of the mechanism
allowed further use of this reaction specially the use of pivalic acid to produce arylation

of electron deficient aryl halide groups.

1.4.2 Ruthenium catalysed direct arylation

2-phenylpyridine has been described as directing group for direct arylation using
halogenated aryl groups. Monoarylated product (1.95) was the major product in the
presence of [RuCly(C¢Hg)]o, PPh; with aryl chlorides, bromides and iodides.'®
Monoarylation was also observed in the case of tosylates with 2-phenylpyridine using
[RuCly(pey)], and HPOR, in presence of CsCO;"’ however diarylation (1.96) was
observed in the case of aryl chlorides and bromides.””” ** Ackermann improved this
methodology by using RuCl3(H;O), as a catalyst in the presence of K,COs3; without
phosphine, however, diarylated products were the major products (Scheme 1.37)."%°

This method have also been described with aryliodide using peroxides instead of K,CO3

(Scheme 1.37).'%°
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_— Ar + Ar Ar

(1.95) (1.96)

major product formed
Catalyst additive monoarylation diarylation

[RuCl,(arene)], 4  PPhy X=Br,CL1

arene = C4Hg ref 161

[RuCl,(arene)], + HP(O)R, X=0Ts X=Cl, Br
arene = pcy ref 162 ref 163
RuCl; n(H,0) X =Br
ref 164
RuCl; n(H,0) + peroxides X=1

ref 165

Scheme 1.37

Pyridine can also direct a non-aromatic sp® C-H arylation (1.97) catalysed by
[RuCly(C¢Hg)]» in the presence of K,CO; and PPh; (Scheme 1.38). The authors
proposed a mechanism which involved (i) an oxidative addition of the aryl halide to a
ruthenium complex to give an aryl ruthenium intermediate, (ii) C-H activation of the
alkene, directed by coordination of the pyridyl group to the ruthenium atom and finally
(ii1) reductive elimination to afford the arylated product (1.98) with the simultaneous

regeneration of the initial ruthenium complex.'®!
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AN PPh, |
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(1.98)
Scheme 1.38
Ackermann also reported arylation of a cyclohexene directed by a pyridine with an
arylchloride.'® The same group expanded the area of the functional groups directing the
arylation to imines'”’, oxazolines'®®, pyrazoles' and triazoles'””. They suggested an

AMLA type of transition state.

Interestingly in the case of triazoles the regioselectivity is different to the Pd-catalysed

direct arylation. In this case the formation of (1.99)(Scheme 1.39) suggests a five

membered ring cyclometallated intermediate.'® 1%
Bu Bu
N N
Z\ \N | [RuCly(pcy)] Z/\ \\N
2 2
N PCy, N
K,CO;
+ _—
NMP OMe

OMe

(1.99)

Scheme 1.39

Hence, direct arylation with aryl halides using ruthenium catalysts is efficient with
strong N-directing groups. Mechanistic work showed cyclometallated intermediates, in
those reactions which involve carboxylate activation of the C-H bond probably proceeds
via an AMLA type of mechanism. It is noticeable that the type of directing group

(strong donor) is different and complementary to Pd catalysts (weak donors). Direct
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arylation without a directing group or without prehalogenated aryl groups has not yet

been reported in the case of ruthenium catalysts.

1.4.3 Rhodium catalysed direct arylation

Rhodium shows good catalyst properties for the application of C-H activation and the
area has been reviewed recently by Bergman et al.’ Phenols are good directing groups
for arylation, as observed with palladium catalysts, thus the reaction of (1.100) and

(1.101) in presence of a Rh(I) catalyst produced (1.102)(Scheme 1.40).

Br
OH
[RhCI(PPh3);] oH o
By Phosphinite
Cs,CO;
Bu
+ J——
toluene O
o

(1.100)
(1.101) (1.102)

OH OH

R4 Ry Ar

o /PHRZ>——<
OPR,
Ry Ar
ArBr R
[Rh] —— Ar-[Rh]-Br
. Cs,C04

PR
o— ?

o—FR, CsBr,

Ri CsHCO,

[Rh]

Ar
(1.103) \‘ \Ar

Scheme 1.40
The proposed mechanism (Scheme 1.40) starts with an oxidative addition of the aryl
bromide to the rhodium(I) catalyst, followed by ortho-metallation of the phosphinite.
Reductive elimination then occurs to give intermediate (1.103). The catalytically active

species is regenerated through dissociation of the phosphinite which undergoes
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transesterification with the corresponding phenol to give desired the 2-arylated phenol.”
165-167

Pyridines and quinolines can direct arylation with acid chlorides in the presence of
[RhCI(CO),], as a catalyst with Na;COs and no phosphine.'® The authors proposed a
mechanism involving oxidative addition of the acyl -chloride, followed by
decarbonylation to give a Rh(Il)-aryl species and then chelation-assisted C-H
activation followed by reductive elimination to give (1.104)(Scheme 1.41). In the
absence of a protective group double arylation was observed to form (1.105).
Subsequently, Bergman et al. reported a similar reaction using an aryl bromide in place

of the acyl chloride.'®

/ﬁ
‘ o
N
& [RhCl(cod)],
n cl
R
= Na,CO; MS
‘ xylene
\/
R=H, Me
Scheme 1.41

Direct arylation of a wide range of heterocycles with aryl iodides occurs in the presence
of [RhCl(coe)],, PCy; and NEt; (Scheme 1.42). The proposed mechanism (Scheme
1.43) involves coordination of the heterocycle to form (1.106) followed by
tautomerisation by proton transfer from the C-H to make the carbene complex (1.107).

Oxidative addition of aryl halides occurs followed by elimination of HI to produce
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(1.108). Finally, reductive elimination of the desired arylated product would regenerate

169, 170
the Rh catalyst. "
Rs
[RhCl(coe),],
R, N ! PCy; R, N
f X NEt; r X
E . —_— :
' M ; X
R; n/ " THF . n/
n=0,1
N n=0,1
X=N,0 X=N,0

Scheme 1.42

0= OO

| (1.109)

} RhCI(PCys), & Cy3p\ /C'
N CysP al Rh
AN \Rh/ N/ \PCys (1.106)
\\pr3 C[\>
N
Ph
N

(1.108) > ‘

H  cyp N PCys
N 3 cl l Cl
>—\Rh/\| C[ Rh/
T \Ph T PCys
PhI (1.107)

Scheme 1.43

Indoles could not be arylated under the conditions described by Bergman in Scheme
1.42. However, Sames et al. showed the arylation of indole using [RhCI(PCys),] as
catalyst precursor, however, electron deficient phosphines and pivalate were both
necessary to convert (1.110) into (1.111)(Scheme 1.44).'”' An electrophilic C-H
activation assisted by the pivalate via Rh(IIl) intermediate (1.112) was proposed

(Scheme 1.45). This methodology was later extended to thiophenes by Itami ez al.'”> '
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(1.110) (1.111)

Scheme 1.44

L
Ph .
\ | OPiv
i

(D0 ™
L /ﬁ i: j\\ Lh /OPiv
P | T \Ph

Rh——OPi
PivO— | v

- L 1.112)

RhL,(OPiv)

H
Phl N
CsOPiv
/ Ar
L =[p-(CF3)CgH, 5P

Scheme 1.45

The only example of a direct arylation of benzene was achieved in the synthesis of
(1.113) (X= Cl, Br, 1) catalysed by [RhCl(cod)], (Scheme 1.46) by Kempe ef al. in

2007. However, in this case a radical mechanism was proposed.

Cl
[RhCly(cod)],
KO'Bu
N
- O

THF

NO,
1.113)

Scheme 1.46

All the examples above involve oxidative addition of an aryl halide to a Rh(I) species.

However as mentioned in section 1.2 oxidative addition of a C-H bond is also possible
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at Rh(I). This type of reaction has also been used in catalytic C—C bond forming
reactions, for example in the hydroiminoacylation of an alkene with aldimine (1.114)
catalysed by [RhCI(PPhs);]. The mechanism involves the oxidative addition of a C-H
bond to form the intermediate cyclometallated species (1.115), followed by an alkene
insertion into the Rh-H bond and reductive elimination to produce (1.116)(Scheme
1.47).'™ Note reactions involving insertion of alkenes and alkynes into the M—C bond
of a cyclometallated intermediate is also possible and examples of these reactions will

be discussed further in Chapter 4.

r R
| N\ N ] \/N>—Ph

[Rh(PPh;),;Cl]

g _ N\

(1.114) =

(1.116)

— 3z
/
/
z
3

Scheme 1.47

In conclusion, Rh-catalysed direct arylation is an efficient process with O-or N-donor
directing groups, however the variety of directing groups is not as wide as with Pd.
Notably more than one mechanism is possible even when Rh(I)/Rh(III) cycles are
involved, the C-H activation can occur at Rh(I) or at Rh(III). In addition processes
involving a carbene intermediate are also possible. Hence though the overall synthetic
scope of Rh-catalysed CH activation is perhaps not yet as great as Pd, Rh-catalysis has
more mechanistic variety. So far the only example of a Rh-catalysed intermolecular

direct arylation with no directing group is a radical based process.
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1.4.4 Iridium catalysed direct arylation

Examples of direct arylation with iridium are very rare in the literature. In 2004,
Yamaguchi et al. showed the direct arylation of benzene using aryl iodides as substrates
with [Cp*IrHCI], as a catalyst and KO'Bu as a base.'” The regioselectivity observed in
the case of PhOMe (anisole) (ortho: meta: para, 6:1:1) led the authors to suggest that

the mechanism goes via a radical mechanism (Scheme 1.48).

OMe OMe OMe

OMe
[Cp*ITHCI] Ar
KO'Bu
.
Ar

(1.117) (1.118) (1.119)

72:12:12
Scheme 1.48
Itami et al. described the Ir-catalysed direct arylation of electron rich thiophenes using
aryl iodides.'”® Thiophene (1.120) reacted with the iodobenzene in the presence of
[Ir(cod)(py)PCys3][PF¢] as a catalyst and Ag,COs; (Scheme 1.49). In this case the

authors suggested an electrophilic metallation process.

[Ir(cod)(py)PCy;]PF
Ph
m-xylene \@/
(1.120) 1.121)
Scheme 1.49
In conclusion, iridium shows similar reactivity to rhodium in the case of
cyclometallation (see section 1.2) but it is clear that it is less reactive in term of catalysis
and only aryl iodides which undergo oxidative addition most easily can be used so far.

However, for iridium as for Rh and Pd a strongly bound directing group is clearly not
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necessary. Other examples of Rh- or Ir-catalysis involving C-H activation and C-C
bond formation will be discussed in Chapter 4. These involve [MCl,Cp*], precursors

and reactions with alkenes or alkynes.

From this section catalytic C-H activation has a considerable range of applications
particularly in direct arylation. Pd is currently the most versatile metal, however
complementary results on selectivity could be obtained with Rh and Ru. Catalytic C-H
activation can occur by more than one mechanism, with AMLA type activations now
being the most common. This section has emphasised the importance of understanding
the mechanism of C-H activation to be able to apply it to a broader range of applications

in direct arylation with the ultimate aim to be able to selectively couple two “inert” C-H

bonds.
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1.5 Conclusion

The aim of this introduction was to describe the areas of stoichiometric and catalytic C-
H activation with Pd, Ru, Rh and Ir transition metal complexes. Synthesis of
cyclometallated complexes with Pd(I) is the most versatile method with a broad range
of N-directing groups. From Ru, Rh and Ir it is noticeable that there is no single method
which can produce the cyclometallated complexes by C-H activation with a wide range
directing groups. There are different mechanisms for C-H activation, OA, SBM,
AMLA(4) or AMLA(6) mechanisms and computational studies often allowed one to
distinguish between these. Catalytic C-H activation has great synthetic potential and in
terms of direct arylation complementary results could be obtained with different
transition metal catalysts. This thesis will focus in acetate assisted C-H activation
(AMLA(6)) with half sandwich complexes of iridium, rhodium and ruthenium. Chapter
2 will focus on scope and the effect of the directing group will be investigated in
Chapter 2. The role(s) of the carboxylate in the reaction will be discussed in Chapter 3
and Chapter 4 will describe the results obtained from the insertion of alkynes into the

M-C bond of cyclometallated complexes in the context of catalytic C—C bond

177,178,179,180,181 2

formation already described by Miura and Fagnou.'®
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Chapter Two

Scope of the acetate assisted C-H activation reaction



2 Chapter 2

2.1 Cyclometallation of monodentate ligands

2.1.1 Introduction
Chapter 1 contained a brief overview of cyclometallation reactions of N-donor ligands by CH
activation with Pd and with non-half sandwich complexes of Ru, Rh and Ir. This introduction
will focus on half sandwich cyclometallated complexes of Ru, Rh and Ir with N-donor
ligands, very few examples of which were present in the literature prior to 2003. The two

main methods to make such complexes are transmetallation and C-H activation.
2.1.1.1 Transmetallation

The first method to prepare cyclometallated C-N half sandwich complexes was by
transmetallation reactions. In 1993, Pfeffer et al. developed a transmetallation with
organomercury and organozinc reagents for the preparation of areneruthenium
cyclometallated amine complexes (Scheme 2.1),' the yields being much better with the
organomercury reagents. They later showed that the transmetallation with organomercury
reagents was sensitive to steric factors,” an increase in the number of alkyl substituents in the
n-ligand or the presence of bulky groups ortho to Hg in the starting materials led to a
significant decrease of the yields. Moreover, the toxicity of mercury reagents could be a
problem from a synthetic perspective. The use of organolithium reagents did not afford the
cyclometallated complexes which is consistent with the results reported later by Davies et al.
where a Li derivative of 4(S)-isopropyl-2-oxazolinylbenzene failed to cyclometallate

[RuCly(mes)], and [RhCLCp*],.”
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CH,Cl, _—Cl
[RUCIZ(CﬁH(y)]Z M >
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=
?
E/
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Scheme 2.1
Other types of N-donor ligands have been used for transmetallation of Ru(p-cymene)
complexes. For example transmetallation of phenylpyridine has also been reported by Pfeffer
(Scheme 2.2).* More recently substituted 2-phenylpyridines have also been cyclometallated

via transmetallation with [RuCl,(NO)Cp*] (Scheme 2.3).”

ClHg

[RuCly(pey)l,
B —

\ / [Me,NICI

Scheme 2.2
— 1+
AN [Hg,Clgl™
| P
\ RuCl,(NO)Cp* )
Hg
THF
\N — |
\
Scheme 2.3

To date no transmetallation of iridium and rhodium half sandwich complexes to form
cyclometallated C,N complexes have been reported. However, preparation of a C,O
cyclometallated complex of rhodium was described by Vicente in 1990, via transmetallation

with a mercury reagent (Scheme 2.4).°
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Scheme 2.4

Hence, transmetallation is not a very general method for the synthesis of cyclometallated C—
N half sandwich complexes. It has only been used for Ru complexes and still requires the use
of toxic mercury reagents. However, C-N cyclometallated half sandwich complexes are
useful for investigation of the reactivity of cyclometallated complexes.' Hence there was a
need for a better and more generally applicable synthesis for C-N half sandwich
cyclometallated complexes of Ir, Rh and Ru and this led to the investigation of C-H

activation as a greener and cheaper alternative.

2.1.1.2 C-H activation

In 1993, in addition to the transmetallation route, Pfeffer ef al. reported the first
cyclometallation by CH activation of N-donor ligands, tertiary amines, with Ru(Cg¢Hs)
complexes (Scheme 2.5),' however this method produced the desired complexes in lower

yields than by the transmetallation method described above.

PF,
_cl
KPF, Ru
[RuCL(CHel,  + 2 N\

85%
R R

NMe, R NHMe,
(R=H, Me)

Scheme 2.5

58



Improvements on the C-H activation method were achieved by the same group, using MeCN
as a solvent and heating the mixture to 45°C with NaOH as base (Scheme 2.6),” hence, only
one equivalent of ligand was needed to produce cyclometallated cationic complexes, and in
better yields. An sp® C-H activation was observed with 8-methylquinoline (Scheme 2.7),
however the extension of this reaction to other N donor ligands was not very successful. Use
of 2-phenylpyridine or 2-benzylpyridine led to cyclometallated complexes in which the arene
had been displaced by acetonitrile ligands giving [Ru(L)(MeCN)4]|PF¢ (L= 2-phenylpyridine,

2-benzylpyridine).’

PFq
/X \
> A —NCMe
[RuCL(CeHe)l,  + ____/ NaOH, KPF¢

X
’ NMe,
MeCN, 45°C
R . / F
R
NMe, R
R=R=H
R=Me,R'=H
R =H, R'=2,3-(OMe),
R =H,R'=3-NO,
Scheme 2.6
_ ] PF¢
/
N—Ru
~
NCM
[RuCLCpl, NaOH, KPF, \ / e
MeCN
\ /'

Scheme 2.7

The authors proposed a mechanism for the C-H activation reaction (Scheme 2.8), with the

formation of cationic intermediates (2.1) and (2.2) and an electrophilic C-H activation step.’
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[RuCly(CgHg)l, ﬂ» Cl Ru _ > NMe,
MeCN /\
MeCN NCMe

@.1) )

NaOH
KPFy, A

Scheme 2.8
In 2007, the same group extended this reaction to primary amines, particularly substituted
benzylamines (Fig 2.1). They also isolated (2.4) (Fig 2.2) which is a neutral analogue of the
intermediate  (2.2) (Scheme 2.8) and which subsequently reacted to afford the
cyclometallated product in the presence of NaOH.® In the same paper they described the C-H
activation of benzylamine and DMBA to form IrCp* and RhCp* half sandwich complexes
via the same route shown in (Scheme 2.6). The tertiary amine (DMBA) has also been
cyclometallated with IrCp* via acetate assisted C-H activation at room temperature by Davies
et al. and will be discussed below.’ Pfeffer et al. during the course of our study, also reported

the acetate assisted C-H activation of 2-phenylpyridine and it is discussed in more detail in

the results and discussion section. '’

k\\\\\\NHZ

R;=H,R,=Ry=Me
R;=R,=R;=H

R;=Mec, R, =R;=H
R, =Et,R,=R;=H

Fig. 2.1
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2.4)

Fig. 2.2

Boncella ef al. also showed an easy C-H activation with a cationic intermediate, in the
cyclometallation of benzylidene aniline with [RuCl,(PMe;)(CsHg)] in the presence of AgBF,4
(Scheme 2.9)."" This shows that imines can also be cyclometallated by C-H activation.
Benzodiazepine which is a substituted imine has also been cyclometallated with [RuCl,(p-

cymene)], in the presence of NEt; and NaBPh, (Scheme 2.10).12

;R ~
AgBF, “\
[RuCl,(PMe;3)(CgHg)]  + /NPh

- M

N NaBPh,, NEt; N—RU
[RuClipey)l,  + . Ng
DCM
Ph

Scheme 2.10

These reactions involve cationic species which suggests an electrophilic C-H activation and
they often require an external base. This method is so far limited to a small number of N-

donor amines and imines.

Prior to 2003, complexes of Cp*M (M = Ir, Rh) with cyclometallated nitrogen donor ligands

were rare in the literature. In 2002, Tilset et al. described C-H activation with an imine
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directing group (Scheme 2.11), interestingly instead of the formation of the N-N coordinated

complex, an sp3 C-H activation occurred to form (2.3) which subsequently afforded (2.4)."
— <X s

[IrCL,Cp*], Ir\—Cl NE, Ir\ —l
—_—
X MeOH Ar N—Ar HCI Ar N—Ar
N—Ar \I|\I N NN
(Ar=2,6-Me,C¢Hj) H

2.3) 24

Scheme 2.11
In 1998, Beck et al. reported C-H activation of a nitrogen donor ligand (an oxazolone) (2.5)
with [IrCL,Cp*], in the presence of NaOAc." This reaction occurred under very mild
conditions, room temperature in DCM. This was the first acetate assisted C-H activation with
[IrCl,Cp*],. The substituent on the oxazolone affected the product formed. Thus, when R =
Me the cyclometallated complex (2.6) was produced, as a mixture of two diasteromers, but

when R = H a dimeric species (2.7) was obtained via an sp3 C-H activation (Scheme 2.12).14

| e
/%
=/ «a
0
Me
© 2.6
[IrCLCp*], + 2 NaOAc R=Me (20
—_—
=N CH,Cl,
0
R
© /
Ir‘CI
——N —~ \
R=Me, H X
0 N
@.5) & /
Iruu,,,/CI
O ; N
R=H .7
Scheme 2.12
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In 2003, Davies ef al. investigated the scope of acetate assisted C-H activation with a wider
range of N-donor atoms with the three complexes [IrCl,Cp*],, [RhCL,Cp*],, and [Ru(p-
cymene)Cl,],. DMBA could be cyclometallated via this method with [IrCl,Cp*], but not with
[Ru(p-cymene)Cl], or [RhCL,Cp*],.” Different imines were investigated (Scheme 2.13),
when R = alkyl, C-H activation occurred with all three metals. This showed that acetate
assisted C-H activation could be extended to the three different metals (Ir, Rh, Ru). However,
when R = Ph the corresponding Ru(p-cymene) complex could not be obtained, which
contrasts with the results described by Boncella ef al. described earlier (Scheme 2.9) where

the same imine could be cyclometallated with Ru using AgBF,."!

NR

= /NQ %
[MCl,(arene)], M
-, AN
Cl
NaOAc
complexes formed:
R =alkyl IrCp* RhCp* Ru(p-cymene)
R =Ph IrCp* RhCp*

Scheme 2.13
4,4-Dimethyl-2-oxazolinylbenzene was also used as a donor ligand for the acetate assisted C-
H activation by Davies et al. and only the cyclometallated IrCp* complex could be obtained
(Scheme 2.14).° The Ru complex could be synthesised by transmetallation, hence the failure

of the cyclometallation reaction with Ru was not due to the lack of stability of the product.

—N

[IrCL,Cp*],
NaOAc

Scheme 2.14
More recently Ikariya et al. showed an acetate assisted C-H activation of a primary amine

with [[rCL,Cp*], (Scheme 2.15). They also investigated the mechanism of this reaction by
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reacting the ligand with a non isolated “Ir(OAc),Cp*” to afford the cyclometallated complex,
the authors suggested that “Ir(OAc),Cp*” is a key intermediate during the reaction.'® In 2006,
they reported a C-H activation assisted by a benzoate in the case of a sulfonylimido bridged

complex (2.8) and they proposed an 1 coordinated carboxylate as an intermediate (Scheme

[rCLCp*], %\
_— If
R NH, NaOAc / \CI
R NH,
R
R

R =Ph, Me R =Ph, Me

Scheme 2.15

2.16).'°

2.8)

Scheme 2.16

In 2008, during the course of our study, Jones et al. independently reported the extension of
the acetate assisted C-H activation to different imines, pyridine and benzoquinoline donor
ligands with [MCL,Cp*], (M = Ir, Rh) to form (2.9), (2.10) and (2.11) (Scheme 2.17). They

used these to study formation of isoquinolinium salts by insertion reactions.'” These
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applications will be discussed further in Chapter 4, and the imine (2.9) and pyridine (2.10)

complexes will be discussed further in section 2.1.2.
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ﬂ | W ie
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[MCL,Cp*],

29a)M=1Ir (2.10a) M =1Ir QA1a)M=1Ir
(2.9b) M =Rh (2.10b) M =Rh (2.11b) M =Rh
Scheme 2.17

[IrC1,Cp*], % Q\
=N T aoac o~
&l
— \ NMe

Scheme 2.18

In 2006 Davies et al. reported the activation of an sp® C-H bond of a pyrrole at iridium using
an imine as a directing group (Scheme 2.18)."® As with Beck previously,'* this demonstrates

that acetate assisted C-H activation is not limited to phenyl groups.
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Acetate assisted C-H activation is a promising method for cyclometallation of different N
donor ligands at Cp*M (M = Ir, Rh) and arene ruthenium moieties, though the results would
suggest that Ir is better than Rh and Ru for this reaction. Different types of C-H bonds can be
activated, sp® (aromatic and pyrrole), and sp’. From these preliminary results acetate assisted
C-H activation seems to be a general method for cyclometallation of C—N ligands with half
sandwich complexes. The aim of this chapter is to study further the scope of acetate assisted
C-H activation in terms of: (i) the N-donor atom, (i1) the type of C-H bond activated, (iii) the
size of the ring formed (iv) the metal centre. The aim is to have a better understanding of the
process and the reasons for differences in reactivity between different ligands and metals.

Note, the effect of changing the acetate will be covered in Chapter 3.

2.1.2 Results and discussion

Complexes were routinely characterised using 'H, "°C, and 2-D (NOESY, COSY, DEPT)
NMR spectroscopy, FAB and ES mass spectrometry and elemental analysis. Several
complexes were also characterised by single crystal X-ray diffraction (Note these were

performed by Mr K.Singh).

To investigate the effect of the directing group in acetate assisted C-H activation a range of
N-donor groups were tested, namely pyridine, pyrazole, oxazoline, imidazole, imine and
triazole. 2-phenylpyridine (L1) has been widely used as a ligand for cyclometallation.
However, before the start of this work on the cyclometallated phenylpyridine complexes
(2.10a-c) only (2.10c) had been reported and this was made by a transmetallation route.
(Scheme 2.2).* In order to probe the generality of the acetate assisted C-H activation, L1 was
reacted with the three dimers ([IrCI,Cp*],, [RhCl,Cp*],, [RuCly(p-cymene)],) in the presence

of NaOAc (Scheme 2.19).

66



N + [MCix(ring)l>

AN —_— >
DCM
/
(aM=1Ir, ring=Cp*)
L1 (b M= Rh, ring = Cp*)
(¢ M= Ru, ring = p-cymene)
(2.10a M=1Ir, ring= Cp*)
(2.10b M= Rh, ring= Cp*)
(2.10c M= Ru, ring= p-cymene)
Scheme 2.19

All the reactions were carried out in DCM at room temperature and gave (2.10a-c) in good
yields (>50%) after 4 hours. The 'H NMR spectrum of (2.10a) shows signals for only eight
protons in the aromatic region, as expected for an orthometallated phenyl and a N-
coordinated pyridine, and these are in a 1:1 ratio to the Cp* which is a singlet at 6 1.68. The
pyridine protons could be distinguished from the phenyl ones by a H-H COSY experiment
with the exception of H’ and H? having very close chemical shifts. The pyridine protons give
rise to four signals, two doublets at & 8.70 H'' and § 7.82 H®, a multiplet at 5 7.65 H’ and a
triplet of doublets at & 7.02 H'®. The assignment of H'' and H® was determined by NOESY
spectroscopy. Thus, an NOE correlation is observed between H'' and the Cp* signal, whilst
H® shows an NOE with the phenyl multiplet at § 7.65 which is therefore assigned as H>. The
phenyl system gives a similar arrangement namely, a doublet at & 7.82 H®, a multiplet at &
7.65 for H? and two triplets of doublets at & 7.20 H> and & 7.07 H*. The assignment of the
phenyl protons is further confirmed by the observation of an NOE between H® and the Cp*
signal. In the ?C NMR spectrum, the expected number of quaternary and C-H carbons is
observed and the metallated carbon is at & 167.36. Further 'H NMR studies of the

coordination of L1 with [IrCl,Cp*], will be described below (see section 2.3).

The FAB-MS spectrum showed ions at m/z 517 and 482 due to [M]" and [M-CI]". Crystals of
this compound were obtained from DCM/hexane and were suitable for single X-ray

crystallography. The structure is shown in Fig. 2.3 with selected bonds distances and angles
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in Table 2.1, the metal has the expected piano stool geometry with the Cp* occupying 3

facial sites of an octahedron. The crystal structure is discussed further below.

The same ligand, L1, was also reacted with [RhCI,Cp*], in DCM in the presence of NaOAc
to give (2.10b) in 75% yield. The 'H NMR spectrum of (2.10b) is similar to that of (2.10a),
showing eight different proton signals and a Cp* signal at 6 1.68 the same chemical shift as
observed for (2.10a). All the '"H NMR signals are very close (within 0.05 ppm) to the ones of
(2.10a). The pyridine gives rise to two doublets at & 8.75 and 7.77 for H'' and H® and two
triplets of doublets at & 7.77 and 7.06 for H’ and H' respectively. The phenyl group gives
rise to two doublets of doublets & 7.81 and 7.60 for H® and Hand two triplets of doublets at &
7.23 and 7.13 for H and H* respectively, the assignment being done by analogy to (2.10a).
The metallated carbon is observed at 6 178.68 as a doublet (J 128 Hz) due to the coupling to
Rh, a coupling can also be seen between Rh and the Cp* carbons (CsMes) at & 96.97 (J 24
Hz). The easy assignment of the metallated carbon for (2.10b) provides confirmation of the
assignment of the metallated carbon of (2.10a) at 6 167.36. The FAB-MS spectrum showed
ions at m/z 427 and 392 due to [M]" and [M-CI]" respectively. The structure of (2.10b) was
determined by X-ray diffraction and a view is shown below (Fig. 2.3) with selected bond

distances and angles in Table 2.1.

I'IO 1.17

As mentioned above, during the course of our study Pfeffer ef al.”” in 2007 and Jones et a
in 2008 described the cyclometallation of L1 with [IrCl,Cp*], and [RhCL,Cp*],, via the

acetate assisted C-H activation method. The spectroscopic and the crystallographic data are

identical to the ones described above.

The reaction of L1 with [RuCly(p-cymene)], in DCM in the presence of NaOAc proceeded
analogously to give (2.10c¢) in 61% yield. As above, the expected signals for the

cyclometallated ligand are present in the 'H NMR spectrum. The pyridine group gives rise to
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a doublet at § 9.23 for H'', a triplet at § 7.06 for H', and the protons H’ and H® are observed
as overlapping multiplets at 6 7.69. The phenyl group gives rise to two doublets at 5 8.15 and
7.61 for H® and H’ and two triplets at & 7.19 and 7.02 for H> and H* respectively. The p-
cymene gives rise to three doublets at 6 5.57 (2 H), 5.17 (1 H) and 4.98 (1 H), arising from
the aromatic protons. The isopropyl group is observed as a septet at 6 2.44 and two doublets
at 0 0.88 and 0.97 for the inequivalent methyl groups. The fact that the four aromatic protons
are inequivalent as well as the two methyl groups of the isopropyl group is consistent with the
metal centre being chiral and epimerisation being slow on the NMR timescale. The >*C NMR
spectrum shows the expected signals for the cyclometallated ligand with the metallated
carbon at § 181.4 and the expected ten signals for the p-cymene. The FAB-MS spectrum
shows a molecular ion at m/z 425 [M]" and a fragment ion at m/z 390 [M-CI]". Crystals of
(2.10c) were suitable for X-ray diffraction and the structure is shown below (Fig. 2.3) with

selected bonds distances and angles given in Table 2.1.
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Fig. 2.3 Molecular structure of (2.10a, b, ¢)

Table 2.1 Selected bond distances (A) and bond angles [°] for (2.10a, b, ¢)

2.10a 2.10b 2.10¢
M-C(11) 2.058(5) 2.035(3) 2.060(3)
M-N 2.074(5) 2.099(3) 2.077(3)
M-Cl 2.4046(15) 2.3919(9) 2.4170(9)
M-C(ring) 2.173(5) 2.159(3) 2.175(3)
2.176(6) 2.160(3) 2.201(3)
2.185(6) 2.162(3) 2.225(3)
2.210(6) 2.240(3) 2.243(3)
2.221(6) 2.262(3) 2.264(3)
2.189(3)
N-C(5) 1.382(7) 1.360(4) 1.362(4)
C(5)-C(6) 1.449(8) 1.464(4) 1.458(8)
C(6)-C(11) 1.388(7) 1.394(4) 1.389(4)
C(11)-M-N 78.0(2) 78.71(12) 77.80(12)
C(11)-M-CI(1) 86.45(14) 88.32(9) 85.72(9)
N(1)-M-CI(1) 87.97(13) 88.12(7) 83.65(8)

Complexes (2.10a) and (2.10b) show similar bond distances and angles. The M-N bonds for
(2.10a) and (2.10b) [2.0745(2) and 2.099(3) A respectively] are longer than the M-C(1)
bonds [2.058(5) and 2.035(3) A respectively]. The Cp* ring bond is bonded asymmetrically

to the metal centre with two long M-C bonds [2.210(6) to 2.262(3) A] and three short ones
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[2.159(3) to 2.185(6) A]. The chelate bite angle of (2.10a) and (2.10b) is 78.0(2)° and
78.71(12)° respectively. The phenyl and pyridine rings are almost coplanar, the dihedral
angle between them, C(11)C(6)C(5)N(1), is 5.47° and 2.95° in (2.10a) and (2.10b)
respectively; moreover, the C(5)-C(6) bond is short [1.449(8) and 1.464(4) A for (2.10a) and
(2.10b) respectively] suggesting some electronic delocalisation across the two aromatic rings.
The crystal structure of (2.10¢) has previously been reported* and showed bond distances and

angles similar to those in Table 2.1.

These reactions show that pyridine is a good N-donor ligand for acetate-assisted C-H
activation. Cyclometallation to form a five-membered ring occurred in good yields for the
three metal complexes used, [IrCl,Cp*],, [RhCL,Cp*],, and [RuCly(p-cymene)],. Hence,
pyridine should be a good candidate as a directing group for formation of a six-membered

ring. This possibility was tested by attempting the cyclometallation of 2-benzylpyridine (L2).

X NaOAc Ir 6
[IrCl,Cp*] _ > e 1
‘ + LCp*]y v . | Xy 5

L2 9 7 3
(2.12a)

Scheme 2.20
The reaction of L2 with [IrCl,Cp*], and NaOAc in DCM led to the formation of (2.12a) after
20 hours in 80% yield (Scheme 2.20). The 'H NMR spectrum of (2.12a) shows a 1:1 ratio
between the Cp* and the ligand signals, eight aromatic protons are observed showing that
cyclometallation has occurred. The Cp* signal is observed at 6 1.56 (cf. o 1.68 for 2.10a).
The cyclometallated L2 shows two mutually coupled doublets for the benzyl protons at 6 3.77
and 3.88 and two sets of four aromatic protons identified by a COSY experiment. The
pyridine group gives rise to two doublets at & 9.05 and 7.31 for H'? and H’, a triplet of

doublets at & 7.53 for H'® and a triplet at § 7.03 for H''. The cyclometallated phenyl ring
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gives two doublets at § 7.59, 7.07 for H” and H°, a triplet of doublets at & 6.81 for H* and a
triplet at 8 6.97 for H’. The expected number of C-H and quaternary carbons is observed in
the *C NMR spectra with the metallated carbon being at 8 162.36. The ES-MS showed two
peaks at m/z 496 and 537 assigned as [M-C1]" and [M-Cl+MeCN]". Crystals suitable for X-
ray analysis were obtained from DCM/hexane. The structure contains two independent
molecules in the unit cell one of which is shown in (Fig. 2.4) with selected bonds distances

and angles, and is discussed below.

Fig.2.4 X-ray structure of (2.12a)

Selected bond lengths and angles: M-N 2.109(5) A, M-C(12) 2.049(7) A, M-CI 2.4084(18) A, N(1)-C(1)
1.336(8) A, C(12)-M-N 84.4(2)°, C(12)-M-CI(1) 88.67(19)°, N(1)-M-CI(1) 88.99(16)°

The crystal structure of (2.12a) shows a six-membered cyclometallated ring with a three
legged piano stool structure. The C-M-N chelate angle in (2.12a) [84.4(2)°] is larger than that
[78.0(2)°] in (2.10a) due to the increased ring size. Jones et al. recently independently
reported the synthesis of (2.12a) with identical '"H NMR, *C NMR and crystallographic
data."”

The cyclometallation of L2 shows that acetate assisted C-H activation can be extended to the
formation of six-membered rings, however the reaction is slower (20 hours) than for the

formation of the five-membered ring. Jones et al. reported an attempt to make the analogous
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RhCp* complex but no C-H activation occurred. This suggests that cyclometallation is easier

with iridium than rhodium as found previously by Davies et al’

8¢ N\
N
r Ot
/ ‘ NaOAc 7 N 1
N +  [MCling), ——>
DCM 2 6
3 5

L3 (aM = Rh, ring = Cp*) (2.13a M =Ir, ring = Cp*)
(bM=1Ir, ring=Cp¥*) (2.13b M =Rh, ring = Cp*)
(¢ M = Ru, ring = p-cymene) (2.13¢ M = Ru, ring = p-cymene)
Scheme 2.21

Pyrazole was also investigated as a donor group for the acetate assisted C-H activation, thus,
2-phenylpyrazole (L3) was reacted with the three metal complexes [IrCl,Cp*],, [RhCL,Cp*],
and [RuCl,(p-cymene)],. The reaction of L3 with [IrCl,Cp*], in DCM in the presence of
NaOAc led to the formation of (2.13a) after 4 hours in 50% yield (Scheme 2.21). The 'H
NMR spectrum of (2.13a) shows a 1:1 ratio between the Cp* and the ligand, cyclometallation
is confirmed by the observation of only four different protons in the aromatic region and
three from the pyrazole group. The Cp* signal is observed at 6 1.66, close to that at 6 1.68
observed for (2.10a). The pyrazole gives rise to two doublets at & 7.81 H' and & 7.60 H’, and
a triplet at & 6.43 H®. The phenyl system is composed of four protons, two doublets of
doublets at § 7.67 and at & 7.18 for H® and H®, and two triplets of doublets at & 7.02 and &
6.93 for H> and H* respectively. In comparison to free L3 the signals are observed with
similar chemical shifts (within 0.20 ppm). The signals for H’ and H® were assigned by 'H
NOESY spectroscopy, both of these protons show an NOE correlation to the Cp* signal
while another NOE effect can be seen between H' and H>. In the *C NMR spectrum, the
expected number of quaternary and C-H carbons can be seen and the metallated carbon is
observed at & 144.52. The FAB-MS spectrum showed ions at m/z 506 and 471 due to [M]"

and [M-CI]" respectively. Crystals suitable for X-ray diffraction were obtained from
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chloroform/hexane. The X-ray structure is shown in Fig 2.5 and the selected bond distances

and angles given in Table 2.2 are discussed further below.

The corresponding reaction of L3 with [RhC1,Cp*], in DCM in the presence of NaOAc gave
(2.13b) in a good yield (61%) after 4 hours (Scheme 2.21). In the "H NMR spectrum the Cp*
signal is observed at 6 1.68 which is very close to that of (2.13a). The pyrazole group gives
rise to two doublets at § 7.81 and & 7.95 assigned as H® and H’ respectively and a triplet at &
6.50 assigned to H®, with similar chemical shifts to (2.13a)(within 0.20 ppm). The phenyl
group shows a doublet of doublets at & 7.76 for H®, a multiplet integrating for two protons at
8 7.15 for H’ and H® and a triplet of doublets at § 7.04 for H*. In the ’C NMR spectrum the
metallated carbon is coupled to Rh and gives a doublet (J 129 Hz) at 6 159.17. The FAB-MS
spectrum showed ions at m/z 416 and 381 due to [M]" and [M-CI]". Crystals suitable for X-
ray diffraction were obtained from DCM/hexane. The structure is shown (Fig 2.5) with

selected bonds distances and angles given in Table 2.2 and is discussed further below.

The reaction of L3 with [RuCl,(p-cymene)], in DCM in the presence of NaOAc gave (2.13¢)
in 64% yield after 4 hours (Scheme 2.21). As described for (2.13a,b) the expected signals for
a cyclometallated product are present in the '"H NMR spectrum. The pyrazole group shows
two doublets at & 7.90 and 8.05 for H’ and H’ and a triplet at & 6.48 for H®. The isopropyl of
the p-cymene gives rise to two inequivalent doublets at 6 0.96 and at 6 0.92 and a septet at o
2.44, all the four aromatic protons are also inequivalent and are observed as four doublets
between 6 5.07 and 5.55 and the remaining methyl is a singlet at 6 2.04. These data are
consistent with the metal centre being chiral and epimerisation being slow on the NMR
timescale. The '?C NMR spectrum shows the expected number of signals with the metallated

carbon at & 140.75. The FAB-MS shows a molecular ion at m/z 414 [M]" and a fragment ion
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at m/z 379 [M-CI]". Crystals of (2.13¢) were suitable for X-ray diffraction, the structure is

shown (Fig 2.5) with selected bonds distances and angles in (Table 2.2).

Fig. 2.5 Molecular Structures of (2.13a, b, ¢)

Table 2.2 Selected bond distances (A) and bond angles [°] for (2.13a, b, ¢)

2.13a 2.13b 2.13¢
M-C(1) 2.061(9) 2.027(7) 2.074(3)
M-N(1) 2.073(7) 2.083(8) 2.066(3)
M-Cl 2.409(2) 2.407(2) 2.4207(10)
M-ring 2.152(8) 2.258(8) 2.165(3)
2.162(7) 2.148(8) 2.185(3)
2.164(9) 2.159(8) 2.187(3)
2.223(9) 2.221(9) 2.203(3)
2.236(8) 2.126(9) 2.252(3)
2.243(3)
N(1)-N(2) 1.357(10) 1.366(12) 1.369(4)
N(2)-C(6) 1.413(13) 1.422(14) 1.423(4)
C(6)-C(1) 1.382(12) 1.401(14) 1.375(5)
C(1)-M-N 77.5(3) 78.5(3) 77.38(12)
C(1)-M-CI(1) 87.2(2) 88.3(2) 84.97(9)
N(1)-M-CI(1) 87.9(2) 90.8(2) 84.40(8)

The structures of (2.13a,b,c) each show the expected piano stool geometry. The M-C(1)
[2.061(9) A] and M-N(1) [2.073(7) A] bond distances are similar in (2.13a) and these are
similar to the corresponding distances for (2.13¢) [2.074(3) A] and [2.066(3) A] respectively,
however, the Rh-C(1) bond length [2.027(8) A] is noticeably shorter than the Rh-N length
[2.083(8) A] in (2.13b). The C-M-N angle is similar for the three complexes, 77.5(3)°,

78.5(3)° and 77.38(12)° for (2.13a), (2.13b) and (2.13c¢) respectively.
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The scope of the reaction was extended to oxazolines as an N-donor ligand. As described in
the introduction, oxazolines have been examined as N-donor ligands for acetate assisted C-H
activation.” 4,4-Dimethyl-2-oxazolinylbenzene only afforded the cyclometallated complex in
the case of IrCp* (Scheme 2.14). It is known that steric factors are very important in the
coordination of N-donor ligands to arene ruthenium complexes™ '’ and, as mentioned in the
introduction, in the preparation of cyclometallated half-sandwich complexes of ruthenium.’
Hence it was thought that a monosubstituted oxazoline may cyclometallate more easily. To

test this hypothesis acetate-assisted cyclometallation of 4(S)-isopropyl-2-oxazolinylbenzene

(L4) was attempted.

+ MCLCpH], Na0Ae
DCM

L4 .
2.14aM=1Ir ring=Cp*

2.14b M= Rh ring = Cp*
2.14¢ M= Ru ring = p-cymene

2.15a M=1Ir ring = Cp*
2.15b M= Rh ring = Cp*
2.15¢ M= Ru ring = p-cymene

Scheme 2.22

L4 was reacted with [[rCI,Cp*], in presence of NaOAc (Scheme 2.22) and after 26 hours, the
'H NMR spectrum of the solid showed two sets of signals with a ratio 1:8. Since L4 is
homochiral two diastereomers may be formed on cyclometallation which differ in chirality at
the metal centre i.e. ScRy; (2.14a), S¢Sy (2.15a) with the priority Cp* > Cl > Ny > Cph.20 The
Cp* signal of the major product is observed at & 1.73 with the minor one at 6 1.71. Four
aromatic protons are observed as expected for a cyclometallated product. These are seen as a

doublet at § 7.73 for H®, a triplet of doublets & 7.20 for H>, a triplet at 6 6.97 for H* and a
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doublet of doublets at & 7.36 for H® with *J coupling observed for this proton. The chemical
shifts of the aromatic protons and the Cp* signal are very close to those observed for 4-
dimethyl-2-oxazolinylbenzene described by Davies et al.(within 0.1 ppm ).’ The isopropyl
group gives rise to a multiplet at 8 2.31 H' and two 3H doublets at § 0.89 and 0.97. The CH,
group gives to two non-equivalent mutually coupled protons H* and H® at § 4.63 and 4.71
respectively both of which also couple to H’ which is observed as a multiplet at & 4.16. The
assignment of H* and H®* was established by en NOESY experiment, a cross peak was
observed between H®® and H’ whereas H*® couples with Hlo, In the NOESY spectrum a cross
peak between the Cp* and H’ allowed the unambiguous assignment to (2.15a) rather than
(2.14a). The favoured diastereomer (2.15a) is the S¢Sy with the isopropyl group pointing
away from the Cp* to limit the steric hindrance. >°C NMR spectra show the expected number
of C-H and quaternary carbons with C' observed at & 163.59. The other set of signals
(presumably due to the minor diastereomer) showed two doublets at & 0.85 and 1.02 and a
Cp* at 6 1.71. Unfortunately the other signals could not be distinguished from the main
product. The two diastereomers could not be separated from each other, however the mixture
gave satisfactory microanalytical data as expected for two isomers. The FAB-MS spectrum

shows two peaks at m/z 551 and 516 for [M]" and [M-CI1]" respectively.

The same reaction was attempted with [RhC1,Cp*], (Scheme 2.22). The reaction was very
slow and showed little conversion after 6 hours (6%). In order to have a better conversion the
reaction was repeated in a more polar solvent (MeOH) and showed a 15% conversion after 4
hours, when the mixture was refluxed for 5 days the conversion reached 50% but this did not
increase even after longer times (2 more days). The reaction mixture was filtered through
celite to remove NaCl by-product and excess NaOAc and then evaporated and washed with
hexane. The "H NMR spectrum shows one set of signals which agree with the formation of

(2.14b) or (2.15b) and other RhCp* signals due to the reaction of the [RhCl,Cp*], with
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NaOAc. The signals assigned to the major product occur at similar chemical shifts to those
for (2.15a). The Cp* is observed at d 1.66 and the four aromatic protons give rise to a doublet
for H at § 7.74, two triplets of doublets for H> and H* at § 7.26 and 7.00 and a doublet of
doublets at § 7.33 for H’. The CH, group gives overlapping multiplets for H** and H® at &
4.60. The isopropyl group gives rise to two 3H doublets at 6 0.88 and 0.98 and a multiplet at
0 2.24. Unfortunately the product could not be completely separated from the mixture of
other “RhCp*” products by chromatography, however a single crystal selected from one
batch was suitable for crystallography. The structure is shown below in Fig. 2.6 with selected

angles and bond distances and discussed below.

Fig.2.6 Molecular Structure of (2.15b)

Selected bond lengths and angles: M-N(1) 2.104(4) A, M-C(9) 2.029(5) A, M-CI(1) 2.3929(14) A, N(1)-C(3)
1.278(6) A, C(4)-C(3) 1.431(7) A, C(9)-C(4) 1.410(7) A, C(9)-M-N 77.79(19)°, C(9)-M-CI(1) 86.32(14)", N(1)-
M-CI(1) 90.63(12)°

The complex adopts the expected pseudo-octahedral structure, with the oxazoline ligand
coordinated such that the isopropyl substituent adjacent to the imine nitrogen is pointing
towards the chloride (2.15b), rather than the Cp* ring (2.14b), thus minimising unfavourable
steric interactions. The configuration at the Rh centre is (S), based on priority Cp* > Cl > N

> Cpn % the configuration at the chiral carbon is also (), as (S)-valinol was used in the ligand

synthesis. The bond lengths and distances are discussed further below.
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The corresponding reaction of L4 with [RuCly(p-cymene)], in the presence of NaOAc was
attempted. The reaction mixture was stirred overnight, filtered through celite to remove NaCl
by-product and then evaporated. The '"H NMR spectrum of the yellow/brown oily residue
contained a mixture of at least two (p-cymene)ruthenium species. The oily residue was
recrystallised from a concentrated CH,Cly/pentane solution to afford a crop of platelet
crystals, which were then characterised. The "H NMR spectrum shows that the crystals are of
a single diastereomer, which did not epimerise after a week in CDCls, indicating the
thermodynamic diastereoselectivity may be very high. The '"H NMR spectrum of the crystals
shows four signals in the aromatic region. The CH of the isopropyl is shifted almost 0.7 ppm
downfield compared to the free ligand (6 2.55 and 1.86 respectively) attributed to the proton
being in close proximity to the electronegative chlorine atom (see structure below). The
isopropyl of the p-cymene gives rise to two doublets at 6 0.90 and at & 1.04 and a septet at &
2.47, the four aromatic protons are also inequivalent (two are overlapping) and are observed
between 6 4.82 and 5.55. The NOESY spectrum contains NOE cross peaks between the
signal at & 4.19 H’ and those at & 4.98 and 5.55 (p-cymene signals) consistent with the p-
cymene being on the same side of the oxazoline as H’ i.e. the same isomer as found for
(2.15a) and (2.15b) described above. There were no cross peaks that might be expected from
the other isomer (i.e. isopropyl methyls and p-cymene). The FAB-MS of (2.15¢) showed an
ion (~60%) due to [M]" m/z 459, with a minor ion due to [M-HCI1]" m/z 423. These data are
consistent with formation of (2.15¢). Crystals of (2.15¢) were suitable for X-ray diffraction
and the structure is discussed below. (Note this experiment was carried out by Mr A.J.

Davenport)
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Fig. 2.7 Molecular Structure of one of the four independent molecules of (2.15c¢).
The structure contains four independent molecules however it confirms that the complex
adopts the expected pseudo-octahedral structure, with the oxazoline ligand coordinated such
that the isopropyl substituent adjacent to the imine nitrogen is pointing towards the chloride

rather than the p-cymene ring (2.15c¢).

It appears that even a monosubstituted oxazoline fails to cyclometallate easily under these
conditions with [RhCl,Cp*],; even after heating, the reaction failed to go to completion.
Note, one equivalent of acetic acid is liberated for each C-H bond activated, it is possible that
an equilibrium is reached where the product can react with acetic acid to liberate the free
ligand. A reduced reactivity for rhodium compared to iridium is in accordance with previous
results for acetate-assisted C-H activation.” The reaction produced the same diastereomer as a
major product for all three complexes (2.15a,b,c¢), in the case of Ru and Rh the reaction was
totally selective, whereas with Ir the minor diastereomer was also observed. A better
conversion was observed in the case of Rh when a monosubstituted oxazoline was used in
comparison to 4-dimethyl-2-oxazolinylbenzene,” which suggests that the reaction is sensitive
to steric hindrance, a less crowded oxazoline led to an increased conversion in the case of

rhodium.
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+  [ICL(CpM)],

LS (2.16a)

Scheme 2.23

Having shown that oxazoline (4,4 Dimethyl-2oxazolinylbenzene) and pyrazole can both act
as directing groups the related heterocycle imidazole was tested. Phenylimidazole (L5) also
offers the advantage over the oxazoline of reduced steric hindrance. The reaction of L5 with
[IrCl,Cp*], in DCM in the presence of NaOAc gave (2.16a) in 55% yield after 4 hours
(Scheme 2.23). The 'H NMR spectrum of (2.16a) shows the expected signals for an
orthometallated phenyl and an N—coordinated imidazole group. A 1:1 ratio of the ligand and
the Cp* signal is also observed at & 1.70. The imidazole gives rise to a broad singlet at 6 5.90
for H® and another broad singlet at & 11.0 assigned to the NH. This very low field shift for the
NH suggests that it is hydrogen bonded, possibly to solvent or to the chloride of another
molecule. Addition of D,O led to disappearance of this signal confirming its assignment as
the NH proton. Unfortunately the signal for the other imidazole proton is overlapped with the
phenyl proton H* a 2H multiplet being observed at & 6.75. This assignment was easily
confirmed by observation of cross peaks in the COSY and NOESY spectra. The other phenyl
protons gives rise to a triplet at 7.02 assigned to H> and two doublets at § 6.97 and 7.74
assigned to H® and H®. The *C NMR spectra show the expected number of C-H and
quaternary carbons for (2.16a) and the metallated carbon is at 6 158.07. The FAB-MS
spectrum showed ions at m/z 506 and 471 due to [M]" and [M-CI]" respectively. The X-ray
structure of (2.16a) was determined and is shown with selected bond distances and angles in

Fig 2.8.
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Fig. 2.8 Molecular structure with selected bonds and angles for (2.16a)

Selected bond lengths and angles: M-N 2.081(7) A, M-C(1) 2.070(8) A, M-C1 2.429(2) A, N(1)-C(7) 1.314(8)
A, C(7)-C(6) 1.456(11) A, C(6)-C(1) 1.383(11) A, C(1)-M-N 77.4(3)", C(1)-M-CI(1) 86.6(2)°, N(1)-M-CI(1)
87.64(19)"

The crystal structure of (2.16a) shows the expected structure for a half sandwich
cyclometallated complex with a three legged piano stool structure. The M-N and M-C bond
distances [2.081(7) and 2.070(8) A respectively] are statistically the same as the
corresponding bond lengths [2.073(7) and 2.061(9) A] in the phenylpyrazole complex
(2.13a). An additional feature in the structure of (2.16a) is an intermolecular hydrogen bond
between N(2)-H and the chloride of another molecule with an N-H...Cl distance of 3.266 A.

The analogous reaction of phenylimidazole with [RuCly(p-cymene)], was attempted. The 'H
NMR spectrum showed three different sets of p-cymene peaks one of which can be assigned
to [RuCl(OAc)(p-cymene)] furthermore there were no signals for unreacted phenylimidazole.
The other species present have not been identified, the deprotonation on the N—H site after
coordination of the ligand may stop the C-H activation process. Coordination of imidazole in
half-sandwich complexes has been previously reported by Ozdemir®' in 2005 and by Dyson.
2 In 2010 Pandey et al. reported the synthesis of coordinated N-phenylimidazole groups on
Ru and Rh half sandwich complexes, which shows that imidazole can bind strongly to the
metal hence a lack of coordinating ability of the imidazole is unlikely to be a cause of the

failure of the cyclometallation. {Singh, 2010 #448}
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Acetate assisted C-H activation of N-benzylidenemethylamine L6 with Rh and Ir half
sandwich complexes in the presence of NaOAc has recently been reported by Jones et al.
(Scheme 2.24)."" The expected products (2.9a,b) were formed in good yields (93%) and were
also characterised by crystallography.'” These results show that L6 is a good donor ligand for
acetate assisted C-H activation as expected for N-alkyl imines.” Jones et al. also reported
reactions of (2.9a,b) with alkynes. In order to allow comparison with ruthenium (see Chapter

4) the corresponding arene ruthenium complex (2.9¢) was synthesised.

NMe \ /
= N—R{
/ \CI
NaOAc 1
;
+ [RuCly(pey)], 2 6
DCM
3 5
4
L6 (2.9¢)
Scheme 2.24

L6 was reacted with [RuCl,(p-cymene)], in DCM in the presence of NaOAc and gave (2.9¢)
as a green solid in 80% yield (Scheme 2.24). The '"H NMR spectrum of (2.9¢) shows a 1:1
ratio between the p-cymene signal and the cyclometallated ligand. The methyl signal is
observed as a singlet at & 3.99 (cf & 3.82 and 3.90 for (2.9a) and (2.9b) respectively)'’ and the
imine proton is observed as a doublet at 6 7.97. The ligand shows signals for four aromatic
protons with two doublets at 6 8.14 (H®) and 7.39 (H?), a triplet of doublets at & 7.10 (H’) and
a triplet at § 6.95 (H*). The isopropyl of the p-cymene gives rise to two inequivalent doublets
at 5 0.89 and at 6 1.07 and a septet at & 2.51. All the four aromatic protons are also
inequivalent with four doublets between 6 4.92 and 5.60. These data are consistent with the
metal centre being chiral and epimerisation being slow on the NMR timescale. The *C NMR
spectrum shows the expected number of signals with the metallated carbon and the imine

carbon at & 188.51 and 172.45 respectively. The FAB-MS spectrum showed ions at m/z 389

83



and 354 due to [M]" and [M-CI]" respectively. Hence acetate assisted C-H activation can be
extended to Ru with L6, this result confirms the earlier observation’ that N-alkyl imines are
good donor groups for C-H activation for all three metal complexes [IrCl,Cp*],,
[RhCL,Cp*],, [RuCly(p-cymene)],. Hence alkylimines are suitable to use as a directing group
to probe the activation of different types of C-H bonds. Activation of a vinylic sp* C-H bond
was then tried with L7 which contains an isopropyl substituent on the imine (Scheme 2.25).

L7 was synthesised according to known procedures.”

9a 9b
8
N NaOAc N &
/ \Ir/
7 \
Cl
—{ 1

J 4 [rCLCp*,

MeOH

Vi 6 2

(2.17a)
L7

Scheme 2.25

L7 was reacted with [IrC1,Cp*], in presence of NaOAc in MeOH and led to the formation of
(2.17a) in 89% yield (Scheme 2.25). It is noticeable that the solvent is important in this case,
when DCM was used clean conversion could not be achieved and broad signals were
observed in the "H NMR spectrum suggesting probable coordination of L7 with [IrCl,Cp*]s,
also an isomerisation of the ligand is required for the C-H activation to proceed which may be

solvent dependent.
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The "H NMR spectrum of (2.17a) shows a 1:1 ratio between the Cp* and the cyclometallated
ligand and the disappearance of one of the vinylic protons suggests the cyclometallation has
occurred. The Cp* signal is observed at 6 1.48 and the isopropyl group of the imine shows
two doublets at & 1.45 and 1.49 (H* and H%) and a septet H® at § 4.23, 1.23 ppm downfield
compared to L7 presumably due to coordination of the nitrogen. The imine proton H’ shows a
broad singlet at 8 8.07 and H® is observed as a doublet (J 2Hz) due to coupling with H’ at &
6.77. The aromatic signals are observed as a 2H doublet at & 7.42 for H? and two triplets at &
7.17 (1H) and 7.27 (2H) for H’ and H" respectively. The signals for H> and H* integrate for 2
protons each which suggests that free rotation of the phenyl ring is occurring in solution and
is fast on the NMR timescale. The expected number of C-H and quaternary carbons are
observed in the >C NMR spectra with the metallated carbon being at § 201.43 which is lower
field than the aromatic metallated carbons observed earlier, between & 144 and 167, for Ir
complexes. The FAB-MS shows two signals at m/z 500 and 535 assigned as [M-Cl]" and
[M]". The formation of (3.17a) shows that C-H activation is not restricted to aromatic and N—
H bonds, vinylic C-H bonds can also be activated. The crystal structure of (2.17a) with

selected bond distances and angles is shown in Fig. 2.9 and is discussed below.

c4

LS8
f B

Fig. 2.9 Molecular structure of (2.17a)

Selected bond lengths and angles: Ir-N 2.084(5) A, Ir-C(3) 2.031(5) A, Ir-C1 2.4048(16) A, N(1)-C(1) 1.291(7)
A, C(1)-C(2) 1.412(8) A, C(2)-C(3) 1.362(7) A, C(3)-M-N 77.8(2)°, C(3)-M-CI(1) 91.23(15)°, N(1)-M-CI(1)

87.88(13)°
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The X-ray structure of (2.17a) shows the five-membered ring cyclometallated half sandwich
complex. The Ir-C(3) and the Ir-N(1) bond lengths [2.031(5) A] and [2.084(5) A] are
statistically the same as the respective ones of (2.9a) described by Jones et al.'”, [2.0374(16)
A] and [2.0884(14) A] respectively. The chelate bond angle C(3)-M-N is [77.8(2)°] as
expected for a five membered ring half sandwich metallacycle.

The possibility to have a 1,2,3-triazole as a directing group for C-H activation was envisaged.
The use of Click chemistry** to make 1,2,3-triazoles has been extensively studied and has a
wide range of applications in material science and drug discovery.”> Chelate complexes of
(1,2,3) triazoles have been reported with lanthanides Eu*® and Ln*’, Re*® and Tc*’. Recently a
cyclometallated example with Ir was described by Ulbricht et al. with a non half sandwich
system.’® They showed the formation of cyclometallated triazole coordinated with the N(3)
atom and acac as an ancillary ligand (2.18a)(Fig 2.10), these complexes were used for
luminescent studies. Ulbricht et al. showed that (2.19a) which is an isomer of (2.18a) could
not be synthesised, moreover no example of complexes with the coordinated N(2) of a (1,2,3)

triazole could be found in the book Comprehensive Organometallic Chemistry (1982-1994).%

alkyl

alkyl

alkyl

(2.182) (2.192)

Fig. 2.10
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Scheme 2.26
L8 was synthesised by Graeme Stasiuk following a reported procedure.”® The reaction of
[IrCl,Cp*], with L8 in presence of NaOAc could in principle lead to two possible isomers
(Scheme 2.26). A five-membered ring complex (2.20a) could be obtained if the N(3) of the
triazole acts as the directing nitrogen, alternatively, a six-membered ring complex (2.21a)
would be formed if N(2) is the directing atom (Scheme 2.26). The example described by
Ulbricht would suggest that the coordination of the N(2) of the triazole is less favourable, in
addition, cyclometallation to form a six-membered ring is slower than to form a five-
membered ring (see 2-benzylpyridine (L2) above) hence (2.20a) is the more likely product.
The '"H NMR spectrum of the reaction after 20 h showed one set of signals for the
cyclometallated ligand and a Cp* signal observed at 6 1.76. Two singlets are observed at o
7.54 and 7.76 which are assigned to H® and H” respectively. The observation of two singlets
is characteristic for the formation of (2.20a), (2.21a) would be expected to show only one
singlet for H®. Four doublets at & 4.57, 4.70, 5.36 and 5.49 are observed for the benzylic

protons H**°° and H'* '

respectively, these being diastereotopic since complexation makes
the metal centre chiral. The assignment of H> and H’ was determined by a NOESY

experiment, cross peaks between H” and the Cp*and between H* and H® were observed,

however H> and H* could not be differentiated since neither of them showed any NOE
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correlation to any other proton in the complex. In the ’C NMR spectrum the metallated
carbon is observed at 6 159.89. In the FAB-MS spectrum a peak at m/z 610 is assigned to
[M-CI]". Hence, this reaction shows that (1,2,3)-triazole is a good directing group for
aromatic C-H activation and the regioselectivity of the reaction shows that coordination of
N3 and formation of a five-membered ring is favoured over the formation of a six-membered

with the coordination of the less good donor N(2).

N\ 5 N
C[Nii NaOAc ’ | N\7§\ 4©iN\> 7
| S 5

N
N, e, ——

Cl
/ DCM 5 N TS 8
N 8 \\ or N \
L9 | ‘ N \ K
o/ N/
N
L9 R= benzy(l) FL R
— a
L10 R = hexyl 2.22a R = benzyl 2.23a R = benzyl
a: No NaOAc was present in the case of R = hexyl 2.24a R = hexyl 2.25a R = hexyl

Scheme 2.27 Potential products from a C-H activation reaction.

The possibility to have a triazole as a donor group but having a competition between two
types of C-H bond (aromatic and heteroaromatic) and two sizes of chelate ring (five-
membered and six-membered) was investigated using L9 (Scheme 2.27) which was

synthesised from reported procedures by Dr G.A. Burley.**

Two potential products were envisaged, both involving N(3) as the directing group, (2.22a)
containing a five-membered ring formed by activation of the benzimidazole CH bond and,
(2.23a) containing a six-membered ring by activation of an aromatic C-H bond. Other
possible products derived from N(2) as a directing atom were considered less plausible in
accordance with our observation from the reaction of L8 and the examples reported by
Ulbricht.*® The ligand L9 was reacted with [IrC1,Cp*], in the presence of NaOAc in DCM.

The reaction led to one product with one set of signals for the ligand and a Cp* (3 1.66)
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observed in the "H NMR spectrum. However, surprisingly no C-H activation had occurred,
13 protons of the ligand were still present though with different chemical shifts from the
starting material. This is consistent with coordination of N(3) of the triazole or the imine N of
the benzimidazole. The "H NMR spectrum showed three singlets assigned to H', H’ and H'
(2H) at 6 9.39, 8.01 and 5.31 respectively. A 0.89 downfield shift is observed for H7 in
comparison to L9 which would suggest that the coordination occurs through the
benzimidazole to produce (2.26a) shown in Fig. 2.11. The benzylic protons H'® are
equivalent showing there is no chiral centre. Two doublets at 6 8.02 and 8.14 were assigned
to H> and H” respectively. Assignments were determined by NOESY spectroscopy with a
correlation between H’ and H’ in the spectrum. The expected number of C-H and quaternary

carbons for the complex was observed in the '*C NMR spectra.

2 '~ci
3 1 N/ \CI
Iy
4 6 =N
5 N
8 ‘ \\N
9 /
N
) 10
Ph
(2.262)
Fig. 2.11

Crystallisation from DCM/Hexane gave suitable crystals for an X-ray analysis and the
structure confirmed the coordination from the benzimidazole group. The structure is shown

below in (Fig 2.12) with the selected bond distances and angles.
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Fig 2.12 Molecular structure of (2.26a)

Selected bond lengths and angles: M-N(1) 2.135(5) A, M-CI(1) 2.4191(18) A, M-C1(2) 2.4124(18) A, Ir(1)-
C(21) 2.144(7) A, Tr(1)-C(19) 2.152(6) A, Tr(1)-C(18) 2.155(7) A, Ir(1)-C(17) 2.156(7) A, Ir(1)-C(20) 2.162(7)

A, N(1)-M-CI(1) 88.52(15)°, N(1)-M-CI(2) 85. 71(16)°
The X-ray structure confirms the coordination of L9 to the IrCp* via N1, with the all the Ir-C
bonds lengths being the same (between 2.144(7) A, and 2.162(7) A).

L10 was reacted with [IrCl,Cp*], in DCM. The analogue of (2.26a) with an hexyl chain

instead of the benzyl group (2.27a) (Fig 2.13) was synthesised and fully characterised.

2 '~
3 1 N/ \C|
(D
4 6 N
5 N
8 | \\N
9 /
N
10
C5H11
(2.27a)
Fig. 2.13

The '"H NMR spectrum shows similar chemical shifts to (2.27a) with H’ observed at § 9.35
confirming the downfield shift due to coordination of the metal centre, the protons H'® are

observed at 6 4.13 as a triplet integrating for 2 protons showing that these are equivalent and
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confirming the absence of chirality as mentioned above coordination of an imidazole group to

RhCp* and Ru(arene).”"# %

The conclusions from this section on the scope of acetate assisted C-H activation, are: (i)
cyclometallation of a ortho substituted phenyl occurs at room temperature for a wide range of
N-donor directing groups (pyrazole, pyridine, imine, oxazoline, imidazole, and triazole) with
IrCp*; (i1) pyridine, alkylimines, and pyrazoles also work as directing groups for Cp*Rh and
areneruthenium, (ii1) Cp*Rh is not as effective as Cp*Ir or areneruthenium at promoting
cyclometallation (iv); five-membered rings form more easily than six-membered ones, which
is well established in palladium chemistry,® (v) acetate assisted C-H activation can be

extended to vinyl sp> C-H bonds

Up until now the ligands tested could only bind through one heteroatom donor at a time.
Some examples had a choice of two possible binding sites but no ligands had the possibility
of chelation via two heteroatoms. Hence, in the next section ligands that can potentially
chelate via two heteroatoms will be considered, to see how this may interfere with the C-H

activation.

2.2 Cyclometallation of potentially chelating ligands

2.2.1 Introduction

Half sandwich complexes of chelating bifunctional ligands have been widely studied.>>® The
most relevant to this work are N-N, N-O, N—C (discussed earlier), C—C and C—-O ligands and
some pertinent examples are presented below. Amino acids easily form N-O chelates with

half sandwich complexes, for example those in Scheme 2.28 reported by Koch et al. **
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COH
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M=Ir, ring=Cp* M=1Ir, ring=Cp*
M = Ru, ring = pcy M = Ru, ring = pcy
Scheme 2.28

Macchioni et al. reported the study of 2-acetylpyridine and 2-benzoylpyridine with Ru half
sandwich complexes, in 2006.* They showed the formation of chelate complexes in the
presence of N—O ligands (Scheme 2.29) and their aggregation in solution by PGSE (pulsed-

gradient spin-echo) NMR experiments.

o /CI

Ru—9Q
N
A R [RuCly(pey)l, N/ \
NaBPh, or NaPF, ’ X
R=Me, Ph
R=Me, Ph
X = PF4, BPh,

Scheme 2.29
Prasad et al. described the formation of Cp*M (M = Ir and Rh) half sandwich complexes with
N-N and N-O chelates from heterocyclic functionalised naphthyridine ligands (Scheme
2.30). N—N coordination was favoured over N-S coordination (2.28a,b) and coordination of
furan is possible to form an N,O chelate complex (2.29a,b).*' Interestingly in the case of
(2.29a,b) (Scheme 2.31) no C-H activation was observed even though the ligand has an
intramolecular basic site. Hence in this case N,O coordination appears to be favoured over the
C-H activation. This contrasts with the results reported by Tilset et al. as described (see
section 2.1) where C-H activation was favoured over N—N chelate formation in the case of a

diimine ligand (Scheme 2.11)."
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Scheme 2.30

N-heterocyclic carbenes are known and have been extensively studied over the last decade.**
* They also have also been used as a directing group for C-H activation and metallacycle
formation. In 2006, Peris et al. described the formation of a Cp*Ir cyclometallated carbene
complex (2.31a) using acetate as a base.” Complex (2.30a), a possible intermediate of this
reaction was synthesised by transmetallation, however it is unstable at room temperature and
spontaneously converts into (2.31a) without added base (Scheme 2.31). No directing group is
required in the C-H activation to produce the Ir-carbene bond, but this group then directs the

next C-H activation which occurs spontaneously with loss of HCI.
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Scheme 2.31
The same year Yamaguchi used a similar system to describe aliphatic C-H activation using a
weak base (Scheme 2.32).*° Peris investigated the competition between aliphatic and
aromatic C-H activation using an asymmetric imidazolium ligand (Scheme 2.33). When R =
'Pr aromatic C-H activation occurred to form (2.32a) whereas when R = '‘Bu aliphatic C-H
activation occurred exclusively to produce (2.33a). The authors concluded that steric factors
are very important for the selectivity of the reaction and commented that this contrasts with

previous views where Ir(III) activates the stronger bonds .*°

i CI/Ir
C|/Ir_CI MeONa <
24 prOH RT
g/N\(

Scheme 2.32
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Scheme 2.33

2.2.2 Results and discussion

C-H activation was investigated with the carbene precursor benzimidazolium salt L11.
Multiple pathways and products can be envisaged from the reaction of L11 with [[rCL,Cp*],
in the presence of NaOAc (Scheme 2.34). The formation of the monodentate carbene
complex (2.34a) is feasible as discussed above in Scheme 2.31.** From (2.34a) there may be
a competition between the formation of the neutral N—C chelate (2.37a) and acetate assisted
C-H activation to produce C,C cyclometallated complex (2.36a) (Scheme 2.34).
Alternatively, the triazole may coordinate first to form (2.35a) which could then undergo
aromatic C-H activation to form the six-membered ring (2.38a) or carbene formation to form
(2.37a). Other possibilities involving coordination of N(2) have not been addressed, our
previous observations from the reactions of L8 and L9 confirmed the low potential of

coordination of the N(2) of the triazole.
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L11 was reacted with [IrCl,Cp*], in presence of NaOAc in DCM. The reaction was
monitored by 'H NMR spectroscopy and after 20 hours the '"H NMR spectrum showed
complete reaction, with one set of signals for the ligand and a Cp* suggesting that the
reaction selectively produced one compound. The 'H NMR spectrum showed signals
integrating for 38 H (i.e. loss of one H) which suggests the formation of (2.34a) or (2.37a) or
(2.38a), and rules out the formation of (2.35a), which would show 39 H, and (2.36a) which
would show 37 H (Scheme 2.34). The spectrum shows only one singlet, integrating for 1 H at
8 10.94 this rules out the formation of (2.38a) because two singlets (H’ and H’) would be
expected for (2.38a). However the chemical shift of this proton is similar to H’ in the free
ligand (at & 10.09) whereas H in L11 is at & 8.83. In the NOESY spectrum the singlet at
10.94 shows cross peaks with both H> and the hexyl chain which proves the assignment as

H’, this also confirms the loss of H’ and the formation of a carbene. The carbene complex
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(2.34a) is neutral so H’ should be similar to free ligand L11. However, in (2.37a) the triazole
is coordinated to the metal and the complex is cationic so H’ is much more acidic and can
hydrogen bond to the counterion (CI', I') thus giving the lowfield NMR shift. The Cp* is
observed as a singlet at & 2.03 whilst the methyl is a singlet at 6 4.07 (cf 6 4.28 in L11). The
aromatic protons show two doublets at & 7.50 and 8.70 for H* and H’ and two triplets for H’
and H* at § 7.44 and 7.59. NOE correlations between the methyl signal and the Cp* and the
methyl and H? confirm the assignments. The *C NMR spectra show the expected number of
carbons with the carbene C’ at & 173.00 which is similar to the chemical shifts observed by
Yamaguchi (within 10 ppm). The ES-MS spectrum shows one peak at m/z 738 which agrees
with the cation (2.37a) with X=I and the FAB-MS spectrum shows two signals at m/z 738
and 611 which agree with [IrI(L11-H)Cp*]" and [Ir(L11-H)Cp*]". The elemental analysis is
also consistent with the formation of (2.37a) with iodide as a counter ion. This reaction
shows that the formation of the chelate (2.37a) is favoured over (2.36a) or (2.38a), however
this product could be formed from (2.34a) or (2.35a). Hence the order of reaction between

N—coordination of triazole or the carbene formation could not be determined.

In order to further investigate the competition involved between chelate formation and C-H
activation, L12 was used. L12 essentially replaces the carbene donor of L11 with another
heterocyclic N-donor atom. The reaction of the dimer with L12 in presence of NaOAc could
produce several products (Scheme 2.35). Coordination of the indazole first gives (2.39a) as
an intermediate, subsequent C-H activation would form a five-membered ring (2.41a) whilst
N-N chelate formation would give (2.42a). If N(3) of the triazole coordinates before the
indazole, (2.40a) is the intermediate which can then give N-N chelate product (2.42a) or a
less plausible aromatic C-H activation to form (2.43a). In both cases there is a direct
competition between coordination of a second N-atom to form a neutral chelate and C-H

activation to form an N,C anionic chelate.
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The reaction of L12 with [IrCl,Cp*], and NaOAc was carried out in DCM and after 23 hours,

the "H NMR spectrum shows one Cp* signal and one set of signals for the ligand which

integrated to 19 protons and shows that no C-H activation had occurred so neither (2.41a) or

(2.43a) was formed, hence the product was (2.42a). The ES-MS and FAB-MS showed a peak

at m/z 632 assigned as the cation [IrCI(L12)Cp*]". The reaction was repeated without NaOAc

in presence of KPFg, to afford (2.42a) as a PF salt (Fig. 2.14).

(2.42a)

PF,

Fig. 2.14 Structure of (2.42a)* (* isolated as a PF; salt)

98



The 'H NMR spectrum shows a singlet due to the Cp* at 6 1.83. Two singlets at 6 8.46 and
8.59 are observed and assigned to H' and H’ respectively. H’ is 0.7 ppm downfield from the
corresponding signal in L12 (08 7.85). This is consistent with coordination of the triazole in a
cationic complex making H’ more acidic, however it is not as low field as in (2.42a) (5 10.94
) presumably less hydrogen bonding to PF¢ than there is to chloride in (2.42a). The other
aromatic protons are observed as two doublets at & 7.86 (H®) and 7.88 (H’) and two doublets
of doublets at § 7.37 (H*) and 7.66 (H’). The *C NMR spectra show the expected number of
C-H and quaternary carbons with the imine carbon C' at 138.68. The elemental analysis

confirmed that the product contains PF¢ as a counterion.

This reaction proved that the formation of the N,N chelate and in particularly coordination of
a second N-donor atom is favoured over the acetate assisted C-H activation in this case which
contrasts with the example described by Tilset et al. where C-H activation was favoured over
the formation of a diimine chelate complex.13 Acetate assisted C-H activation appears to be
an easy reaction with monodentate ligands however when multiple sites are present the
formation of N-N and C—-N neutral chelates are favoured over the acetate assisted C-H
activation in the cases studied. Further investigation of the competition between multiple sites
was carried out using potential neutral N-O chelates.

The competition between acetate assisted C-H activation and the formation of N-O chelates
was attempted using pyridine as a directing group with 2-benzoylpyridine (L13) and 2-
acetylpyridine (L14). The reaction of L13 with [IrCl,Cp*], in presence of NaOAc could lead
to the formation of (2.44a) by acetate assisted C-H activation, or (2.45a) (Scheme 2.36) via
N-O chelate formation as observed by Macchioni et al.*’ in the case of Ru(p-cymene) and

discussed earlier.
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The reaction of L13 with [IrCl,Cp*], in the presence of NaOAc was attempted. The 'H NMR
spectrum of the mixture after 8 hours showed a Cp* signal at 1.67 and two sets of four
aromatic signals, assigned by a COSY experiment, consistent with cyclometallation and
formation of (2.44a). The pyridine ring gives rise to three doublets of doublets of doublets at
0 8.14 (Hg), 9.12 (H'") and 7.39 (Hlo) and a triplet of doublets at & 7.87 for H’. The phenyl
ring gives rise to four mutually coupled signals, in this case four doublets of doublets of
doublets are observed at & 7.00, 7.26, 7.80 and 7.84 for H>, H*, H’ and H® respectively. The
C NMR spectra show the expected number of carbons for the cyclometallated product with
the metallated carbon observed at & 156.51. The product was crystallised from DCM/hexane
and the structure was determined by X-ray crystallography and is shown in Fig. 2.15 with

selected bond distances and angles and is discussed below.
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Fig. 2.15 Molecular structure of (2.44a)

Selected bond lengths and angles: Ir(1)-N(1) 2.083(4) A, Ir(1)-C(13) 2.030(5) A, Ir(1)-CI(1) 2.4055(12) A,
N(1)-C(2) 1.365(2) A, C(2)-C(7) 1.503(7) A, C(7)-C(8) 1.487(6), Ir(1)-C(16) 2.146(4), Ir(1)-C(17) 2.166(5),
Ir(1)-C(18) 2.167(5), Ir(1)-C(15) 2.256(5), Ir(1)-C(14) 2.265(5), C(8)-C(13) 1.402(6), C(13)-Ir(1)-N(1)
86.75(16)°, C(13)-Ir(1)-CI(1) 88.32(13)", N(1)-Ir(1)-CI(1) 87.85(16)"

The structure confirms the formation of the six-membered ring half sandwich complex. The
metal-ligand bond lengths Ir(1)-C(13), Ir(1)-Cl(1) and Ir(1)-N(1), [2.030(5) A] [2.4055(12)
A] [2.083(4) A] respectively are very similar to the corresponding ones of (2.12a), [2.049(7)
A][2.4084(18) A][2.109(5) A] respectively, however the N-M-C angle 86.75(16)° is slightly
bigger in (2.44a) than that, 84.4(2)°, in (2.12a). This can be explained by the angle C(8)-
C(7)-C(2) [120.3(4)°] being bigger for (2.44) due to the ketone, than for the corresponding
angle in (2.12a) [112.7(6)°]. As observed for the previous IrCp* crystal structures and in the
literature the Cp* ring is bonded asymmetrically to the metal centre with two long Ir-C bonds
(ca. 2.26 A) and three short ones (2.15 to 2.17 A). This reaction showed that the C-H
activation pathway to form a six-membered ring is favoured over N—O chelate formation. In a
deliberate attempt to make the N,O chelate the reaction was repeated in the absence of
NaOAc and in presence of KPF¢ in CDCIl; however only starting materials were observed by

'H NMR spectroscopy. In a more polar solvent (MeOH) the N,O complex forms easily*’and
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the 'H, ?C NMR data are the same as reported by Macchioni et al.*® As discussed later

bidentate N,O coordination requires liberation of CI- which is solvent dependent.

The reaction of L13 with [RhCI,Cp*], in the presence of NaOAc in DCM was also attempted
(Scheme 2.37). After 6 hours the '"H NMR spectrum of the mixture showed two sets of
signals for the ligand in a ratio of 1:3 with the major one corresponding to the free ligand, and
many other Cp* signals between 6 1.00 and 2.00. After work up (filtration through celite and
several washes with diethylether) more than one product is observed in the 'H NMR
spectrum, however a crystallisation from DCM/hexane afforded some crystals suitable for X-
ray diffraction. A view of the structure and selected bond distances and angles is shown and

discussed below (Fig. 2.16).

N\ [RhCL,Cp*],
—_—
‘ - NaOAc, DCM
L13 (2.45b)
Scheme 2.37

The "H NMR spectrum of this batch of crystals showed four singlets (integrating for 3 H) at &
2.10, 1.90, 1.70 and 1.55 and two 1H doublets at & 2.95 and 2.53 which would agree with an
activated Cp* (2.45b) (Scheme 2.37) however other Cp* impurities were observed. More
than one set of signals were observed for the ligand. Further crystallisations did not afford
pure product. The ES-MS spectrum shows two peaks at m/z 420 and 461 assigned to

[Rh(L13)Cp*-H]" and [Rh(L13)Cp*-H+MeCN]".
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Fig. 2.16 Molecular structure of (2.45b)

Selected bond distances and angles: Rh(1)-C(14) 2.093(5) A, Rh(1)-N(1) 2.195(5) A, Rh(1)-CI(1) 2.4057(16) A,
Rh(1)-CI(2) 2.4147(16) A, N(1)-C(5) 1.381(7) A, C(5)-C(6) 1.533(8) A, C(6)-C(13) 1.542(7) A, C(13)-C(14)
1.485(7) A, C(15)-C(19) 1.476(7) A, C(16)-C(20) 1.504(7) A, C(18)-C(22) 1.494(7) A, C(17)-C(21) 1.490(7)
A, N(1)-Rh(1)-CI(1) 94.16(14)°, N(1)-Rh(1)-C1(2) 88.25(13)°

The structure of (2.45b) confirms that one arm of the Cp* is linked to the ligand. The N-
Rh(1)-CI(1) angle is substantially bigger [94.16(14)°] than the N-Rh(1)-Cl(2) angle
[88.25(13)°]. It is noticeable that an intramolecular hydrogen bond is observed between CI(2)

and H(1) [3.214 A], this could explain the fact that the N-Rh(1)-Cl(2) angle [94.16(14)°] is

larger than the N-Rh(1)-CI(1) angle [88.25(13)°].

Hence, in contrast to the observations of the corresponding reaction with Ir, with Rh the
acetate assisted C-H activation to form (2.45b) was not the favoured pathway, however
neither was N—O chelate formation, instead, only a low conversion was observed (30%), and
more than one complex was formed, one of which showed an activated Cp*. It seems that
activation of a methyl of the Cp* occurs which then attacks the ketone to link the Cp* to the

ligand. Deprotonation of a Cp* with Rh and Ir complexes is well precedented.**>°
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L13 was also reacted with [RuCly(p-cymene)], in the presence of NaOAc and no C-H
activation was observed after 6 hours. In the 'H NMR spectrum only [RuCI(OAc)(p-
cymene)], which is from the reaction between [RuCl,(p-cymene)], and NaOAc, and
unreacted L13 were observed. In the ES-MS spectrum two peaks at m/z 418 and 459,
assigned to [RuCl(L13)(p-cymene)]” and [Ru(MeCN)(L13)(p-cymene)]" respectively show
that some reaction probably coordination of pyridine is occuring, as observed by Macchioni

et al. (Scheme 2.29).*

From these results with L13, the C-H activation pathway was favoured over N—O chelate
formation with [IrCl,Cp*], in DCM. In the case of [RuCly(p-cymene)], no C-H activation
occurred though, as expected,” all the [RuCly(p-cymene)], reacted with NaOAc. The
coordination of L13 did not compete with the reaction with NaOAc in this case. Macchioni
observed the formation of the N—O chelates in the presence of larger counter ions than CI
such as PF4 or BPhy in DCM (Scheme 2.29).* In the case of [RhCI,Cp*], the reaction was

not clean and some of (2.45b) could be observed.

Further investigations of the competition between the N—O chelate formation and C-H
activation were attempted with 2-acetylpyridine (L14). This ligand offers the possibility to
probe sp’ rather sp> C-H activation. A previous study on C-H activation of L14 was carried
out in our group, thus L14 was reacted with [RhCl,Cp*],, [[rCL,Cp*], and [RuCly(p-
cymene)], in the presence of NaOAc. The reaction with [IrCl,Cp*], produced a mixture of
products where one of them is a cyclometallated complex, however in the presence of
[RhC1,Cp*],, the reaction led to the cyclometallated product. The "H NMR spectrum of the
product showed a Cp* signal at 6 1.57 and two mutually coupled 1H doublets at 6 2.84 and
3.84 proving that C-H activation had occurred. The four aromatic protons gave rise to three

doublets at 5 8.65, 7.65 and 7.49 for H®, H and H’ and a triplet of doublets at & 7.89 assigned
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to H*. The C NMR spectra showed the expected number of carbons with the metallated
carbon observed as a doublet at 6 45.33 and an HMQC spectrum showed a correlation
between the CH, and the metallated carbon which further proved the formation of (2.46b)
(Scheme 2.38). The reaction of L14 with [RuCly(p-cymene)], in presence of NaOAc did not
afford the cyclometallated complex. These preliminary results showed that [RhCl,Cp*], was
most successful for preparation of the cyclometallated product, some cyclometallation was
observed in the case of [IrCl,Cp*], but no C-H activation occurred in the case of [RuCl,(p-
cymene)],. This contrasts with the results with all the other N-donor ligands for which Ir was
better than Rh or Ru for acetate assisted C-H activation.

Cl
Cl

R,
|

N NaOA N
6 2 + [MChring)l, 298¢, " ]
5 3 DCM

(2.46)

L14
M = Rh, ring = Cp*, gives (2.46b) clean reaction
M =1Ir, ring=Cp*, no clean reaction observed
M = Ru, ring = p-cymene, no reaction with L14 observed

Scheme 2.38

In order to investigate the different order of reactivity with L14, the interaction between the
dimers [IrCl,Cp*],, [RhCL,Cp*], and [RuCly(p-cymene)], and the ligand was tested. The
coordination of L14 with the dimers [IrCl,Cp*],, [RhCL,Cp*], and [RuCly(p-cymene)], was
examined by '"H NMR spectroscopy in CD,Cl, at different temperatures. In the case of
[IrCl,Cp*],, the 'H NMR spectrum at room temperature showed the two starting materials
([IrCLL,Cp*], and L14) with five signals for L14, two doublets at & 8.72 and 8.04 due to H°
and H® and two triplets at & 7.89 and 7.52 due to H> and H* respectively, the methyl signal
was observed at § 2.68 and the Cp* signal for [IrCl,Cp*], at & 1.53. Another set of signals

integrating for ca 5% of the starting materials was also observed, with two singlets at 6 1.75
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at 0 3.26 for the Cp* and the methyl signal and four broad multiplets at 8 8.11, 8.60, 8.86 and
8.99. This new species was assigned as (2.47a) (Scheme 2.39), the downfield shift (between
0.22 and 1.04 ppm) observed for all the pyridine signals in comparison to free L14 would be
consistent with the formation of a cation. The previous formation of the corresponding Ru(p-
cymene) complex by Macchioni ez al.* (Scheme 2.29) is also consistent with the formation

of (2.47a).

Cl
Cl
i ~ Ir/ o
N [IrCl,Cp*], |

6 N > . N \
A8 CD,Cl, 6 ‘ ¢
5 3
4 /
4
L14 (2.472)
Scheme 2.39

Hence it appears that (2.47a) is in equilibrium with the starting materials. To confirm this
hypothesis a variable temperature NMR study was undertaken and various spectra are shown
in Fig 2.17. As the temperature was lowered, the rate of interconversion was slowed and the
minor signals became more resolved showing two doublets at & 8.96 H® and 9.13 H® and two
triplets at 8 8.66 H* and 8.13 H’ with two singlets for the methyl and the Cp* at § 3.31 and
1.77 respectively. The amount of (2.47a) also increases as the temperature decreases with a
1:1 ratio at 243.5 K. At 211 K the equilibrium was slow on the NMR timescale and a 1:1
ratio was observed between the starting materials (L14 and [IrC1,Cp*],) and (2.47a) in the 'H
NMR spectrum. An NOE correlation between H’ (2.47a) and the methyl signal would
suggest that these two signals are close which implies that the oxygen atom is pointing to the

metal centre and is consistent with the assignment as (2.47a).
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Fig. 2.17 '"H NMR spectra at different temperatures from the reaction of [IrCl,Cp*],

with 2-acetylpyridine (I.14) (400 MHz, in CD,Cl,)

The assignment was established with a ROESY experiment at 270 K (Fig. 2.18) showing a
correlation between the signals for free and coordinated L14. The correlation between H’
(L14) and H’ (2.47a) shows that there is a substantial downfield shift for H’ (2.47a) which

may be due to hydrogen bonding with the chloride counterion.

HE H3 H* H’

L14 L14 Ll4 L14
woH e He f i
(2.47a) (2:47a) (247a) (2.47a) |

Fig. 2.18 ROESY NMR spectrum at 273 K from the reaction of [IrCl,Cp*|,
with 2-acetylpyridine (L14) in CD,Cl,
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The formation of (2.47a) requires Cl as a counterion which is likely to be poorly solvated in
CD,Cl,. To test this dy-methanol which is more polar was added to the mixture. The addition
of d; methanol (20% by volume) changed the equilibrium position and the coordination of
L14 increased from ca 5 to 70% at room temperature consistent with the better solvation of

chloride favouring formation of (2.47a).

The reaction of L14 with [RhCl,Cp*], was also attempted but no sign of coordination was
observed in the '"H NMR spectrum even at low temperature (247 K). The spectrum showed a

Cp* signal at 6 1.52 for [RhCl,Cp*], and the signals for free L14.

The reaction of [RuCl,(p-cymene)], with L14 was also attempted in an NMR tube in CD,Cl,
and the '"H NMR spectrum at room temperature showed signals for starting materials
([RuCly(p-cymene)], and L14) and two new sets of p-cymene signals and one new set for
coordinated L14 (Scheme 2.40). The major ruthenium species formed (30%) showed signals
for a coordinated p-cymene group with four doublets at 6 5.90, 6.03, 6.08 and 6.22 for the
aromatic protons, a singlet at 2.30 for the methyl and signals for the isopropyl group. The
associated coordinated ligand showed two doublets at & 8.24 and 9.71 for H® and H°
respectively, a multiplet at & 8.08 for H’ and a triplet at & 8.14 for H*. The acetyl signal was
observed as a singlet at § 2.94. As for the iridium reactions, the high frequency of the signals
in comparison to the starting materials, is consistent with a cationic species and the
inequivalence of the p-cymene signals shows a chiral metal centre also consistent with

(2.47¢) (Scheme 2.40).
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The assignment was confirmed by a ROESY experiment where exchange between free and
coordinated L14 was observed. The '"H NMR spectrum also showed some [RuCly(p-
cymene)], and another set of p-cymene signals with two broad doublets at 3 5.15 and 5.40 for
the aromatic protons and a singlet at & 2.18 for the methyl group, no L14 signals were
associated with this ruthenium-containing species. However, a ROESY experiment showed
that this species was also exchanging with [RuCl,(p-cymene)], and with (2.47¢). The p-
cymene protons were not all inequivalent which would suggest that the metal centre was not
chiral. These signals have been assigned to [RuCl;(p-cymene)]” where the extra CI” would
come from the formation of the N—O chelate (i.e. the counterion for (2.47¢) is a mixture of
CI' and [RuCl3(p-cymene)]. In order to confirm the formation of [RuCl;(p-cymene)],
[RuCly(p-cymene)], was reacted with NEt,Cl in CD,Cl,. The '"H NMR spectrum showed the
signals for [RuCl,(p-cymene)], and NEt,", but also the corresponding signals for [RuCls(p-
cymene)] observed earlier, moreover in the negative ion ES-MS spectrum a peak at m/z 343
[RuCls(p-cymene)]” was observed. In 1978, Robertson et al. reported the formation of
Cs[RuCls(p-cymene)] however it was not fully characterised.”’ As for [IrCLCp*],, to probe
the role of CI in this process, d,-methanol (10 equivalents) was added at room temperature to
a solution of [RuCl,(p-cymene)]| and L14, the 'H NMR spectrum showed an increase in the

formation of (2.47¢) confirming the importance of solvation of “free” CI".
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These results show that coordination of L14 to [IrCl,Cp*], and [RuCl,(p-cymene)], to form
an N-O chelate is an equilibrium process which is more favoured toward the formation of the
N-O chelate in the case of Ru than Ir. However, no coordination was observed in the case of
[RhCL,Cp*],. The production of “free” CI” is an important factor in N—O chelate formation as
is shown by using more polar solvents. To investigate if (2.47a) and (2.47¢) are intermediates
for the acetate assisted C-H activation, more stable salts are needed, hence the isolation of

these as PF¢ salts was attempted.

PF¢
0 5 73

N [MCl,(ring)], 6 ‘ — 2

X B — N CHjs

KPFg, DCM \
P Ring= | (0)
Cl
L14 (2.47a)* M =1Ir ring= Cp*

(2.47¢)* M = Ru ring = p-cymene
(2.47d)* M = Ru ring= mes

* isolated as PF salts

Scheme 2.41

The reactions of (L14) with [MCL,Cp*], (M = Ir, Rh) and [RuCl,(mes)], were carried out in
DCM in the presence of KPFs (Scheme 2.41). Complex (2.47¢) was described previously by
Macchioni ef al.*® The reaction of L14 with [IrCl,Cp*], and KPF¢ in DCM led to the
formation of (2.47a) in 74% yield. The "H NMR spectrum shows four different protons for
the pyridine system and singlets at 6 4.00 and 1.79 for the methyl group and the Cp*
respectively. The pyridine system is composed of three doublet of doublet of doublets at &
8.91, 8.50 and 8.05 for H®, H’, and H’ respectively and a doublet of triplets at § 8.34 for H”.
The assignment was determined by NOESY experiments where a correlation between H® and
the Cp*, and between H® and the methyl group were observed. The chemical shifts are
similar to the ones observed with CI” as a counter ion, however H is more upfield in this case

(0.6 ppm) which could be explained by the absence of hydrogen bonding when PFg is used as
110



counter ion. The “C NMR spectrum shows the expected number of carbons, the CO is
observed at 8 210.78 and the acetyl methyl at 6 26.04 (confirmed by a DEPT experiment).
The FAB-MS spectrum showed a signal at m/z 484 due to the cation [IrC1(L14)Cp*]".
Crystals of this compound were obtained from DCM/hexane and were suitable for X-ray
diffraction. The structure is shown in Fig. 2.19 with selected bond distances and angles in
Table 2.3 and is discussed with the ruthenium analogue below.

An attempt to make the similar compound with [RhCl,Cp*], under the same conditions
failed. The 'H NMR spectrum of the mixture showed that free ligand and [RhCl,Cp*], were
still present. To test the same reaction with ruthenium, [RuCl(mes)], was chosen as a starting
material in preference to [RuCly(p-cymene)], since it has much simpler 'H NMR signals
which makes identification much easier. Reaction of L14 with [RuCl,(mes)], and KPFs gave
(2.47d) after 20 hours at in 87% yield. The 'H NMR spectrum was similar to the one of
(2.47a) showing 4 different proton signals for the pyridine ligand, a singlet for the methyl
group at 6 3.01 and two singlets for the mesitylene at & 2.33 and 5.37. The most downfield
signal is H6, observed as a doublet at 6 9.21, whilst H’ is observed as a doublet at § 8.30 with
two doublets of doublets of doublets at & 7.94 and 8.26 for H> and H* respectively. The
chemical shifts are similar to (2.47a) (within 0.2 ppm) and those of (2.47¢) described by
Macchioni et al. with (arene = p-cymene).” The *C NMR spectrum shows the expected
number of carbons with the CO at 6 211.0. The FAB-MS mass spectrum shows an ion at m/z
378 due to [RuCl(L14)(Mes)]". Crystals of this compound were obtained from DCM/hexane
and were suitable for X-ray diffraction. The structure is shown below in Fig. 2.19 with

selected bond distances and angles in Table 2.3 and discussed further below.
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Fig. 2.19 Molecular structure of the cation in (2.47 a,d)

Table 2.3 Selected bond distances (A) and angles(°) for the cation in (2.47a,d).

2.47a 2.47d
M-O 2.154(10) 2.105(3)
M-N 2.101(11) 2.106(4)
M-Cl 2.377(5) 2.3849(13)
0-C6 1.235(17) 1.234(5)
C6-C1 1.488(19) 1.469(6)
CI-N 1.384(18) 1.353(5)
M-C (ring) 2.108(16) 2.175(4)
2.138(15) 2.175(4)
2.161(14) 2.186(5)
2.172(14) 2.190(4)
2.179(14) 2.193(5)
2.207(4)
CI-M-N 82.8(3) 84.78(10)
CI-M-O 84.7(3) 85.63(9)
N-M-O 76.1(4) 75.92(13)

Both cations show a similar three legged piano stool structure. For (2.47d), the Ru-O
[2.105(3) A] and Ru-N [2.106(4) A] bond lengths are statistically the same whereas for
(2.47a) the Ir-O bond [2.154(10) A] is longer than the Ir-N bond [2.101 (11) A]. The two
cations show similar O-M-N chelate angles namely 76.1(4)° and 75.92(13)" for (2.47a) and
(2.47d) respectively. It is noticeable that the acetylpyridine is planar for both complexes with

a small torsion angle N-C-C—-O of less than 4 degrees.
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From these reactions Ru and Ir complexes show similar behaviour, N-O chelates were easily
formed with L14 but they do not undergo clean C-H activation in the presence of NaOAc. In
contrast the Rh complex promoted the acetate assisted C-H activation but no N,O
coordination could be observed even in the presence of KPFs. In order to have a better
understanding of these differences and to see if the N,O complexes are intermediates in C-H

activation, the reactivity of (2.47a) and (2.47d) was investigated.

The acidity of the acetyl methyl was probed by adding D,O to NMR samples of (2.47a) and
(2.47d) in CD,Cl,, this led to a gradual disappearance of the signal for the acetyl methyl

protons due to H-D exchange (Scheme 2.42).

B 7] PFe B 7] PFs
X ‘ N X
| D |
N\/ CH, N\ CH, D,0 N\/ cD,
/ — /
Ring/"lfl\o Ring/’\r\o CD.Cl; Ring— ‘ —o0
el = el
M =1Ir, ring=Cp*
M = Ru, ring = mes
Scheme 2.42

This H-D exchange showed that a keto-enol equilibrium was occurring but the amount of
enol complex was presumably small, since no signals for this species were observed. To test
whether the N—O chelates (2.47a and 2.47d) are intermediates in CH activation they were
treated with NaOAc, however no reaction occurred after 4 hours, the '"H NMR spectra of the
mixture showed only the starting compounds. Note, within this time the reaction of
[RhCL,Cp*], with L14 would have been complete. A stronger base NaOMe, was reacted with
(2.47d). After 6 hours, the "H NMR spectrum showed two different sets of mesitylene signals
in equal amounts, which would suggest either a 1:1 mixture of two species or the formation

of an unsymmetric dimer. Three other signals at & 1.96, 3.19 and 6.54 were observed with the
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latter disappearing in the presence of D,O which would be consistent with formation of an
alcohol group. Unfortunately total purification was not possible, the product transforms to
further products if left in solution for long periods. However, we have managed to get some
crystals from the mixture, and the structure with selected bond distances and angles is shown

in Fig. 2.20.

\1 Rh!l___-.___::‘_\ ,:: o1 \
\ fLM % l.r \
o A
p

Fig. 2.20 Molecular structure of (2.48d)

Selected bond distances and angles of dication (2.48d): Ru(1)-N(1), 2.099(10) A, Ru(1)-O(1), 1.995(9) A,
Ru(1)-CI(1), 2.442(3) A, Ru(2)-N(2), 2.080(11) A, Ru(2)-C(7), 2.203(12) A, Ru(2)-CI(1), 2.441(3) A, O(1)-
C(6), 1.286(12) A; O(2)-C(8), 1.442(13) A; C(6)-C(7), 1.385(14) A; C(7)-C(8), 1.540(15) A, O(1)-Ru(1)-N(1),
77.4(4)°, Ru(1)-0(1)-C(6), 114.7(7)°, Ru(1)-N(1)-C(1), 113.1(8)°, C(6)-C(1)-N(1), 111.7(11)°; C(1)-C(6)-O(1),
116.1(10)%; C(7)-Ru(2)-N(2), 75.3(4)°, Ru(2)-C(7)-C(6), 108.7(8)°, Ru(2)-N(2)-C(10), 120.3(9)°; C(8)-C(10)-
N(2), 114.9(12)°, C(7)-C(8)-C(10), 109.7(11)°

The structure shows an unsymmetrical dicationic dimer, the two Ru centres are
symmetrically bridged by one chloride. Ru(1) can be viewed as a cationic Ru(Il) centre with
an N,O chelate where the Ru(1)-(O1) bond is shorter than the Ru-N(1) bond [1.995(9) A] and
[2.099(10) A] respectively. The Ru(2) centre has an N-C chelate with Ru(2)-N(2) shorter

than Ru(2)-C(7), [2.080(11) A] and [2.203(12) A] respectively. There is some contribution

from an enol resonance form for C(7)-C(6)-O(1) in the 2-acetylpyridine bonded to Ru(1).
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Thus, C(7)-C(6) [1.385(14)A] and Ru(1)-O(1) [1.995(9) A] are somewhat shorter, and O(1)-
C(6) [1.286(12) A] somewhat longer than the corresponding bonds, [1.481(6) A], [2.105(3)
A], and [1.234(5) A], respectively, in the N,O chelate complex (2.47d). A plausible
explanation of the formation of (2.48d) is that deprotonation of (2.47d) in the presence of
NaOMe leads to a reactive enol which reacts with (2.47d) in an aldol-type reaction.
Macchioni et al. also observed a related reaction on a Ru(p-cymene) N—O chelate complex in

the presence of Ag” (Scheme 2.43).*

PF¢
/CI
Ru (0]
,L \ AgPFg
‘ X _—
=

Acetone

Scheme 2.43

The fact that reaction with NaOAc failed to produce the N-C complexes suggests that the N—
O chelate products are not intermediates during an acetate assisted C-H activation process.
However, the deuterium incorporation shows that the keto-enol equilibrium can occur and the
dimerisation in the presence of NaOMe shows that the enol form is reactive. To further
investigate the stability of C- or O-bound enolates, the dimers ([IrCl,Cp*],, [RhCl,Cp*], and

[RuCl,y(p-cymene)],) were reacted with the lithium enolate of L14 .
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) 1
X [MCly(ring)], 5 N/ 6
- = \ 7
M
/ Ring/ | ——0
Cl
(2.46aM =1r, ring=Cp*) (249aM=1Ir, ring=Cp*)
(2.46¢ M = Ru, ring = pcy) (2.49¢ M = Ru, ring = pcy)

Scheme 2.44

The enolate was made in situ by the reaction of L14 with LIHMDS in THF at -80°C. The
enolate was then reacted with the relevant dimer (Scheme 2.44). The reaction with
[RhCL,Cp*], gave the N,C chelate complex (2.46b) in 81% yield with identical spectroscopic

data to the sample prepared by C-H activation.

The reaction with [IrCLCp*], (Scheme 2.44) showed complete conversion, the 'H NMR
spectrum showed one set of signals for the cyclometallated ligand and one Cp* signal at o
1.55. There was no methyl signal; and instead two mutually coupled doublets (J 7 Hz), were
observed at ¢ 3.00 and 3.41, assigned to the metal-bound CH; in (2.46a). These resonances
are similar to (2.46b) and are consistent with the N—C chelate product (2.46a) rather than
(2.49a) with the epimerisation being slow on the NMR timescale. Hence, the lithium enolate
gave the N,C product (2.46a) rather than an isomeric N,O enolate complex (2.49a).
Furthermore, in a NOESY spectrum a correlation between the Cp* signal and one of the CH,
protons at d 3.00, confirms the assignment to (2.46a). The '"H NMR spectrum showed four
signals for the pyridine group with two doublets of doublets of doublets at & 8.51 and 7.54 for
H® and H’, a triplet of doublets at & 7.86 for H* a doublet of doublets of doublets at & 7.36 for
H>. All the chemical shifts are upfield in comparison the N—O chelate complex which may be
due to the neutral nature of (2.46a). The ES mass spectrum shows an molecular ion at m/z
448 [M-C1]", a fragment at m/z 406 [M-CH,CO-CI1]" and a signal at m/z 569 corresponding to

[M-CI+L14]" from the substitution of the chloride by a second L14. Crystals suitable for X-
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ray diffraction were obtained and the structure with selected bond distances and angles is

shown below (Fig. 2.21).

Fig. 2.21 Molecular structure of (2.46a)

Selected bond lengths and bond angles: Ir(1)-N(1), 2.094(6)A, Ir(1)-C(7), 2.121(8)A, Ir(1)-CI(1), 2.424(2)A,
0(1)-C(6), 1.213(10)A, C(7)-Ir(1)-N(1), 77.2(3)°, Ir(1)-C(7)-C(6), 102.1(5)°, Ir(1)-N(1)-C(5), 114.5(5)°, C(6)-

C(5)-N(1), 111.6(6)°, C(5)-C(6)-C(7), 112.2(7)°.

The structure of (2.46a) confirmed the formation of the N—C chelate half sandwich complex.
The bond distances Ir(1)-N(1) [2.094(6)A], Ir(1)-C(7) [2.121(8)A] and Ir(1)-CI(1)
[2.424(2)A] are the same as those [2.112(2) A], [2.138(3) A], and [2.4294(8)A] respectively
in the corresponding rhodium complex (2.46b). The pyridine and acetyl groups are
significantly non planar with a dihedral angle C(7)-C(6)-C(5)-N(1) of 26.7° whilst in the N—

O chelate complexes (2.47a) and (2.47d) the pyridine is coplanar with the acetyl group.

The reaction of the enolate of L14 with [RuCl,(p-cymene)], under similar conditions showed
one major product in the "H NMR spectrum with some impurities. As observed for (2.46a)
two mutually coupled doublets are present in the spectrum at 6 3.70 and at 6 3.10 which is
consistent with a CH, group bonded to the metal. The p-cymene system shows four doublets
for the aromatic protons at o 5.30, 5.22, 5.02, 4.98, the isopropyl group gives rise to two
doublets at 6 1.12, 1.08 and a septet at & 2.57, the methyl of the p-cymene is observed at &
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1.78. The expected number of signals for the pyridine group is also present with two doublets
at 5 8.90 and 7.49 due to H’ and H? respectively and two doublets of doublets at & 7.75 (HY)
and at & 7.35 (H*). Purification by crystallisation or chromatography failed to produce a pure

sample of (2.46¢).

The formation of the N—C chelates (2.46a,c) with [IrCl,Cp*], and [RuCly(p-cymene)],
proved that these complexes are thermodynamically stable. Hence, the failure to get these by
C-H activation with [IrCl,Cp*], and [RuCly(p-cymene)], (Scheme 2.38) was not due to
thermodynamic instability of the product. Moreover sp® C-H activation provided the N-C
complex with [RhCl,Cp*], which suggested that the acetyl proton was acidic enough to be
activated by this process. The study of the coordination of L14 with [IrCl,Cp*], and
[RuCly(p-cymene)], suggests that the formation of the N-O chelate complexes occurs readily
hence competes favourably with the reaction with NaOAc which is consistent with the failure
of these to promote C-H activation. In the case of [RhCl,Cp*], no coordination of L14 was

observed and so acetate assisted C-H activation can proceed.

A further investigation of sp’ C-H activation was carried out with 2-ethylpyridine with
[RhC1,Cp*], in the presence of NaOAc. No reaction was observed and the "H NMR spectrum
of the mixture after 4 hours showed only starting materials. Coordination of 2-ethylpyridine
with [RhCl,Cp*], was investigated and no coordination was observed at room temperature, at
247 K broad signals (20% in intensity) at & 1.38, 1.56, 7.37, 7.70, 9.30 would suggest that
some reversible coordination is occurring. Coordination of 2-ethylpyridine with [IrCl,Cp*],
was observed by "H NMR spectroscopy at room temperature as evidenced by broad signals in
the pyridine region. When the temperature was lowered to 233K sharp signals for coordinated
2-ethylpyridine were present with a Cp* at 6 1.51, two doublets of quadruplets at 6 2.96 and

3.70 for the CH; and a triplet for the CHj at & 1.41. The pyridine signals showed two doublets
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at 8 9.23 and 7.40 for H® and H® respectively, a triplet at § 7.69 H* and a doublet of doublets
at 8 7.16 for H’ . The chemical shifts for the pyridine signals are similar to the ones observed
in the case of the coordination of 2-acetylpyridine. The fact that the CH, shows two
inequivalent protons proves that the plane of the pyridine is not perpendicular to the Cp* and

there is no mirror plane in the molecule (Scheme 2.45).

6 ‘ 2 [IrCl,(Cp™)], c1/Ir\
—_— N
5 = 3 CD,Cl, S
4 ¥
AN 5
&
Scheme 2.45

The coordination of 2-phenylpyridine (L1) with [MCLCp*], (M = Ir, Rh) was also
investigated by 'H NMR spectroscopy in CD>Cl.. No coordination was observed with both

complexes [MCL,Cp*], (M = Ir, Rh) even at low temperature (247 K).

In conclusion, in the case of 2-phenylpyridine the pyridine does not react until after the dimer
has reacted with acetate, consistent with easy C-H activation of this substrate by [MCL,Cp*]»
(M = Ir, Rh) and [RuCl,(p-cymene)],. In the case of 2-ethylpyridine, even though the reaction
with acetate can occur first, there is no subsequent C-H activation. The decreased acidity of
the proton to be activated in 2-ethylpyridine compared with 2-acetylpyridine may be a factor
in the lower reactivity of 2-ethylpyridine. In addition, the need to include another sp> carbon
in the metallacyclic ring may also make cyclometallation of 2-ethylpyridine less favourable.
In the case of 2-acetylpyridine and [RhCl,Cp*],, reaction with acetate occurs first, leading to

C-H activation product (2.46b); however, for iridium and ruthenium the possibility of
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forming an N,O chelate, (2.47a,c) provides an alternative reaction pathway that is

competitive with the acetate assisted C-H activation.

2.3 Conclusion

From the study on the effect of the donor atom on monodentate ligands, the results confirmed
that acetate assisted CH activation can occur for aromatic sp> C-H activation with Ir with all
the N-donor directing groups attempted. Ir is better than Rh, Rh and Ru show similar
behaviour depending on the ligand.” This scale of reactivity allowed us to assess the
efficiency of the donor group according to the ability to cyclometallate with Ir, Rh or Ru.
Thus, pyridine ~ pyrazole ~ alkylimine all cyclometallate with the three metal complexes
([IrC1,Cp*]2, [RhCL,Cp*], and [RuCly(p-cymene)],) relatively quickly. Then come the
oxazolines and aryl imine which cyclometallate with [IrCl,Cp*], and either Rh or Ru
depending on the substituents on the ligand and require longer reaction times (between 4
hours and few days), then imidazole where cyclometallation was only observed with

[IrCI,Cp*],. This gives an overall order:
pyridine ~ pyrazole ~ alkylimine > oxazoline ~ aryl imine > imidazole.

Acetate assisted C-H activation has been extended to six-membered rings however this has
only been observed with Ir. Acetate assisted C-H activation has been extended to different
types of CH bonds (vinyl, sp’). This study also investigated the effect of competing
coordinating sites on the ligand and showed that the formation of chelates (N-C, N—N) or just
N coordinated was favoured over the C-H activation pathways. In the case of competition
with N—O chelate formation the C-H activation was the favoured pathway only in the case of
[RhCL,Cp*], with 2-acetylpyridine, and [IrCL,Cp*], with 2-benzoylpyridine, showing

dependence on the ligand-metal combination. The study of the coordination of 2-
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acetylpyridine showed that acetate assisted C-H activation can be blocked by the formation of
the N-O chelates however coordination of the ligand is not the only factor involved, 2-
ethylpyridine did not coordinate with [RhCl,Cp*], at room temperature and no C-H
activation occurred in presence of NaOAc. For C-H activation to be the favoured pathway the
coordination of the ligand has to be reversible, or NaOAc has to react before the ligand if
coordination is irreversible. The order of these two steps was decisive to the product formed
when multiple binding sites were present in the ligand. The influence of the carboxylate in

the reaction and particularly the substituent on the carboxylate will be discussed in Chapter 3.
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2.4 Experimental

The reactions described were carried out under nitrogen using dry solvents; however, once
isolated as pure solids the compounds can be handled in air. 'H, and "*C-NMR spectra were
obtained using Bruker 400 MHz spectrometers, with CDCIl; as solvent unless otherwise
stated. Chemical shifts were recorded in ppm (with tetramethylsilane as internal reference).
FAB mass spectra were obtained on a Kratos concept mass spectrometer using NOBA as
matrix. The electrospray (ES) mass spectra were recorded using a micromass Quattra LC
mass spectrometer with DCM or acetonitrile as solvent. Microanalyses were performed by
the Elemental Analysis Service (London Metropolitan University). All starting materials
were obtained from Aldrich, with the exception of [MCLCp*],, (M = Rh, Ir)*, and [RuCL(p-
cymene)],”. Ligands L4>°, L6%, L7* were synthesised according to reported procedures, L8

was made by Dr G. J. Stasiuk®® and L(9-12) were prepared by Dr G. A. Burley.
Preparation of [I[rCI(L1-H)Cp*] (2.10a)

A mixture of [IrCl,Cp*], (50 mg, 0.063 mmol), 2-phenylpyridine
(L1) (24 mg, 0.15 mmol) and NaOAc (13 mg, 0.15 mmol), in DCM

(5 ml) was stirred for 4 h at room temperature. The solution was

filtered through celite and rotary evaporated to dryness. The
product was crystallised from DCM/hexane to give (36 mg, 55%) as orange crystals. Anal
Calc for IrCy Hy3CIN: C, 48.78, H, 4.48, N, 2.71. Found C, 48.69, H, 4.41, N, 2.73 %. 'H
NMR (300 MHz): & 1.68 (s, 15H, CsMes), 7.02 (td, 1H, J 7, 1, H'®), 7.07 (td, 1H, J 6, 1, HY),
7.20 (td, 1H, J 7, 1, HY), 7.65 (tm, 2H, J 8, H> H?), 7.82 (d, 2H, J 8, H® H®), 8.70 (d, 1H, J 5,

H').>C NMR: 8.91 (CsMes), 88.51 (CsMes), 118.87 (C%), 122.04 (C*), 122.24 (C'?), 123.83
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(C?%), 131.00 (C), 135.8 (C®), 136.93 (C°), 144.07 (C?), 151.32 (C'"), 163.33 (C"), 167.36

(CY. FAB-MS m/z 517 [M]", 482 [M-CI]".
Preparation of [RhCI(L1-H)Cp*] (2.10b)

A mixture of [RhCp*Cl,], (50 mg, 0.081 mmol), 2-phenylpyridine
(LT) (31 mg, 0.20 mmol) and NaOAc (16 mg, 0.20 mmol), in DCM

(5 ml) was stirred for 4 h at room temperature. The solution was

filtered through celite and rotary evaporated to dryness and the
product was crystallised from DCM /hexane to give (52 mg, 75 %) as orange crystals. Anal
Calc for RhCy HysCIN: C, 58.96, H, 5.42, N, 3.27. Found C, 58.89, H, 5.33, N, 3.32 %. 'H
NMR (300 MHz): & 1.68 (s, 15 H, CsMes), 7.06 (td, 1 H, J 8, 1.2, H'®), 7.13 (td, 1 H,J 6, 1.6,
H*Y), 7.23 (td, 1H, J 7.5, 1.6, H°), 7.60 (dd, 1H, J 7.5, 1.5, H), 7.70 (td, 1 H, J 7.5, 1.5,
H%),7.77 (d, 1 H, J 8, H®), 7.81 (dd, 1 H, J 7.5, 1.5, H%), 8.75 (d, 1 H, J 5.5, H'"). >*C NMR:
9.17 (CsMes), 96.97 (CsMes, Jrrc 24), 119.04 (C%), 121.91 (C*), 122.78 (C'), 123.47 (C?),
130.47 (C%), 136.91 (C?), 137.01 (C%), 143.71 (C?), 151.34 (C'"), 165.47 (C7), 178.68 (C', Jzn-

c 128). FAB-MS: m/z 427 [M]", 392 [M-CI]".
Preparation of [RuCIl(L1-H)(p-cymene)] (2.10¢)

A mixture of [RuCly(p-cymene)], (50 mg, 0.081 mmol), 2-
phenylpyridine (L1) (32 mg, 0.20 mmol) and NaOAc (17 mg,
0.20 mmol), in DCM (5 ml) was stirred for 4 h at room

temperature. The solution was filtered through celite and rotary

evaporated to dryness. The product was crystallised from DCM/hexane to give (42 mg, 61 %)
as brown crystals. Anal Calc for RuC, Hy,CIN: C, 59.36, H, 5.22, N, 3.30. Found C, 59.19,
H, 5.22, N, 3.25 %. "H NMR (300 MHz): & 0.88 (d, 3 H, J 7, Me’MeCH), 0.97 (d, 3 H, J 7,

Me’MeCH), 2.08 (s, 3 H, Me), 2.4 (sept, 1 H, J 7, CHMeMe’), 4.98 (d, 1 H, J 6, pey), 5.17
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(d, 1 H,J 6, pey), 5.57 (t, 2 H, J 7, pey), 7.02 (t, 1 H, J 7.5, H*, 7.06 (t, 1 H, J 6, H'®), 7.19 (t,
1H,J7.5, H),7.61(d,1HJ7.5, H), 7.69 (m, 2H, H* H’), 8.15 (d, 1 H, J 7.5, H%), 9.23 (d,
1 H, J 5, H"). °C NMR: 18.75 (Me(pcy)), 21.72 (MeMe’CH), 22.51 (MeMe CH(pcy)),
30.80 (MeMe’CH(pey)), 82.18, 84.15, 89.64, 90.75 (4xCH,CeHa, Cy)), 100.52 (C (CsHa)),
100.68 (C (CHy)), 118.78 (C%), 121.35 (C'%), 122.51 (C*), 123.48 (C%), 129.47 (C), 136.58
(CY), 139.59 (C°), 143.32 (C?), 154.32 (C'"), 165.41 (C7), 181.40 (C"). FAB-MS m/z 425

[M]", 390 [M-CI]".
Preparation of [I[rCI(L2-H)Cp*], (2.12a)

A mixture of [IrCl,Cp*], (70 mg, 0.088 mmol), 2-benzylpyridine

(L2) (37 mg, 0.22 mmol) and NaOAc (19 mg, 0.24 mmol) in DCM

1
(5 ml) was stirred for 20 h, filtered through celite and evaporated to . }f Sa
dryness. The product was crystallised from DCM/hexane to give

(60.mg, 64%) as yellow crystals. Elemental analysis was not performed as Jones reported the
synthesis of (2.12a) during the course of our study.17 'H NMR: § 1.56 (s, 15H, CsMes), 3.76
(d, J 14.5, 1H, H"), 3.88 (d, J 14.5, 1H, H7"), 6.81 (td, J 7, 1, 1H, H"), 6.97 (t, J 7, 1H, H’),
7.03 (t,J 7,1 H,H"), 7.07 (4,1 H, J 7.5, H), 7.31 (d, J 7.5, 1 H, H’), 7.53 (td, 1 H, J 7.5, 1,
H'"%), 7.59 (d, 1 H, 7.5, H%), 9.05 (d, 1H, J 5, H'?). >C NMR: 9.09 (CsMes), 49.03 (C"), 87.39
(CsMes), 122.72 (CY), 123.33 (C°), 123.56 (C*), 125.24 (C'), 126.82 (C), 137.18 (C?),

137.79 (C%), 139.54 (C'%), 151.89 (C®), 156.66 (C'?), 162.36 (C"). ES-MS m/z 496 [M-CI]*

and 537 [M-Cl+MeCN]"
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Preparation of [IrCI(L3-H)Cp*] (2.13a)

A mixture of [[rCL,Cp*], (50 mg, 0.063 mmol), 2-phenylpyrazole , %\
—Ir

N

8

(L3) (18 mg, 0.125 mmol) and NaOAc (13 mg, 0.15 mmol) in @N 1\C1
7 N

2 6

DCM (5 ml) was stirred for 4 h at room temperature. The solution X X

was filtered through celite and rotary evaporated to dryness. The
product was crystallised from chloroform /hexane to give (32 mg, 50 %) as yellow crystals.
Anal Calc. for IrC 9H,,CIN: C, 45.09, H, 4.38, N, 5.54. Found C, 45.16, H, 4.44, N, 5.64 %.
'H NMR (300MHz): & 1.66 (s, 15 H, Mes(Cp*)), 6.43 (t, 1 H, J 2.5, H*), 6.93 (td, 1 H, J 7.5,
1, HY, 7.02 (td, 1 H, J 7.5, 1, H%), 7.18 (dd,1 H, J 7.5, 1, H?), 7.60 (d,1H, J 2, H’), 7.67
(dd,1H, J 7.5, 1, H®), 7.81 (d, 1H, J 2.5, H). ®C NMR: 7.98 (CsMes), 87.06(CsMes), 106.96
(CY), 109.72 (C?), 121.69 (CY), 124.01 (C7), 126.04 (C°), 135.56 (C°), 136.78 (C°), 141.48

(C?), 144.52(C"). FAB-MS: m/z 471 [M-CI]", 506 [M'].
Preparation of [RhCI(L3-H)Cp*] (2.13b)

A mixture of [RhCp*Cl,], (50 mg, 0.081 mmol), 2-phenylpyrazole t :
N\

(L3) (29 mg, 0.20 mmol) and NaOAc (16 mg, 0.20 mmol) in DCM 8@ Rh__
(5 ml) was stirred for 4 hours at room temperature. The solution was 2 6
filtered through celite and rotary evaporated to dryness. The product 4

was crystallised from DCM /hexane to give (42 mg, 61 %), as orange crystals. Anal Calc for
RhC oH»CIN,: C, 54.76, H, 5.32, N, 6.72. Found C, 54.85, H, 5.27, N, 6.63."H NMR: § 1.68
(s, 15 H, CsMes), 6.50 (t, 1 H, H), 7.04 (td, 1 H, J 7.5, 2.5, H*), 7.15 (m, 2 H, H> H%), 7.76
(dd, 1 H, J 7.5, 1.5, H%, 7.81 (d, 1 H, J 2, H), 7.95 (d, 1 H, J 2.5, H'). °C NMR: 9.22

(CsMes), 95.65 (CsMes, Jric 27), 107.99 (C*), 111.00 (C?), 123.28 (C*), 124.99 (C"), 126.92
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(C?), 137.40 (CY), 138.87 (C°), 141.75 (C?), 159.17 (C', Jri-c 129). FAB-MS m/z 416 [M]",

381 [M-CI]".

Preparation of [RuCl(L3-H)(p-cymene)] (2.13¢)

A mixture of [RuCly(p-cymene)], (50 mg, 0.081 mmol), 2-
phenylpyrazole (L3) (29 mg, 0.20 mmol) and NaOAc (16 mg, 0.20 8\9@;@\0\(
mmol), in DCM (5 ml) was stirred for 4 hours at room temperature. T > | 6

The solution was filtered through celite and rotary evaporated to 3 4 5

dryness. The product was crystallised from DCM /hexane to give (42 mg, 64 %) as brown
crystals. Anal Calc for RuC 9H,;CIN,: C, 55.13, H, 5.11, N, 6.77. Found C, 55.14, H, 5.20,
N, 6.70 %. '"H NMR: § 0.92 (d, 3H, J 7, CHMeMe’), 0.96 (d, 3H, J 7, CHMeMe"), 2.04 (s, 3
H, -Me), 2.44 (sept, 1H, J 7, CHMeMe’), 5.07 (d, 1H, J 7, pcy), 5.28 (d, 1H, J 7, pcy), 5.55
(d, 2 H, J 7, pey), 6.48 (t, 1H, J 2.5, H*), 7.03 (td, 1H, J 7.5, 1.5, H"), 7.10 (td, 1H, J 7.5, 1.5,
H°), 7.17 (dd, 1H, J 7.5, 1.5, H?), 7.90 (d, 1H, J 2.5, H'), 8.05 (d, 1H, J 2, H), 8.13 (dd, 1H, J
7,2, H%. C NMR: 17.74 (CHMeMe’), 20.89 (MeMe’), 21.34 (Me’Me), 29.63 (Me), 81.11,
83.01, 87.09, 87.54 (4xCH, CgHy, pcy)), 99.03 (C(CsHy)), 107.23 (C%), 110.34 (C%), 118,21

(C(CeHy)), 122.09 (CY, 123.83 (C7), 125.01 (C°), 128.40 (C?), 139.08 (C°), 140.75

(CH,141.09 (C°). FAB-MS m/z 414 [M]", 379 [M-CI]".
Preparation of [IrCl(L4-H)Cp*] (2.15a)

A mixture of [IrCl,Cp*], (50 mg, 0.063 mmol), 4(S)-isopropyl-2-
oxazolinylbenzene (L4) (25 mg, 0.13 mmol) and NaOAc (13 mg, 0.16
mmol) in DCM (10 ml) was stirred for 26 h. The mixture was filtered

through celite and evaporated to dryness and washed with hexane. The

5

product was crystallised from DCM/hexane to give yellow crystals (25

mg, 72%). Anal Calc for IrC,,Hy9CINO*CH,Cl: C, 43.43, H, 4.91, N, 2.21. Found C, 44.38,
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H, 4.73, N, 2.28 %. 'H NMR: & 0.89 (d, 3 H, J 6.5, CHMeMe), 0.97 (d, 3 H, J 7.0,
CHMeMe), 1.73 (s, 15 H, CsMes), 2.31 (m, 1 H, H'%), 4.16 (m, 1 H, H), 4.63 (dd, 1 H, J9".5,
9.0, H*), 4.71 (dd, 1 H, J 8.9, 5.3, H*), 6.97 (t, 1 H, J 7.0, H"), 7.20 (td, 1 H, J 7.5, 1, H),
736 (dd, 1 H, J 7.5, 1, H?), 7.73 (d, 1 H, J 7.5, H%). °C NMR § 8.32 (CsMes), 14.50
(CHMeMe), 18.80 (CHMeMe), 28.08 (C'°), 67.30 (C”), 70.19 (C*), 86.47 (CsMes), 120.75
(CH, 125.25 (C*), 129.79 (C?), 131.57 (C°), 134.61 (C°), 163.59 (C"), 178.28 (C"). FAB-MS

m/z 551 [M]", 514 [M-CI]"
Attempted preparation of [RhCI(L4-H)Cp*] (2.15b)

A mixture of [RhCL,Cp*], (50 mg, 0.081 mmol), 4(S)-isopropyl-2- sy

= H8a
\‘\\\

oxazolinylbenzene (L4) (34 mg, 0.18 mmol) and NaOAc (17 mg,
0.16 mmol) in MeOH (10 ml) was refluxed for 7 days. The mixture

was filtered through celite, evaporated to dryness and washed with

hexane to afford a brown solid (42 mg). Further attempts of

purification by crystallisation failed, however (2.15b) could be seen to be present in the NMR
spectrum. 'H NMR: & 0.88(d, 3 H, J 6.5, CHMeMe), 0.98 (d, 3 H, J 7.0, CHMeMe), 1.66 (s,
15 H, CsMes), 2.24 (m, 1 H, H'®), 427 (m, 1 H, H), 4.60 (m, 2 H, H*, H*), 7.00 (td, 1 H, J
7.5, 1, H", 7.26 (td, 1 H, J 7.5, 1.5, H), 7.33 (dd, 1 H, J 7.5, 1.5, H’), 7.74 (d, 1 H, J 7.5,
H®).Note additional broad signals for other Cp*Rh species were observed at 1.50 °C NMR: §
9.38 (CsMes), 15.40 (CHMeMe), 18.80 (CHMeMe), 29.94 (C'%), 67.59 (C?), 70.83 (CP),
94.92 (CsMes, Jric 6), 122.36 (C*), 125.76 (C*), 130.79 (C?), 131.75 (C°), 136.31 (CO)*

(*spectrum too weak to see the signals for C' and C)
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Preparation of [RuCl(L4-H)(p-cymene)] (2.15¢)

A mixture of [RuCly(p-cymene)], (200 mg, 0.327 mmol), 4(S)-
isopropyl-2-oxazolinylbenzene (L4) (124 mg, 0.655 mmol) and
NaOAc (13 mg, 0.16 mmol) in DCM (2 ml) was stirred overnight at

room temperature. The mixture was filtered through celite and

evaporated to dryness to give a brown/yellow oily residue.
Crystallisation by slow diffusion of pentane into a dichloromethane solution gave yellow
brown crystals (284 mg, 95%). Anal Calc for RuC,,HsCINO: C, 57.57, H, 6.15, N, 3.05.
Found C, 57.00, H, 6.12, N, 3.02 %. '"H NMR: & 0.90 (d, 3H, J 7 Hz, CHMeMe'), 0.98 (d, 3H,
J 6.5 Hz, CHMeMe'"), 1.04 (d, 3H, J 3.5 Hz , CHMeMe'(pcy)), 1.07 (d, 3H, J 4 Hz,
CHMeMe'(pcy)), 2.09 (s, 3H, Me(pcy)), 2.47 (m, 1H, (pcy)CHMeMe'), 2.55 (m, 1H,
CHMeMe'), 4.19 (ddd, 1H, J 9, 7, 3 Hz, H’), 4.59 (m, 2H, H®*, H*®), 4.82 (dd, 1H, J 6, 1 Hz,
pcy), 4.98 (dd, 1H, J 6, 0.5 Hz, pcy), 5.55 (d, 2H, J 6 Hz, pcy), 6.97 (dt, 1H, J 7.5, 1.5 Hz,
H*), 7.21 (dt, 1H, J 7.5, | Hz, H’), 7.32 (dd, 1H, J 7.5, 1.5 Hz, H>), 8.08 (d, 1H, J 7.5 Hz, H°).
FAB-MS m/z 459 [M]", 423 [M-HCI]" .(Note this experiment was carried out by Mr A.J.

Davenport)

Preparation of [IrCI(L5-H)Cp*] (2.16a)

A mixture of [IrCl,Cp*], (50 mg, 0.063 mmol), 2-phenylimidazole

(L5) (20.3 mg, 0.14 mmol) and sodium acetate (13 mg, 0.15 mmol), 8{{N\n§\
in DCM (5 ml) was stirred for 4 h at room temperature. The solution o 2 1 6
was filtered through celite and rotary evaporated to dryness. The 3 4 5

product was crystallised from chloroform /hexane to give (35 mg, 55 %) yellow crystals.
Anal Calc for IrC,9H,CIN,*CHCl3: 38.47, H 3.55, N 4.49. Found: C 38.77, H 3.52, N 4.47%.

'H NMR: § 1.70 (s, 15 H, CsMes), 5.90 (br s,1 H, H®), 6.75 (m, 2 H, H*, H’), 6.97 (d, l H, J
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7.5, HY), 7.02 (t, 1 H, J 7.5, H°), 7.74 (d, J 7. 5, 1 H, H®), 11.0 (br s, 1 H, NH). *C NMR:
9.13 (CsMes), 117.61 (CsMes), 117.61 (C*), 122.03(C?), 122.29 (C%), 123.72 (C°), 128.54
(C%), 135.16 (C?), 135.38 (C®), 157.60 (C"), 158.07 (C'). FAB-MS: m/z 506 [M'], 471 [M-

c1]".
Preparation of [RuCl(L6-H)(p-cymene)] (2.9¢)

A  mixture of [RuCly(p-cymene)], (250 mg, 0410 mmol), N-
benzylidenemethylamine (L6) (95 mg, 0.897 mmol), NaOAc (84 mg, 0.16 N J\@\
mmol) and a drop of benzaldehyde in DCM (50 ml) was stirred for eight /N \Ru,\C'
hours at room temperature. The mixture was filtered through celite washed s ;
with hexane and precipitated from CHCls/hexane to give a green powder

(210 mg, 65%). Anal Calc for RuC;gH,,CIN*CHCls: C, 44.90, H, 4.56, N, 2.76. Found C,
44.83, H, 4.39, N, 2.76 %. 'H NMR: & 0.89 (d, 3 H, J 7, Me’'MeCH), 1.07 (d, 3 H, J 7,
Me’MeCH), 2.04 (s, 3 H, Me(pcy)), 2.51 (sept, 1 H, J 7, CHMeMe’), 3.99 (s, 3 H, NMe),
492 (d, 1 H, J6, pcy), 5.12 (d, 1 H, J 6, pcy), 5.52 (d, 2 H, J 6, pcy),5.60 (d, 2 H, J 6, pcy),
6.95(t, 1 H,J7.5,H", 7.10 (td, 1 H,J 7.5, 1, H°), 7.39 (d, 1 H, J 7, H*), 7.97 (d, 1H, J 1, H),
8.14 (d, 1 H, J 7.5, H%. *C NMR: 18.87 (Me(pcy)), 21.61 (MeMe’CH(pcy)), 22.81
(MeMe’CH(pcy)), 31.01 (MeMe’CH(pcey)), 53,24 (NMe), 81.17, 81.32, 90.02, 90.13
(4xCH,CgHa, pey)), 100.86 (C (CgHy)), 100.79 (C (CeHy)), 122.16 (CY), 128.31 (C?), 129.24
(C%), 139.07 (C?), 145.49 (C%), 172.45 (C"), 188.51 (C"). FAB-MS m/z 389 [M]", 354 [M-

C1y".
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Preparation of [IrCI(L7-H)Cp*] (2.17a)

A mixture of [IrCLCp*], (100 mg, 0.12 mmol), (Z)-N-(3- o

8
phenylallylidene)isopropylamine (L7) (48 mg, 0.27 mmol) and \%

NaOAc (25 mg, 0.31 mmol), in MeOH (20 ml) was stirred for 20 h

at room temperature. The solution was filtered through celite and

rotary evaporated to dryness and washed with hexane to give a red powder (120 mg, 89 %).
Anal Calc for IrCy,HaCIN: C, 49.38, H, 5.46, N, 2.62. Found C, 49.28, H, 5.39, N, 2.57 %.
'H NMR: & 1.45 (d, J 7.0, 3 H, H*), 1.48 (s, 15 H, CsMes), 1.485 (d, J 7.0, 3 H, H”), 4.23
(sep, J 7.0, 1H, H), 6.77 (d, J 2.0, 1H, H®), 7.17 (t, J 7.5, 1 H, H%), 7.27 (t,J 7.5, 2 H, H*"),
7.42 (d, J 7.5, 2H, H**"), 8.07 (br s, 1H, H'). >C NMR: 8.87 (CsMes), 24.00 (C°), 24.54 (C*),
59.72 (C%), 90.20 (CsMes), 126.39 (C?), 126.73 (C°), 127.28 (CY), 129.65 (C%), 149.44 (C?),

169.63 (C"), 201.43 (C"). FAB-MS m/z 500 [M-C1]" and 535 [M]".
Preparation of [IrCI(L8-H)Cp*] (2.20a)

A mixture of [IrCLCp*], (60 mg, 0.076 mmol), 1-benzyl-4-(4- 3

(chloromethyl)phenyl)-1H-1,2,3-triazole (L8) (47 mg, 0.17 mmol) in "
DCM (5 ml) was stirred for 20 h. The mixture was filtered through
celite and evaporated to dryness. The product was precipitated from
DCM/hexane to produce a yellow powder (20 mg, 63%). Anal Calc.

for IrCcHosCLLN3: C, 48.37, H, 4.37, N, 6.51. Found C, 48.39, H,

441, N, 6.43 %. '"H NMR: & 1.76 (s, 15 H, CsMes), 4.57 (d, 1 H, J
11.5,H%),4.70 (d, 1 H,J 11.5, 1), 5.36 (d,  H,J 11.5, H'"), 5.49 (d, 1 H, J 11.5, H'?), 6.98
(d, 1H, J 7.5, H*™), 7.27 (m, 3 H, H*"™ %), 7.37 (m, 3 H, H'%), 7.54 (s, 1 H, H®), 7.76 (s, 1

H, H?). *C NMR: 9.04 (CsMes), 47.39 (C°), 55.28 (C'?), 88.40 (CsMes), 117.37 (CY), 121.57,
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122.75 (C*, %), 128.19 (C'?), 129.08 (C"), 129.25 (C'*), 136.40 (C?), 133.82, 135.88,

137.35, 157.23, 159.89 (C', C*, C°, C"-C'"). FAB-MS m/z 610 [M-CI]", ES-MS m/z 610 [M-

Cl]", 651 [M-Cl+MeCN]".

Preparation of [IrCl,(L9)Cp*] (2.26a)

A mixture of [I[rCL,Cp*], (50 mg, 0.063 mmol), 1-(1-benzyl-1H-
1,2,3-triazol-4-yl)-1H-benzimidazole (L9) (38 mg, 0.14 mmol) in
DCM (5 ml) was stirred for 4 h. The mixture was filtered through
celite and evaporated to dryness. The product was washed with
hexane and precipitated from DCM/hexane to give a yellow powder
(60.0 mg, 63%). The product was crystallised from DCM/hexane.

Anal Calc. for IrCycHosCLhNs: C, 46.36, H, 4.19, N, 10.40. Found

2 al
3 1 N/ \C|
\>7
4 6 N
5 N
8 | \\N
9 /
N
10
11
14 12

13

C, 46.48, H, 4.06, N, 10.42 %. "H NMR: & 1.66 (s, 15 H, CsMes), 5.31 (s, 2 H, H'®), 7.32 (m,

7H, H>*'%2131% 8 01 (s, 1 H, H), 8.02(d, 1 H, J 7.5, H%), 8.14 (d, 1 H, J 7.5, H), 9.39 (s, 1

H, H). *C NMR: 9.16 (CsMes), 54.15 (C'%), 86.01 (CsMes), 114.21 (C), 114.76 (C°),

120.21 (C?), 124.12 (CY), 125.59 (CY), 128.51 (C'*), 128.55 (C"?), 128.85 (C'?), 131.71 (C"),

134.65 (C®), 139.96 (C"), 141.26 (C*), 143.51 (C7). FAB-MS 673 [M]", 638 [M-CI]"

Preparation of [IrCl,(L10)Cp*] (2.27a)
A mixture of [IrCl,Cp*], (60 mg, 0.076 mmol), 1-(1-hexyl-1H-

1,2,3-triazol-4-yl)-1H-benzimidazole (L10) (43 mg, 0.17 mmol)

Cl
in DCM (5 ml) was stirred for 4 h. The mixture was filtered 3©1[N\>
7
4
6

through celite and evaporated to dryness. The product was
washed with hexane and precipitated from DCM/hexane to give
a yellow powder (31.0 mg, 73%). Anal Calc. for [rC,sH34CI,Ns:
C, 4497, H, 5.13, N, 10.49. Found C, 40.96, H, 5.05, N, 10.44

%. "H NMR: § 0.85 (t, 3 H, J 7, H"), 1.22 (m, 6 H,H'> > %),
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1.66 (m, 17 H, CsMes, H'), 4.13 (t, 2 H, J 7.5, H'®), 7.36 (tt, 2 H, J 7.5, 8.0, H**), 7.97 (d, 1
H, J 8.0, H), 7.98 (s, 1 H, H”), 8.10 (d, 1 H, J 7.5, H?), 9.35 (s, | H, H'). C NMR: 8.16
(CsMes), 12.97 (C"), 21.38 (C'*), 24.96 (C"), 29.21 (C'), 30.14 (C'?), 49.95 (C'?), 84.94
(CsMes), 112.94 (C?), 114.00 (C°), 119.26(C?), 124.55 (C*), 130.80 (C°), 138.99 (C"), 139.92
(CY), 142.46 (C).

Praparation of [IrI(L11-H)Cp*]ClI (2.37a)

A mixture of [IrCl,Cp*], (60 mg, 0.076 mmol), N-methyl-1- T
(1-hexyl-1H-1,2,3-triazol-4-yl)-1H-benzoimidazolium iodide + QI\N/

(L11) (68 mg, 0.17 mmol) and NaOAc (15 mg, 0.19 mmol) in 5 N): \k\
DCM (5ml) was stirred for 20 h. The mixture was filtered 8/ |
through celite and evaporated to dryness. The product was

washed with hexane and precipitated from DCM/hexane to

give a yellow powder (50 mg, 40%). Anal Calc. for )
IrCasH36CIINs: C, 40.39, H, 4.69, N, 9.06. Found C, 40.28, H, Is
4.60, N, 9.03 %. '"H NMR: § 0.87 (t, 3 H, J 7.0, H"), 1.33 (m, 6 H, H'> >, 2.03 (s, 15 H,
CsMes), 2.13 (m, 2H, H'), 4.07 (s, 3H, Me), 4.77 (t, 2 H, J 7.0, H'®), 7.44 (t, 1 H, J 8.0, H?),
7.50 (d, 1 H, J 8.0, H%), 7.59 (t, 1 H, J 8.0, H*), 8.70 (d, 1 H, J 8.0, H’), 10.94 (s, 1 H, H’). °C
NMR: 10.30 (CsMes), 13.99 (C"), 22.51 (C'*), 26.02 (C"), 29.97 (C'), 31.07 (C'?), 35.54
(Me), 53.55 (C'%), 93.18 (CsMes), 110.85 (C?), 114.00 (C°), 115.89(C®), 125.10 (C?), 126.76
(CH, 129.27 (Ch, 144.91 (C®), 173.00 (C7). FAB-MS: m/z 738 [M]", 611 [M-I]", ES-MS: m/z

738 [M]"
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Preparation [IrCI(L12)Cp*]PF¢ (2.42a)

A mixture of [[rCl,Cp*], (29 mg, 0.037 mmol), the ligand

3
(L12) (22 mg, 0.083 mmol) and KPF¢ (27 mg, 0.15 mmol) in 2 \' s\
)~
7 N

DCM (3 ml) was stirred for 20 h. The mixture was filtered : I\CI
through celite and evaporated to dryness. The product was 98 ‘ N\>N
washed with hexane and precipitated from DCM/hexane to "

give a yellow powder (38 mg, 65%). Anal Calc. for K "
IrCysH34CLF¢NsP: C, 38.63, H, 4.41, N, 9.01. Found C, 13

38.72, H, 4.48, N, 8.93 %. '"H NMR: & 0.89 (m, 3H, H"),

1.34 (m, 6 H.H'>'>'%), 1.83 (s, 15 H, CsMes), 2.08 (m, 2 H,H'"),4.63 (t, 2 H, J 7.5, H'%), 7.37
(dd, 1 H,J 7.5, 8.0, H), 7.66 (dd, 1 H, J 7.5, 8.0, H®), 7.86 (d, 1 H, J 8.0, H®), 7.88 (d,  H, J
8.0, H%), 8.46 (s, 1 H, H"), 8.59 (s, 1 H, H%). *C NMR: 9.02 (CsMes), 13.94 (C"), 22.42
(C'), 26.00 (C"), 29.66 (C'), 30.99 (C'?), 53.72 (C'), 89.51 (CsMes), 110.63 (C%), 111.19
(C%), 122.34 (C?), 124.81 (CY), 124.91 (C?), 132.30 (C°), 136.62 (C"), 138.68 (C'), 142.64

(C%). ES-MS: m/z 632 [M]"; FAB-MS: m/z 632 [M]"
Preparation [IrCI(L13-H)Cp*|PF, (2.44a)

A mixture of [IrCl,Cp*], (50 mg, 0.063 mmol), 2-benzoylpyridine
(L13) (28 mg, 0.157 mmol) and NaOAc (12 mg, 0.157 mmol) in
DCM (5 ml) was stirred for eight h, and evaporated to dryness.

The product was crystallised from DCM /hexane to give (45 mg,

93%) as brown crystals. Anal Calc. for IrC,,H,3CINO: C, 48.48, H, 4.25, N, 2.57. Found C,
48.38, H, 4.19, N, 2.51%. 'H NMR: & 1.37 (s, 15H, CsMes), 7.00 (ddd, 1 H, J 8, 7, 1, H"),
7.26 (ddd, 1 H, J 8, 7.5, 1.5, H”), 7.39 (ddd, 1 H, J 8, 6, 1.5, H'"), 7.80 (ddd, 1 H, J 8, 1, 0.5

H*), 7.84 (ddd, J 8, 1.5, 0.5, H®), 7.87 (td, J 8, 1.5, H’), 8.14 (ddd, J 8, 1.5, 1, H®), 9.12 (ddd,
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J6, 1.5, 1, H'"). >C NMR: 8.26 (CsMes), 89.12 (CsMes), 123.33 (C), 124.97 (C®), 127.78
(C'%), 127.96 (C°), 132.48 (CY), 137.23 (C?), 137.96 (C”), 140.36 (C*), 155.87 (C'"), 156.37

(C"), 156.51 (C"), 192.04 (CO). FAB-MS: m/z 510 [M-CI]", 545 [M"]
Reaction of [RhCl,Cp*], with L13 in the presence of NaOAc

A mixture of [RhCLCp*], (50 mg, 0.081 mmol), 2-benzoylpyridine (L13) (37 mg, 0.202
mmol) and NaOAc (17 mg, 0.157 mmol) in DCM (5 ml) was stirred for six h. The mixture
was evaporated to dryness and washed with hexane and diethylether. The '"H NMR spectrum
showed the presence of several species none of which could be completely identified. The
significant features of the 'H NMR and ES-MS spectra are described in the result and

discussion section (2.2.2).
Preparation of [IrCl(L14)Cp*]PF¢ (2.47a).

A mixture of KPF¢ (92 mg, 0.50 mmol), [[rCL,Cp*], (100 mg, 0.13

mmol), and 2-acetylpyridine (L14) (30 mg, 0.25 mmol) in CH,Cl, (10

K

PF,
/CI
o
A

ml) was stirred for 4 h. The solution was filtered through celite and (¢~ X0}
3

F
4

i
rotary evaporated to dryness. The product was crystallised from

chloroform to give (2.47a) (117 mg, 74%) as orange crystals. Anal. Calc for
IrC7H,CIFgNOP: C, 32.46, H, 3.53, N, 2.23. Found: C, 32.47, H, 3.43, N, 2.35 %. '"H NMR
(CD,Cl,, 400 MHz): § 1.79 (s, 15H, CsMes), 4.00 (s, 3H, COMe), 8.05 (ddd, 1H, J 8.0, 5.5,
1.5, HY), 8.34 (td, 1H, J 8.0, 1.5, H*), 8.50 (ddd, 1H, J 8.0, 2.0, 1.5, H?), 8.91 (ddd, 1H, J 5.5,
1.5, 1.0, H). >C NMR: 6 8.75 (CsMes), 26.04 (COMe), 88.80 (CsMes), 131.43 (C*), 133.17

(C), 140.90 (C*), 151.27 (C®), 152.19 (C?), 210.78 (CO). ES-MS: m/z 484 [M]".
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Preparation of [RuCl(L14)(mes)]PF¢ (2.47d).

A mixture of KPFs (63.2 mg, 0.34 mmol), [RuCl(Mes)], (50 mg, PEs
Cl
0.08 mmol), and 2-acetylpyridine (L14) (20.8 mg, 0.17 mmol) in o
N

DCM (5 ml) was stirred for 20 h. The solution was filtered through PP
celite and rotary evaporated to dryness. The product was crystallised
from chloroform to give (2.47d) (78 mg, 87%) as brown crystals. Anal. Calc for
RuC sH,9CIFsNOP: C, 36.76, H, 3.66, N, 2.68. Found: C, 36.86, H, 3.51, N, 2.66 %. 'H
NMR (CDyClL): 6 2.33 (s, 9H, C¢HsMe;3), 3.01 (s, 3H, COMe), 5.37 (s, 3H, CsH3Me3), 7.94
(ddd, 1H, J 7.5, 5.5, 2, H’), 8.26 (ddd, 1H, J 8, 7.5, 1, H*), 8.30 (d, 1H, J 8, H’), 9.21 (d, 1H,
J 5.5, H%. 13C NMR: ¢ 18.7 (C¢HsMes), 25.8 (COMe), 77.0 [CH(C¢HsMes)], 105.9
[CMe(CeH3sMe3)], 130.1 (CY), 131.7 (C%), 140.2 (C), 151.7 (C?), 154.1 (C%), 211.0 (CO).

FAB-MS: m/z 378 [M]".
Reaction of (2.48d) with NaOMe to give (2.49d)

NaOMe (4.1 mg, 0.076 mmol) was added to a solution

HO Me 2 PFg

of complex (2.48d) (40 mg, 0.076 mmol) in DCM (5

ml), and the mixture was stirred for 6 days at room i CILRU
temperature. Another equivalent of MeONa (4.14 mg,

0.076 mmol) was added, and the reaction was stirred

for a further day. The mixture was filtered through celite and rotary evaporated to dryness.
Attempted crystallisation from DCM/hexane gave a black precipitate (25 mg) and a few
crystals suitable for X-ray analysis. The '"H NMR spectrum of the crystals was slightly
impure, but the peaks for (2.49d) could be assigned as follows. 'H NMR (CD,Cl,): 6 1.96 (s,
3H, MeC(OH)), 1.98 (s, 9H, CcHsMe;3), 2.01 (s, 9H, CsHsMes), 3.19 (s, 1 H, OH), 5.05 (s,

3H, CsH3Mes), 5.10 (s, 3H, CeH3Mes), 6.54 (s, 1 H, CHC(OH)), 7.47 (d, 1 H, J 7.5, Hpyr),
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7.62 (dd, 1 H, J 6.0 Hpyr), 7.68 (dd, 1 H, J 5.5, Hpyr), 8.00 (t, 1 H, J 7.5, Hpyr), 8.05 (d, 1 H,
J 7.5, Hpyr), 8.11 (t, 1H, J 7.5, Hpyr), 8.66 (d, 1 H, J 5.5, Hpyr), 9.01 (d, 1 H, J 5.5, Hpyr).

FAB-MS: m/z 719 [M - H]+.
Preparation of [IrCl(L14-H)Cp*] (2.46a)

2-acetylpyridine (L14) (21.3 mg, 0.176 mmol) was added to a solution of %\
Cl
~

LiHMDS (0.18 ml, 0.194 mmol) in THF (Sml) at -78°C. After being §—1Ir

stirred for one hour at the same temperature, [IrCl,Cp*], (70 mg, 0.088 ©

mmol) was added to the mixture. The mixture was allowed to warm up )

and stirred for four hours. The solution was filtered through celite and evaporated to dryness.
The product was isolated as an orange precipitate (58 mg, 68%). Anal Calc. for
IrC,7H,,CINO: C, 42.27, H, 4.38, N, 2.90. Found C, 42.23, H, 4.28, N, 2.81 %. 'H NMR
(CD,Cl,, 300 MHz): & 1.53 (s, 15H, CsMes), 2.96 (d, 1H, J 9.5, H*), 3.40 (d, 1H, J 9.5, H®),
7.36 (ddd, 1H, J 8.0, 5.5, 1.5, H°), 7.54 (ddd, 1H, J 8.0, 1.5,1.0, H?), 7.86 (td, 1H, J 8.0, 1.5,
H*), 8.51 (ddd, 1H, J 5.5, 1.5, 1.0, H%). ®C NMR: & 7.51 (CsMes), 35.24 (C®), 85.56 (CsMes),
120.47 (C?), 126.79 (C°), 137.47 (C*, 150.83 (C%), 156.54 (C?), 200.65 (C"). FAB-MS: m/z

483 [M]", 448 [M-CI]".
Preparation of [RuCl(L14-H)(p-cymene)] (2.46¢)

2-acetylpyridine (L14) (28 mg, 0.228 mmol) was added to a solution
of LIHMDS (0.24 ml, 0.236 mmol) in THF (5 ml) at -78°C. After

being stirred for one hour at the same temperature, [RuCl(p-

cymene)], (70 mg, 0.114 mmol) was added to the mixture. The
mixture was allowed to warm up and stirred for four h, the solution was filtered through
celite and evaporated to dryness (70 mg). The 'H NMR spectrum showed a mixture but the

signals for (2.46¢) could be identified as follows. "H NMR (CDCls;, 400 MHz): & & 1.04 (d,
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3H, J 7.0, CHMeMe"), 1.13 (d, 3H, J 7.0, CHMeMe’), 1.77 (s, 3H, Me), 2.57 (sept, 1H, J 7.0,
CHMeMe’), 3.08 (d, 1H, J 8.0, CH,), 3.72 (d, 1H, J 8.0, CH,), 4.97 (d, 1H, J 5.0, Cy), 5.02
(d, 1H, J 5.5, Cy), 5.25 (d, 1H, J 5.0, Cy), 5.31 (d, 1H, J 5.5, Cy), 7.35 (ddd, 1H, J 7.0, 5.5,
1.5, HY), 7.47 (d, 1H, J 7.0, H*), 7.74 (td, 1H, J 7.0, 1.0, H*), 8.91 (d, 1H, J 5.5, H®).ES-MS:

m/z 394 [M]", 355 [M-C1]", 314 [M-CH,CO].
Examination of the Coordination of Substituted Pyridines by 'H NMR Spectroscopy:

A mixture of [MCLCp*], (M = Ir, Rh) or [RuCly(p-cymene)], (15 to 20 mg) and an
equimolar amount of the appropriate ligand (2-acetylpyridine, 2-ethylpyridine, or 2-
phenylpyridine) was dissolved in CD,Cl, (or CDCl3). The '"H NMR spectra were recorded
using a Bruker DRX (400 MHz) at different temperatures. The description of the spectra is

detailed in Section 2.B.2.
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Chapter Three

Mechanistic study: Effect of carboxylate in the C-H
activation



3 Chapter 3

3.1 Introduction

Chapter 3 will focus on the mechanism of acetate-assisted C-H activation in half
sandwich complexes [MCL,Cp*], (M = Ir, Rh), [RuCl,(p-cymene)], and in particular the
role of the carboxylate. A brief introduction to half sandwich carboxylate chemistry is
provided below.

Maitlis et al. reported that excess silver acetate reacts with [MCl,(PMe;)Cp*] (M = Rh,
Ir) to produce bis acetato complexes (3.1)(Scheme 3.1). In the presence of KPFs in

water these lose acetate to form (3.2).'

\
\@ AgOAc KPF(, ’
\
M

A M / \\Plvle3
PM D M
CI/ \CI - AcO/ \oAcPMe3 o )/
(M =1Ir, Rh) @3.1) 3.2)
Scheme 3.1

Further studies by Maitlis et al. showed that silver benzoate reacts with
[RhCl,(DMSO)Cp*] (3.3) with loss of DMSO to give (3.4) which is sensitive to H,O
(Scheme 3.2) for which a crystal structure was obtained. The reaction of the iridium
analogue of (3.3) only produced the cyclometallation of the benzoate (3.5)(Scheme

3.2).°
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Scheme 3.2

Merola et al. described the reaction of silver acetate with [RhC1,Cp*], to form (3.6)

which easily transforms to (3.7) in the presence of water (Scheme 3.3). They also

reported the crystal structures of (3.6) and 3.7

[RhCLCp*], 4 2 CH,COAg o /; - .
H,0
~N

/_o
-2 AgCl O—Rh O_R'{ y
_o/ OCOCH; Lo /O\H/O
(3.6) 3.7)
Scheme 3.3

As mentioned in Chapter 1 [Pd(OAc),] is a very good starting material for
cyclometallation and acetate was suggested to play a role in the C-H cleavage step. In
Chapter 2 the scope of acetate assisted C-H activation with half-sandwich complexes
[MCL,Cp*]> (M = Rh, Ir) and [RuCl,(p-cymene)], was described. In 2003 Davies et al.

proposed a mechanism for these reactions (Scheme 3.4).*
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Scheme 3.4 Proposed mechanism for the acetate assisted C-H activation

The C-H activation step was assumed to start from a key intermediate (D). The
formation of (D) can be envisaged by two different routes, (i) the dimer could react with
acetate to form (C) and then coordination of the ligand would occur, (ii) the reaction of
the dimer with the ligand occurs first and then acetate would coordinate. Isolation of the
intermediate (B) failed whereas an intermediate of type (C) [RuCI(OAc)(p-cymene)]
was isolated for ruthenium. No reaction was observed between the ligands and the
dimers whereas all the dimers reacted with acetate. Hence, all the experimental data
agreed with the reaction going via (C). The authors concluded that acetate played a
number of different roles, (i) opening the dimer and (ii) as a intramolecular base (as
originally proposed by Ryabov for cyclopalladation’). They also noted that
intramolecular hydrogen bonding between monodentate acetate and a coordinated
ligand is certainly feasible, as shown in the X-ray structure of (2.7).> Conversion of a
monodendate acetate to a bidentate one creates a vacant site in (D). Two possible
mechanisms were then considered for the C-H activation step. An oxidative addition of

the metal into the aryl C-H bond to give a M(V) (M = Ir, Rh) or Ru(IV) (E) followed by
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the loss of HX to form (F), or an electrophilic activation which would go via a Wheland

intermediate (E*) followed by a loss of a proton.

The authors suggested that the failure of DMBA which is a good donor but not a n-
acceptor to cyclometallate with [RhCL,Cp*], and [RuCl,(p-cymene)], was consistent
with an electrophilic mechanism. However, cyclometallation of DMBA with
[RuCly(C¢Hg)],  starting from a more electrophilic cationic  precursor
[RuCI(NCMe),(C¢Hg)]PFs and using a stronger base such as NaOH has been
described.® Hence, coordination of the ligand before reaction with a base is also possible
with stronger bases than acetate and higher temperatures. More recently Pfeffer et al.
isolated (3.8), which is an analog of (B) in Scheme 3.4, and they showed that
cyclometallation could occur from (3.8) in the presence of NaOH to produce (3.9)

(Scheme 3.5).”

\ PF,
NH, HZN/RU\_CI

KPF NCMe NH,

[RuCL(pey)l, + el _NaOH _ \R
u

! I CD,CN l CD;CN ‘ D T>NCMe|
(3.8) (3.9)
Scheme 3.5

Further investigations of the mechanism of acetate assisted C-H activation were carried
out by Davies and Macgregor who reported computational studies of cyclometallation
of DMBA with Pd(OAc),, (see chapter 1 section 1.3.4.1). The same group subsequently
reported a computational study of the mechanism of acetate assisted cyclometallation of
DMBA with [IrCl,Cp*], (Scheme 3.6)." This focussed on the C-H activation step 1.e.

starting from intermediate (D) in Scheme 3.4.
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Scheme 3.6 Computed reaction profile (kcal mol™) for C—H activation via OA, SBM

-

and EA

Three possible mechanisms i.e. (i) pathway I an ambiphilic type of mechanism
{AMLA(6)}, (ii) pathway Il a SBM {AMLA(4)} and (iii)) OA (pathway III) were
considered (Scheme 3.6). The oxidative addition pathway going via (3.12) had the
highest activation energy barrier as might be expected for formation of a cationic
iridium (V) species, though a similar species had been proposed by Bergman e al. ° for
C-H activation by [IrMe(OTf)(PMe;)Cp*] and was supported by theoretical studies as
described in chapter 1 section 1.3.1.'° Pathway I, AMLA(6) C-H activation, proceeded
via a single, low energy transition state (3.10) corresponding to displacement of the

proximal OAc arm by the incoming C-H bond. The actual C-H activation then occurred
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with no significant activation energy barrier. Pathway II, AMLA(4), was initiated by
dissociation of the distal OAc arm to give a 16 ¢” complex. In this case C-H activation
occurred via a four-membered transition state (3.11) with H transfer to the Ir-bound
oxygen. The four-membered transition state (AMLA(4)) had a higher activation barrier
than the six-membered transition state (AMLA(6)) (22.8 and 16.0 kcal mol”

respectively).

Very recently Jones et al. reported kinetic studies on the acetate assisted C-H activation
of a N-phenyl imine with [RhCL,Cp*],."" The reaction of the dimer with acetate was
very fast, and the mono and bis acetate Rh complexes were in equilibrium. They
postulated a mechanism shown in Scheme 3.7 and confirmed earlier suggestions that D

(Scheme 3.4) is a key intermediate.

[RhCLCp*], ——n / \\m
OAc

Ve /! a@ﬂ

Rh
coordination / \\L AMLA
of the ligand o C-H activation

/ —_—

(D)
Scheme 3.7

Further kinetic experiments by the same group showed that the reaction with
[Cp*IrCly], was 3 to 4 times faster than the reaction with [Cp*RhCl;], for a given
substrate; moreover the reaction with substrates bearing m-methoxy substituents were
over 10 times faster than the reactions with substrates bearing m-trifluoromethyl

substituents, which was consistent with an electrophilic activation.'' Further kinetic
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studies using partially deuterated phenylimine-ds under similar reaction conditions
showed a large primary isotopic effect (>5) which contrasts with the small KIE
observed by Ryabov'? and computed by Macgregor et al. for cyclopalladation of
DMBA.® Jones et al. concluded that acetate assisted C-H activation was occurring via
an electrophilic activation with the C-H activation step being the rate determining step.
They proposed a similar transition state to the one reported by Davies and Macgregor

(3.10)(Scheme 3.6).
3.2 Results and discussion

3.2.1 Role of the base

In order to investigate the role of the base in the cyclometallation of DMBA with
[IrCL,Cp*],, different bases were selected covering a wide range of pKa values (Table
3.1). A stronger base should favour deprotonation however it is also a stronger ligand,

hence opening of the chelate ring may be disfavoured.

NMe,

N{/Iez
Ir/
base \
+omCLept, — i
-HCl, DCM

(3.132)

Scheme 3.8
Table 3.1 Table of the pK, values for the carboxylates tested

pKa 10.32 4.76 4.31 3.83 0.65 -0.23

Base CO3_2 CH3C02_ PhCOz_ HOCOZ_ CC13C02_ CF3C02_

Following the procedure reported by Davies et al, [IrCl,Cp*], was reacted with DMBA
(1 equiv. per Ir) and the corresponding base (1.25 equiv. per Ir) in DCM (10 ml) for 4h
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at room temperature (method A).® After filtration through celite and evaporation to
dryness the '"H NMR spectrum showed mixtures of Cp* signals between & 0.5 and 2.0
ppm. The product (3.13a) shows a singlet for the Cp* at & 1.63 and the NMe, group
gives rise to two singlets at 6 2.90 and 3.03. The benzyl protons are also inequivalent
giving two mutually coupled doublets at  3.26 and 4.38. The phenyl group shows four
inequivalent protons as expected for the orthometallated product. [PhCH,NHMe]" was
also observed and depending on the ratio of DMBA/DMBAH" the chemical shifts for
NMe, (singlet) varied between 6 2.32 and 2.73 and the benzylic protons between 6 3.30
and 3.37. The yields are estimated by "H NMR spectroscopy, and by measuring the ratio
between the Cp* signal of (3.13a) at & 1.63 and the total integral of all the Cp* signals
observed. Unfortunately, the signal for H,O in CDClI; also occurs in this range so it can
affect the overall integral and hence the calculated yield. To check the accuracy of these
results a second set of experiments was run (Method B). This method used 1.25 eq of
base and DMBA per Ir over 18 hours and the concentration of the reaction was reduced
by a factor 2.5 (20 mg of [IrCl,Cp*], in 10 ml of DCM) in order to facilitate the
dissolution of the base in DCM. The yields of the reaction were determined by 'H NMR
spectroscopy by measuring the ratio of the integration of the Cp* singlet of (3.13a) with
the Me signal of mesitylene used as an internal standard (0.05 mmol/L), the results are

shown in Table 3.2.
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Table 3.2 Yields of the reaction using different bases with the method A and B.

Base Method A Method B
NaOAc 70%" 65%
CaCO; 0 _
PhCO;Na 40% 29%
NaHCO; _ 0
CLI3CO;Na _ 28%
CF;CO;Na 38% 55%
CF3;SO3;Na Traces

The reaction of [IrC1,Cp*], and DMBA (1.26 eq) with NaO,CMe in DCM was reported
to give (3.13) in 70% yield after four hours using method A.* A similar yield (65%) was
observed using method B. NaO,CCPh and NaOAc have a similar pKa, using
NaO,CCPh as base (method A) gave (3.13a) in 40% yield after 4 hours. The 'H NMR
spectrum showed, in addition to (3.13a), signals for [PhCH,NHMe,]" cation and other
unidentified “IrCp*” compounds. The FAB-MS showed ions at m/z 847 and 449
assigned as [(IrCICp*),0,CPh]" and [IrCp*O,CPh]" respectively. In order to understand
if these “IrCp*” products are intermediates in the reaction, the solid was redissolved in
DCM and another equivalent of DMBA was added. The reaction mixture was left for
another four hours. The '"H NMR spectrum showed an increased yield (54%) but the
other products were still present. Doing the reaction using method B gave a decreased

yield of 29%.

In the presence of carbonate or bicarbonate no reaction occurred. The 'H NMR
spectrum only showed a signal due to the starting dimer and DMBA, this may be

explained by the low solubility of these salts in DCM suggesting the necessity of

148



“organic” bases, however this confirmed that DMBA does not react with [IrCl,Cp*], on

. . 4
its own as observed previously.

The use of less basic carboxylates was attempted with NaO,CCCl; (pKa = 0.65) and
NaO,CCF; (pKa = -0.23). In the case of NaO,CCCl; the reaction using method B gave
(3.13) in 28% yield. As for benzoate the 'H NMR spectrum showed the formation of
other “IrCp*” products and [PhCH,NHMe,]", hence the reaction had not gone to
completion in 18 hours. Trifluoroacetate was then tried; using method A (3.13a) was
produced with a 38% yield, though other “IrCp*” signals were observed. Hence at the
end of the 4 hours the reaction mixture was redissolved in DCM and another equivalent
of DMBA was added. The mixture was left stirring for four more hours. After this time
the '"H NMR spectrum showed an increased yield (50%) but other “IrCp*” products
were still present. Using method B, an improved yield was found (55%). Hence, there is
no simple correlation between the pKa of the base and the yield of the reaction, and a

high pKa is not a prerequisite for the reaction to proceed.

To try and clarify the role of the base in the reaction, acetate was reacted with
[[rCl,Cp*],. After 15 min the '"H NMR spectrum showed no [IrCL,Cp*], remained,
however broad signals at 6 1.65 and 6 1.95 were observed probably due to a dynamic
equilibrium between mono and bis acetate complexes, as observed by Jones et al. in the
case of rhodium."" A similar reaction was attempted with a large excess of NaO,CPh,
the "H NMR spectrum showed that complete reaction between [IrC1L,Cp*], and benzoate
had occurred within 15 min. Broad signals were observed in the "H NMR spectrum
suggesting dynamic processes were occurring, and the ES-MS spectrum showed ions at

m/z 404, 761 and 811 corresponding to [IrCI(MeCN)Cp*]’, [Ir,Cl;Cp*]" and
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[Ir,CIHO,CCPhCp*,]" respectively. The results suggest that benzoate and acetate can

break the dimer and that [IrCl(carboxylate)Cp*] is not the only species present.

The observations that [IrCl,Cp*], reacts rapidly with carboxylates combined with the
failure of DMBA to react with the dimer in the absence of acetate” is further evidence
that the reaction goes via pathway (C) (Scheme 3.4). Ikariya et al. described
cyclometallation of benzylamines with “Ir(OAc),Cp*” formed in situ in from

[IrC1,Cp*]> and NaO,CMe."?

To gain further insight into the mechanism of acetate assisted C-H activation, the
energy profile for cyclometallation of DMBA by [IrCl,Cp*], was computed by our
collaborators using DFT calculations (Scheme 3.9) with slightly corrected energy levels
in comparison to Scheme 3.6, different conformation of the DMBA-H ligand leads to a
stabilization of all stationary points along the three computed pathways.'* In all cases,
the rate limiting step is the displacement of one arm of the acetate ligand from the
metal. A separate C-H cleavage step is only observed in some cases (MeCO,, PhCO,
and CCl3CQO,), and even then, the activation barrier is very low (ca AE = 0.9 Kcal/mol
in the case of MeCQO,). The results of the DFT calculations show only a weak
correlation between the pK, and the computed energy barrier (Table 3.3), according to
the calculations weak bases slightly enhance the reactivity through an easier

displacement of one arm of the carboxylate.
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Scheme 3.9 Computed reaction profile (kcal mol™) for C-H activation with different
carboxylates

Table 3.3 Computed energies of activation and pK, values for the carboxylates studied.
Base "0O,CCCl;3

B 9.5
pka 0.65

-OZCCF3 HCO3_ -OZCPh "‘OAc

9.6 11.4 14.6 13.4
0.23 3.83 431 4.76
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Since a weak base is likely to enhance reactivity through a less strong bidentate
interaction with the metal, the reaction profile was computed with triflate (Scheme
3.10). The x*—«' displacement step is very facile and has the smallest barrier computed
so far (AE* = 7.0 kcal/mol). Moreover, the intermediate formed, [Ir(DMBA)(k'-
CF;S03)Cp]", (3.14), is actually 3.0 kcal/mol more stable than [Ir(DMBA)(k*-
CF3S03)Cp]". Unlike these analogues, however, in this case the «'-isomer, (3.14),
would be expected to be the dominant form in solution. As such, the C-H activation step
becomes rate-determining with AE* = 3.8 kcal/mol (3.15), the smallest value for the
overall barrier found so far. The triflate system is a promising target for experiment as

the barrier to C—H activation is still small.

The reaction with NaO3;SCF; was attempted using method B. After 18 hours, the 'H
NMR spectrum showed only traces of (3.13), the major signals were assigned as
[PhCH,NHMe,]". However, no starting [IrC1,Cp*], was observed which suggests that

triflate reacted with the dimer but C-H activation did not occur within 18hours When
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the reaction was left stirring for 4 days a 50% yield was observed in the 'H NMR
spectrum suggesting that the process was incomplete after 18 hours and that the reaction
was considerably slower than the one using NaOAc. The fact that the reaction with
triflate as a base was the slowest and showed the smallest yield after 18 hours suggests
that C-H activation (arm displacement + C-H bond cleavage) is not the rate determining

step in this case. Hence, the steps for the formation of (3.14) have to be considered.

Opening the dimer by the base has been computed by DFT for the extreme cases of
triflate and acetate. The results showed that the initial opening of the dimer is
exothermic in both cases but is significantly more favourable for acetate (AE = -27.1
kcal/mol) than triflate (AE = -9.1 kcal/mol) (Scheme 3.11). The next step, substitution
of Cl by the second arm of the base, is energetically favourable for acetate (E = -32.5
kcal/mol) but is not for triflate (E = 1.8 kcal/mol). Hence a n° complex is more stable
for acetate whereas an 1' is more stable for triflate. In the subsequent steps for the

acetate system, addition of DMBA is slightly uphill (E = —24.3 kcal mol-) but is
followed by exothermic C-H activation and displacement of HOAc by CI such that the
overall process is highly exothermic (AE = —34.0 kcal mol.). In contrast, with triflate,

ligand addition and subsequent C—H activation are both uphill events and even though
the final displacement of CF3SOs;H by Cl is thermodynamically favourable, the overall

reaction is approximately thermo-neutral (AE =-0.2 kcal mol).
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Scheme 3.11 Computed energies (kcal mol™) for key intermediates in the

cyclometallation of DMBA by [IrCl,Cp],in the presence of acetate and triflate.

To conclude, DFT computations have provided a better understanding of the
mechanism of the overall reaction. The reaction is dependent on many factors, including
the ability of the base to generate the key intermediate (D) (Scheme 3.4) from the dimer
and the ease of displacement of one carboxylate arm from the bidentate form. The
experimental study showed that the solubility was also an important factor, for example
bicarbonate gives no conversion because of its low solubility. The base plays a dual role
in the process, breaking the dimer, and as an intramolecular base, the best yields are
obtained with a compromise between these factors. The fact that DMBA did not react
with the dimer also showed that the base reacted prior to the coordination of the ligand
to produce a bidentate carboxylate as proposed for palladium by Sakaki,"’ and
Fagnou,'® and for RhCp* complexes by Jones, '' and by us for 2-acetylpyridine

activation described in Chapter 2.
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3.3 Experimental

All reactions were carried out at room temperature under nitrogen; however, the workup
was carried out in air unless stated otherwise. '"H NMR spectra were obtained using a
Bruker ARX 400 MHz spectrometer, with CDCIl; as solvent unless otherwise stated.
Chemical shifts were recorded in ppm (on 6 scale for "H NMR, with tetramethylsilane
as internal reference). FAB-MS spectra were obtained on a Kratos concept mass
spectrometer using NOBA as matrix, and ES-MS spectra were recorded using a
micromass Quattro LC mass spectrometer in acetonitrile. [IerIZCp*]z17 was made by

literature methods; other compounds were obtained from Aldrich and Alfa Aesar.
General procedure for cyclometallation of DMBA with different bases:
Procedure A:

A mixture of [[rCL,Cp*], (100 mg, 0.125 mmol), the appropriate base (NaCF;CO,,
NaPhCO,, CaCO;, NaOTf) and DMBA (34 mg) in DCM (20 ml) was stirred for 4 h,
and was filtered through Celite. The reactions were monitored by 'H NMR spectroscopy
and the yields were estimated from the 'H NMR spectra by integration.

Procedure B:

A mixture of [IrCl,Cp*], (20 mg), the appropriate base (NaCF;CO,, NaPhCO,, CaCOs,
NaOTf) and DMBA (8 mg) in DCM (10 ml) was stirred for 18 h and was filtered
through Celite. The solid was dissolved in 0.5 ml of a CDCl; solution containing
mesitylene (0.05 mmol/L) as an internal standard and the yields were estimated from

the '"H NMR spectra by integration.
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Reaction with NaCF;CO; using procedure A

This was prepared with NaCF3CO, (43 mg, 0.315 mmol). After 4h, the '"H NMR
spectrum showed no unreacted [[rCl,Cp*], and only 38% yield of product (3.13a).

In an attempt to form more of (3.13a), the solid was dissolved in DCM (20 ml) and
another equivalent of DMBA (34 mg, 0.252 mmol) was added. After stirring for a
further 4 h, the solution was filtered through celite and evaporated to dryness. The 'H
NMR spectrum showed an increased yield of 50%.

Reaction with NaPhCQ; using procedure A

This was prepared with NaPhCO, (45 mg, 0.315 mmol); the 'H NMR spectrum showed
no unreacted [IrC1,Cp*], and 40% yield of product (3.13a).

In an attempt to form more product the solid was dissolved in DCM (20 ml) and another
equivalent of DMBA (34 mg, 0.252 mmol) was added. After stirring for a further 4 h
the solution was filtered through Celite and evaporated to dryness. The 'H NMR
spectrum showed a yield of 54%.

Reaction with CaCOj; using procedure A

This reaction was attempted using CaCO; (45 mg, 0.315 mmol); after 4 h the 'H NMR
spectrum showed signals for [I[rCl,Cp*], and DMBA.

Reaction with NaOAc using procedure B

This was prepared with NaOAc (5 mg, 0.063 mmol); the "H NMR spectrum showed a
yield of 65%.

Reaction with NaCF;CQO; using procedure B

This was prepared with NaCF3CO, (8 mg, 0.063 mmol); the '"H NMR spectrum showed

(3.13) had been formed in 55% yield.
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Reaction with NaPhCQ; using procedure B

This was prepared with NaPhCO, (9 mg, 0.063 mmol); the '"H NMR spectrum showed a
yield of 29% of (3.13a).

Reaction with NaHCOj; using procedure B

This was attempted with NaHCOs (11 mg, 0.063 mmol); the '"H NMR spectrum showed
signals for [IrC1,Cp*], and DMBA.

Reaction with NaOTf using procedure B

This was prepared with NaOTf (11 mg, 0.063 mmol); the "H NMR spectrum showed
traces of (3.13a).

Reaction with NaCCl;CO; :

This was prepared from [[rCl,Cp*], (20 mg, 0.025 mmol), DMBA (8 mg, 0.063 mmol)
and NaCCl;CO; (11 mg, 0.063 mmol); after stirring for 18 hours the solution was
filtered through Celite and evaporated to dryness. The mixture was dissolved in dry

CDCl; and mesitylene (7.03 pl) added. The "H NMR spectrum showed a yield of 29%.

157



3.4 Bibliography

10

11

12

14

15

17

K. Isobe, P. M. Bailey, and P. M. Maitlis, J. Chem. Soc., Dalton Trans., 1981,
2003.

J. M. Kisenyi, G. J. Sunley, J. A. Cabeza, A. J. Smith, H. Adams, N. J. Salt, and
P. M. Maitlis, J. Chem. Soc., Dalton Trans., 1987, 2459.

P. M. Boyer, C. P. Roy, J. M. Bielski, and J. S. Merola, Inorg. Chim. Acta, 1996,
245, 7.

D. L. Davies, O. Al-Duaij, J. Fawcett, M. Giardiello, S. T. Hilton, and D. R.
Russell, Dalton Trans., 2003, 4132.

A. D. Ryabov, Chem. Rev., 1990, 90, 403.

S. Fernandez, M. Pfeffer, V. Ritleng, and C. Sirlin, Organometallics, 1999, 18,
2390.

J. B. Sortais, N. Pannetier, A. Holuigue, L. Barloy, C. Sirlin, M. Pfeffer, and N.
Kyritsakas, Organometallics, 2007, 26, 1856.

D. L. Davies, S. M. A. Donald, O. Al-Duaij, S. A. Macgregor, and M. Polleth, J.
Am. Chem. Soc., 2006, 128, 4210.

S. R. Klei, T. D. Tilley, and R. G. Bergman, J. Am. Chem. Soc., 2000, 122,
1816.

D. M. Tellers, C. M. Yung, B. A. Arndtsen, D. R. Adamson, and R. G.
Bergman, J. Am. Chem. Soc., 2002, 124, 1400.

L. Li, W. W. Brennessel, and W. D. Jones, Organometallics, 2009, 28, 3492.

A. D. Ryabov, 1. K. Sakodinskaya, and A. K. Yatsimirsky, J. Chem. Soc.,
Dalton Trans., 1985, 2629.

S. Arita, T. Koike, Y. Kayaki, and T. Ikariya, Organometallics, 2008, 27, 2795.
Y. Boutadla, D. L. Davies, S. A. Macgregor, and A. . Poblador-Bahamonde,
Dalton Trans., 2009, 5887.

B. Biswas, M. Sugimoto, and S. Sakaki, Organometallics, 2000, 19, 3895.

M. Lafrance, D. Lapointe, and K. Fagnou, Tetrahedron, 2008, 64, 6015.

C. White, A. Yates, and P. M. Maitlis, Inorg. Synth., 1992, 29, 228.

158



Chapter Four

Applications of the acetate assisted C-H activation
reaction



4 Chapter 4

4.1 Introduction

As discussed in chapter 1, in recent years tremendous strides have been made in
catalytic functionalisation of C-H bonds.'™ Direct C—H activation in catalysis has its
roots in the pioneering work reported by Murai ef al. involving C-C and C-X (X =
heteroatom) bond formation.” This introduction will focus on C—H activation followed

by insertion reactions, with the three metals studied earlier (Ir, Rh, Ru).

Murai et al. described the first examples of direct activation of C—H bonds of aromatics

and their addition to internal alkynes with ketones as the directing group. (Scheme

4.1).>°¢

Ru(H),(CO)(PPhs),, 2%
. RCCR (H)»(CO)(PPhy),, 2%
Toluene/135°C

Scheme 4.1

A similar Ru-catalysed reaction of aromatic imines with alkenes also occurs (Scheme
4.2), but in this case the reaction leads to by-products arising from dehydrogenative
coupling via B-H eliminations.” Investigations of the corresponding reaction with
imidates showed that the nature of the directing group has a major influence on the

product formed.®

Nibu N'bu
\ t
Nbu Ruy(CO),, 2%
+ Si(OEt)y —— > +
Toluene/135°C
SI(OED, Si(OEt);
10% 81%
Scheme 4.2
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The first step of these Ru-catalysed reactions is C—H activation by oxidative addition
which forms both an M—H and M—C bond, either of these can potentially react, hence in
some cases competing pathways are possible (Scheme 4.3). With N-donor atoms,
carbometallation and hydrometallation (Pathway 1 and 2) both occur, while in the case
of O-donor atoms, only hydrometallation (Pathway 1) is observed. The reactivity of
(4.1A) is decisive, if the formation of (4.1D) does not occur no (4.1E) is formed and the

reaction only forms (4.1C) via (4.1B).8

[Ru] catalyst @R Q(R
\ \
¢ {

Rul R
Oxidative \ /
Addition H
X=0,NR H X
hydride intermediate
Y
(4.1A)
[Ru] catalyst
X
Pathway 1
[RU]
Reductlve
Elimination Hydrometallanon
(X=0,NR") (X =0, R=alkyl)
4.10) Y (X=NR', R= alkyl, O-alkyl)|
4.1B)
R R
B-H elimination

; X
X N\ Pathway 2

Carbometallation

\ Hy, [Ru] catalyst [Ru\l X=NR’, R= alkyl, O-alkyl
Y H
(X=NR") (4.1D)
(R=alkyl, O-alkyl)
(4.1E)

Scheme 4.3 Proposed catalytic cycle for the ruthenium catalysed coupling of aromatic
C-H bond with olefins.

As mentioned above, the problem with this approach is that oxidative addition of the C—
H bond forms both a M—H and M—C bond, either of which can potentially react, hence
competing pathways may occur. An alternative strategy would be to use electrophilic or
AMLA C-H bond activation where just a M-C bond is formed with no M—H bond,
hence having only one subsequent reaction pathway. This introduction will focus on C—

H activation by electrophilic activation or AMLA followed by insertion of alkynes.
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Miura et al. developed several catalytic systems in which an AMLA C-H bond

activation is likely to be the first step.””’

For example, C—H activation followed by
insertion of alkynes with O-donor directing group ligands was investigated with

[MCL,Cp*]> (M = Ir, Rh) (Scheme 4.4).'" '?

[RhC1,Cp*],(cat)
—

Cu(OAc),.H,0O(cat) /

air

CO,H 2
©/ h N
+ PhC—=CPh ———
Ph
Ph
[IrCl,Cp*],(cat)
R
Cu(OAc),.H,0
Ph

.3)

Ph

Ph

Scheme 4.4

Changing the metal in this reaction has a dramatic effect, the Rh catalyst gives
heterocycle (4.2) whereas the Ir-catalyst leads to the formation of carbocycle (4.3). The
proposed mechanism is shown in Scheme 4.5. In both cases, the carboxylate acts as a
directing group for the C-H activation to form (4.4) which undergoes an alkyne
insertion to form (4.5). In the case of Rh, (4.5) undergoes C—O reductive elimination to
form the isocoumarin (4.2) whilst in the case of Ir decarboxylation of (4.5) is favoured
and a second insertion occurs before a C—C reductive elimination to produce the
naphthalene derivative (4.3)."" 2 Consistent with this, Jones et al. have observed that

reductive elimination is more favourable for Rh(III) than Ir(III) (see below).18
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Ph

Ph

@.3)
o
Ph
Ph OH
Ph o
HX
= Reductive elimination Cu(OAc), Cu o
MX MX a MX3 L |
M=1Ir) o o MX;
— Reductive elimination (M = Rh)
Ph Pathway A formation of
pil 0 the isocoumarin derivative C-H activation o
PhCCPh o
Insertion = oh PhCCPh
X Q o]
M @2 I8 \ -~ /
Mx Insertion g\(/l
Ph
/ @.4)
/

Ph M =Rh, Ir
M =1Ir) Ph Decarboxylation Ph
4.5) (M =Rh, Ir)

Pathway B formation of
the naphthalene derivative

Scheme 4.5 Postulated mechanism for the formation of the coumarin derivative
(pathway A) and the naphthalene derivative (pathway B).'" '?

Further mechanistic investigation of pathway B showed that when the benzoic acid was
ortho substituted by Cl, two regioisomers (4.7) and (4.10) were observed (Scheme

4.6)."” The authors suggested a mechanism where before the second insertion a

protonation equilibrium was occurring which allowed isomerisation of (4.6) into (4.9)

via (4.8).
cl cl
Cl [e]
n x
o IrXy Ir,
\ decarboxylation Ph o+ HX
X — s / = —_— / Ph
Ph
- HX
(4.6) oh 4.8) cl @9
Ph Ph
Cl Ph Ph
Ph Ph
Ph Cl Ph
“.7) @ L
Scheme 4.6
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An analogous effect of the nature of the metal on a catalytic reaction of indoles has been
reported by the same group (Scheme 4.7).'"'7 With [RhCL,Cp*], as catalyst heterocycle
formation occurs whilst no catalysis is observed with [IrCL,Cp*], whereas with
Pd(OAc), a carbocycle is formed (presumably by a decarboxylation mechanism similar

to that in Scheme 4.5)."'""!

[RhCL,Cp*], cat R
Cu(OAc), \ /
CO,H —_—
N R
A\ e
*  Rc==cr R
\ R = Aryl
\ i R
e
Pd(OAc), cat,
Cu(OAc), N R
Me
R = Aryl
Scheme 4.7

The oxidation state of the metal is also important as illustrated in Scheme 4.8.'® Rh(III)
gives the expected heterocycle (4.11) by a mechanism analogous to pathway A in
Scheme 4.5. However, when Rh(I)/CsH,Phs was used (4.12) was produced via a
decarboxylation reaction, this suggests that not only the identity of the metal but also its
oxidation state is important in determining the products. These processes can be
extended to vinylic C-H bonds, for example the expected heterocycle (4.13) is formed

from methacrylic acid (Scheme 4.9)."°
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[RhCl,Cp*], Z Yo
Cu(OAc),
—

CO,H
C[ * Rc=cr R —
NHPh

R = Aryl

[RhCl(cod)],/C5sH,Ph,
Cu(OAc),

Scheme 4.8

)\ N [RhCL,Cp*1, 0
CO,H PhC=cCPh ————>

Cu(OAc),

Ph
4.13)

Scheme 4.9

C-H activation and insertion are only postulated as steps in these catalytic cycles. To
investigate if these are intermediates, stoichiometric studies of cyclometallated
complexes with alkynes maybe useful. Pfeffer et al. have previously synthesised
cyclometallated arene ruthenium complexes (4.14) by C—H activation (see Chapter 1
section 2). They showed that these complexes react with internal alkynes in MeOH, in
the presence of NaPF¢ to produce the isoquinolinium complexes (4.16) (Scheme

4.10)."”
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PF,
PF,

ci—/

Ru CuBr,

R{C==CR, - > /
Me;,N - @ O @O @ @O NMe;
NaPF; MeOH —
R L R R, _|
d.14) | Y@y
Insertion ] C-N bond formation
Ry +

D\Ru R=H
\ R, R, = Alkyl, Ar
Me,N

R
" presumed intermediate (4.15)

Scheme 4.10
Bulky substituents on the alkyne lead to slower rates of reaction. The reactions are
postulated to go via (4.15) followed by spontaneous reductive elimination from Ru(II)
to Ru(0) to give (4.16). Addition of an oxidising agent such as CuBr; is necessary for
the liberation of heterocyclic cations (4.17). The reactions did not take place in DCM.
The authors suggested that the addition of PF¢ and methanol as solvent aid loss of CI to
give more reactive cationic complexes (4.15)."° Pfeffer suggested that insertion
occurred into the M—C bond rather than the M—N bond and this has been found in all
other half-sandwich cases to date and further examples of insertion are discussed below.
Pfeffer showed that in contrast to electron rich alkynes which give the isoquinolium
complexes (4.16), with the electron deficient alkyne, DMAD, the reaction stopped after
the insertion step.” When asymmetrical alkynes were used the regioselectivity of the
insertion was mainly due to steric factors, the smaller alkyne substituent ending up on
the metallated carbon. However, if PhCCCF; was used, two products were formed.
Hence, with CF; next to the metal, the reaction stopped at the insertion stage whereas
with Ph next to the metal C—N bond formation occurred and the coordinated heterocycle

was observed.
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In conclusion, insertion of the alkyne into the Ru-C bond occurred in all cases, but the
reductive elimination was governed by the electronic effect at the metallated carbon.
Pfeffer suggested that the reductive elimination needed an electron rich substituent on

the metallated carbon to be able to attack the coordinated electrophilic amine.?’

Subsequently, Jones et al. reported the insertion of DMAD into RhCp* and IrCp*
cyclometallated complexes of imines (2.9 a,b) and 2-phenylpyridine (2.10 a,b) and in

these cases also the reaction stopped after the alkyne insertion (Scheme 4.11).'*

MeO,C _ _
\@/ / MeO,C CoMe | +
\ /CI MeO,C / M\ _
M \ Cl
>N_ — N CuCl, (when M = Rh) / N—
DMAD ) =
MeOH
(2.9a,b)
(4.18a,b)
L (4.20) |
MeO,C s\ — _
j 4
MeO.C / MeO,C CO,Me
\ o o Z T
M/ \\CI —
N DMAD ! CuCl, (when M = Rh) y
N — N
/ \ Twon - <\ ) /) \> /7 \
@10ap) (4.19a,b)
a=Ir, b=Rh a=Ir, b=Rh - @21 -
Scheme 4.11

The rhodium products (4.18b) and (4.19b) reacted with CuCl,, to form the heterocyclic
cations (4.20) and (4.21). Whereas, (2.9a) and (2.10a) did not react with CuCl, at
ambient temperature. Jones et al. attempted to make heterocyclic formation catalytic but
the reaction was very slow.'® They suggested that this was because the insertion needed
a polar solvent whereas the reaction with CuCl, needed a non polar solvent. Hence, it
was difficult to find one solvent that suited the entire catalytic cycle. In the case of

ruthenium half sandwich complexes Pfeffer et al. showed that when DMAD was
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inserted (4.15 R; = R, = CO,Me), the heterocyclic derivative was not formed even after

reaction with CuBrz.zo

In contrast to iridium and ruthenium complexes, presumably Cu oxidises Rh(III) to
Rh(IV) which then spontaneously reductively eliminates to form the C—N bond. The

ease of the reductive elimination is dependent on the metal centre.

2-Phenylpyridine has also been used in catalytic C—H activation/insertion reactions,
Zhang et al. reported the alkenylation of 2-phenylpyridine with RuCl; (Scheme 4.12).”'
This process was postulated to go via a base assisted C—H activation to form (4.22),
followed by regiospecific insertion of the terminal alkyne (4.24) (Scheme 4.12).*' No
C-N bond formation occurred, however the presence of benzoic acid provides an
alternative route to liberate an organic product by protonation of the metallated carbon
to form an alkene, thereby allowing the catalytic system to turn over without an
oxidising agent (Scheme 4.12). This was the first example of a chelation assisted C—H
activation followed by insertion of a terminal alkyne in the literature. The advantage of

this catalytic reaction was the use of RuCl; with no preactivation of the metal required.

N
X RuCly(cat), K,CO, X
‘ + =—CR __ 5 ‘
benzoic acid N
Z Z Z R=Ar,alkyl
l R
= | PhCO,H T
N N—_ ] ‘ AN S
\ —_—
4.22) OCOPh / N\
R——= R [Ru]
4.23) l// 4.24)

Scheme 4.12

Other N-donor ligands can act as a directing group for AMLA type C—H activation in

catalytic cycles. The reactions of 2-phenylpyrazole and 2-phenylimidazole with internal
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alkynes have been described by Miura."”® 2-phenylpyrazole in the presence of
diphenylacetylene, a catalytic amount of [RhCL,Cp*],/CsH,Ph and Cu(OAc), produced

a carbocycle (4.25)(Scheme 4.13).

!\ a
N/ [RhC1,Cp*,],/CsH,Phy AN

N Ph

I I Ph
Ph

4.25)

T Phc==cPh
Cu(OAc),.H,0

Ph

Scheme 4.13

In the case of 2-phenylimidazole only one insertion followed by C—N bond formation
was observed (i.e. similar to pathway A in Scheme 4.6) to form the heterocycle (4.26)
(Scheme 4.14), however, with the N-methylated analogue the carbocycle (4.27) was
formed.

/=\ AN

g—N P R
[RhCl,Cp*,],/CsH,Ph,

Cu(OAc), H,0 [\

* PhC==cPh

R = Me —N N
Ph
Ph
(R:H’ Me) OO
Ph
.27 oh
Scheme 4.14

The possible competition between C—N and C—C bond formation is also relevant in the
reaction of imines (Scheme 4.15).'* In these cases the outcome depends on the
substituent on nitrogen and on the imine carbon. In the case of N-phenylbenzylidene

(4.28), an indene (4.29) is produced by a C—C bond formation, as opposed to the
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formation of a pyridinium salt observed by Jones et al. described earlier (Scheme

4.11)."*

[RhCL,Cp*],
+ PhC=CPh ————— > Ph
H Cu(OAc),.H,0

NPh NPh
4.29
(4.28) 4.29) Ph
[RhC1,Cp*], X
Ph + PhC=CPh ————— 7~ >
- Cu(OAc),.H,0
7 Ph
NH
4.30) (4.31) Ph
Ph
Ph [RhCl,Cp*l, NPh

+ PhC—CPh —mMM W >
Cu(OAc),.H,0

NPh / Ph

4.32) (4.33)

Scheme 4.15

When (4.30) was used, C—N bond formation occurred to give the isoquinoline (4.31).
However when the corresponding N—Ph derivative (4.32) was used, formation of
alkenyl product (4.33) occurred rather than N—C or C—C bond formation (Scheme 4.15).

Subtle variations in the substituents gave large differences in the product selectivity.

A recent study by Fagnou et al. used N-'Bu imines (4.34) and showed the formation of

the isoquinoline derivative with a loss of the ‘Bu substituent on the imine to form (4.35)

(Scheme 4.16).22
\ N
N N)< [RhCLCp*],
+ R C==CR, “CuoAomo (OAD, L0 = R + + HY
4.34) R,

R|,R, =alkyl
(4.35)

Scheme 4.16
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Fagnou originally considered two possible mechanisms based on previous precedents,
(Scheme 4.17) (i) a reductive elimination from a Rh(IV) moiety related to the
mechanism proposed by Jones ef al.'*, and (ii) an electrocyclisation /oxidation related to
previous work by Bergman ez al ** involving C—H activation by oxidative addition. The
first mechanism (reductive elimination from Rh(IV)) was tested by using the same
reaction conditions without Cu(OAc),. The product was formed in a low yield
(stoichiometric amount of product) however when Cu(OAc), was added, the yield
increased. Since some conversion was observed without Cu(OAc); it is not essential for

the reductive elimination step.

proposed mechanism via Reductive elimination from Rh(IV)

=N =N ©
\ \ - ® X N)< X N
Rh(lIHLn Rh(IV)Ln
— - Cu(ll) Cu() o Rh(IDLn nPr ;
nPr nPr nPr 7: H' nPr

Proposed mechanism via Electrocyclisation/oxidation

==
\ H ~ N/‘< = N/% N
Rh(lll)Ln _T,
— Rh(IILn Z e X Pr Z nPr
nPr
nPr nPr nPr

(4.36)"Pr

Scheme 4.17 Possible mechanisms considered by Fagnou et al. for the formation of

isoquinoline.*

The electrocyclisation/oxidation mechanism was investigated by synthesizing the
alkenyl intermediate (4.36) separately. The reaction of (4.36) under catalytic conditions
did not afford the expected product (Scheme 4.18). Furthermore the reaction of (4.36)
with an alkyne formed a pyridine derivative product (4.37) arising from a new C-H

activation (Scheme 4.18).
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OTBDMS nPr

Ph

TBDMSO
N

[RhQ,Cp*],
Cu(OAc), [RhCL,Cp*]

Cu(OAc),

(4.36)
4.37)

Scheme 4.18 Investigation of the electrocyclisation/oxidation mechanism by Fagnou et

al.??

Hence Fagnou concluded that C—N bond formation is happening directly from the
Rh(IIT) complex (Scheme 4.19), which contrasts with the system examined by Jones et

al. where oxidation of the metal occurs before reductive elimination.'®

2Cu(l) (4.34)

Rh(IT)Ln
2Cu(IT)

(IlnLn

Rh(DLn Ci/
AN
/\ /// R =nPr

nPr
nPr

Scheme 4.19 Mechanism proposed by Fagnou for the formation of isoquinolines.*

In conclusion AMLA C-H activation can be applied for catalytic reactions involving
insertions of alkynes. As discussed above, the C—H activation seems to be easy with a
range of O—donor and N—donor directing groups. The outcome of the reaction is largely
dependent on the ease of the reductive elimination step; if C—X (X = O, N) bond
formation is not favoured other pathways may occur and further insertions and/or
protonation can take place. In the case of iridium so far, C—X (X = O, N) bond
formation has not been observed, this is probably due to a higher activation barrier than
the C—C bond formation. For rhodium C-X (X = O, N) bond formation is easier than
iridium and can occur spontaneously depending on substituents on the alkyne and on the

ligand. In the case of ruthenium only one type of ligand was studied for half sandwich
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complexes. C—N bond formation occurs spontaneously except when there is an electron
withdrawing group on the metallated carbon after insertion. Even though reductive
elimination is spontaneous the Ru(0) complex formed is very stable and oxidation of the

metal is required for the dissociation of the organic fragment.

19, 20, 24 22,25
L 1=

In the examples described by Pfeffer e a and Fagnou ef a the oxidising
agent reacts after the C-N bond formation (reductive elimination) whereas in those
described by Jones ef al.'® the oxidising agent reacts prior to the reductive elimination.
The order of these steps and the possibility of alternative routes described by Miura et
al'> "% 57 depends on the nature of the metal complex, the directing ligand, the
substituents on the alkyne, the solvent and the oxidising agent. In most of these
examples Miura and co-workers have proposed plausible mechanisms but there has
been no detailed study of the mechanism of catalysis. Mechanistic investigations are
needed to be able to understand how the different substituents and other factors affect
the process and hence design more efficient catalysts. This chapter will describe the

insertion of alkynes into cyclometallated complexes with Ir, Rh and Ru and factors

affecting C—N bond formation will be discussed.
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4.2 Results and discussion

4.2.1 Insertions of alkynes into cyclometallated 2-phenylpyrazole

(2.13a,b,¢)

4.2.1.1 Reaction of DMAD with (2.13a-c)

(2.13a) M=1Ir, ring=Cp* (4.38a) M=1Ir, ring=Cp*

(2.13b) M= Rh, ring = Cp* (4.38b) M = Rh, ring = Cp*

(2.13¢) M= Ru, ring =p-cymene (4.38¢) M =Ru, ring = p-cymene
Scheme 4.20

The reaction of (2.13a) with DMAD in MeOH (Scheme 4.20) was monitored by ES-
MS spectrometry and after 1 hour, only one peak was observed at m/z 613 [(4.382a)-Cl]"
as expected for one insertion of DMAD. After work-up, (4.38a) was isolated in 51%
yield. The '"H NMR spectrum of (4.38a) shows a 1:1:1 ratio of the Cp*, the
cyclometallated 2-phenylpyrazole and DMAD. Three singlets are observed at 6 1.31,
3.64 and 3.69 due to the Cp* and the two different OMe groups respectively. The Cp*
signal is shifted 0.35 ppm to higher field than in the starting complex (2.13a) at & 1.66,
this can be explained by a ring-current effect of the Cp* lying over the original
cyclometallated phenyl ring of the 2-phenylpyrazole (see X-ray structure later). Similar
ring current effects have been observed for cyclometallated bisoxazoline benzene
complexes which also have seven-membered chelate ring.*® Similar chemical shifts for
the Cp* signal are observed by Jones et al. for the related DMAD insertion products

(4.182) and (4.19a) at § 1.34 and & 1.27 respectively.'® The pyrazole gives rise to two
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doublets at § 7.81 (H?) and & 8.21 (H'), and a triplet at 8 6.51 (H?). The cyclometallated
phenyl system is composed of four protons, H' and H® show a multiplet which
integrates for two protons at & 7.43, H’ is coupled to H® and H’ and gives rise to a
doublet of doublets at & 7.17. Proton H® is coupled to H>, H’, H® and appears as a triplet
of doublets at 8 7.34. The signals for H' and (OMe'"’) were assigned by NOESY
spectroscopy, both of which show a NOE correlation to the Cp* signal, H’ is also
correlated to H. In the °C NMR spectra, the expected number of quaternary and C—H
carbons is seen and the metallated carbon C'' is observed at & 176.15 which is lower
field than the metallated carbon for (2.13a) at 6 167.36. This shift of the metallated
carbon is close to the ones for (4.18a) at 5 176.26, and (4.19a) at 5 176.16 observed by
Jones et al.'® The FAB-MS spectrum shows ions at m/z 613 due to [M-CI]" and 648 for
[M]". Crystallisation from DCM/hexane gave crystals suitable for X-ray diffraction and

the structure is discussed below with that of (4.38b) and (4.38c¢).

The reaction of the analogous cyclometallated rhodium complex (2.13b) with DMAD
was also investigated (Scheme 4.20). The reaction was monitored by ES-MS
spectrometry, and after 5 hours, the ES-MS spectrum showed only one peak at m/z 523
assigned as [(4.38b)-Cl1]". After work-up (4.38b) was isolated in 81% yield. The 'H
NMR spectrum of (4.38b) is very similar to that of (4.38a). As for (4.38a) the Cp*
signal is observed at & 1.30 and shifted upfield (0.38 ppm) compared to the starting
material (2.13b). Two singlets are observed, at ¢ 3.64, and 3.69 due to the two different
OMe groups. The pyrazole signals are observed at o 7.82 (H*), 8.27 (H") and 6.50 (H?).
In the *C NMR spectra, the expected number of quaternary and C—H carbons is seen.
The metallated carbon C'' is easily identified due to coupling with Rh and is observed
as a doublet at & 181.60 (Jrn-c 135 Hz), similar to those at 6 176.01 and 177.16 for the
metallated carbon for (4.18b) and (4.19b) observed by Jones et al.'® The FAB-MS mass

spectrum shows an ion at m/z 523 [M-CI]". Crystallisation of (4.38b) from DCM/hexane
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gave crystals suitable for X-ray diffraction and the structure is discussed below with the

related complexes (4.38a) and (4.38c¢).

The corresponding reaction of the cycloruthenated complex (2.13¢) with DMAD was
also attempted (Scheme 4.20). Monitoring by ES-MS spectrometry showed a decrease
of the starting material peaks at m/z 379 [(2.13¢)-C1)]" and 411 [(2.13¢)-Cl+MeCN]"
and appearance of a new peak at m/z 521 [(4.38¢)-C1]". After 18 hours, the peaks at m/z
379 and 411 were no longer visible and the reaction was assumed to have finished.

After work-up, (4.38¢) was isolated in 78% yield.

The 'H NMR spectrum of the product (4.38¢) shows two singlets for the two different
OMe groups at 6 3.63 and 3.64. The isopropyl of the p-cymene gives rise to two
inequivalent doublets at 6 1.06 and at 6 1.16 and a septet at 6 2.64, the Me signal is
observed at 0 2.11. The four aromatic protons of p-cymene are also inequivalent and
give four doublets at 6 4.12, 4.44, 4.54 and 5.52. The aromatic protons are shifted 0.03-
0.95 upfield from (2.13c), consistent with a ring current effect due to the p-cymene
lying over the original cyclometallated phenyl ring of 2-phenylpyrazole. These data are
also consistent with the metal centre being chiral and epimerisation being slow on the
NMR timescale. The pyrazole gives rise to two doublets at & 7.78 H® and & 8.38 H' and
a triplet at 8 6.47 (H?). As in (4.38a) the C¢H, group shows four inequivalent and
mutually coupled protons at & 7.51 (H, HS), § 7.19 (H’) and & 7.41 (H%. The
assignments were confirmed by a cross peak between H® and H’ in the NOESY
spectrum. The *C NMR spectrum shows the expected number of C-H and quaternary
carbons, the metallated (C'") is observed at & 190.94. The FAB-MS spectrum shows a
ions at m/z 556 [M]" and 521 [M-CI]". Crystallisation from DCM/hexane gave crystals
suitable for X-ray diffraction and the structure is shown in Fig. 4.1 with selected bonds

distances and angles in Table 4.1, and discussed below with that of (4.38a) and (4.38b).
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(4.382)

(4.38b)

(4.38¢)

Fig. 4.1 Molecular structures and atom-numbering schemes for (4.38a), (4.38b) and

(4.38¢). H atoms have been omitted for clarity.

Table 4.1 Selected bond distances [A] and bond angles [°] for (4.38a), (4.38b) and

(4.38¢)

(4.382) (4.38b) (4.38¢)

M(1)-N(1) 2.086(4) 2.093(2) 2.097(4)
M(1)-CI(1) 2.418(1) 2.4131(7) 2.4183(17)

M(1)-C(1) 2.050(5) 2.040(3) 2.070(4)

C(3)-C(2) 1.498(6) 1.487(3) 1.480(6)

C(2)-C(1) 1.346(6) 1.339(4) 1.360(7)
N(1)-M(1)-C(1) 85.08(16) 85.67(9) 83.35(16)
N(1)-M(1)-CI(1) 86.84(11) 88.61(6) 85.94(11)
CI(1)-M(1)-C(1) 88.51(13) 89.92(8) 89.37(14)

The complexes all adopt a pseudo octahedral structure. The structures confirm that the

alkyne has inserted into the M—C bond rather than the M—N bond, to form a seven-

membered ring. No C-N bond formation has occurred in contrast to ruthenium

cyclometallated complexes described earlier.

19, 20, 24

In all three structures the m-bound

ligand (Cp* and p-cymene) is lying over the originally cyclometallated phenyl ring

consistent with the ring current effects discussed above. The three structures also show

176



similar bond lengths and angles to (4.18a) and (4.19b) described by Jones et al.'® In
each complex the M—C(1) bond length [2.050(5), 2.040(3) and 2.070(4) A for (4.38a),
(4.38b) and (4.38c¢) respectively] is slightly shorter than the M—N(1) bond [2.086(4)
2.093(2) and 2.097(4) A respectively]. Both the M—C(1) and the M—N(1) bond lengths
are statistically the same in (4.382a) and (4.38b) [2.050(5) and 2.086(4) A in (4.38a) and
2.040(3) and 2.093(2) A in (4.38b) respectively]. The chelate angles C(1)-M-N(1) of
(4.38a) (4.38b) and (4.38¢) [85.08(16), 85.67(9) and 83.35(16)° respectively] are bigger
than those of (2.13a) (2.13b) and (2.13¢) [77.5(3), 78.5(3) and 77.38(12)° respectively],
due to the increased size of the cyclometallated ring. The formation of a seven
membered ring also requires a non-planar arrangement of the phenyl and pyrazole rings.
Thus in (4.38a-c) the angle between the mean last squares plane of the phenyl and
pyrazole varies between 51.35° (4.38b) and 54.52° (4.38¢), whilst in the five membered
ring precursors (2.13a-c) the corresponding angle varies between only 3.42° (2.13¢) and
5.05° (2.13b). To conclude the insertion of DMAD into the M—C bond occurs for all

three complexes (2.13a,b,¢) and no evidence for the N—C bond formation was found.

4.2.1.2 Reaction of diphenylacetylene with (2.13a-c)

AR

—
N/ M\CI

MeOH

WO
@ M%\C Ph—=———pn

(2.13a) M=1Ir, ring = Cp* (4.39a) M =1Ir, ring=Cp*
(2.13b) M= Rh, ring = Cp* (4.39b) M = Rh, ring = Cp*
(2.13¢) M= Ru, ring = p-cymene (4.39¢) M = Ru, ring = p-cymene

Scheme 4.21

The reaction of (2.13a) with diphenylacetylene in MeOH was attempted (Scheme 4.21).

Monitoring by ES-MS spectrometry showed a decrease of the peaks at m/z 379
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[(2.132)-CI]" and 420 [(2.13a)+MeCN]" and appearance of a new peak at m/z 647
[(4.392)-Cl]". After 3 hours, only one peak was observed at m/z 649 [(4.39a)-C1]", and
the reaction was assumed to be complete. After evaporation and washing with hexane,

(4.39a) was isolated in 62% yield.

The 'H NMR spectrum of (4.39a) shows a Cp* signal at § 1.36 with an upfield shift of
0.30 ppm compared to (2.13a) at 6 1.66. This can be explained by a ring current effect
of the Cp* lying over the cyclometallated phenyl of the 2-phenylpyrazole group, as
observed for complexes (4.38a-c). The pyrazole group gives rise to two doublets at &
7.91 (H) and & 8.41 (H"), and a triplet at & 6.56 (H?). These chemical shifts are close to
the ones observed for (4.38a) at & 7.81 (H), 8.21(H") and 6.51(H?). In the °C NMR
spectrum, the expected number of quaternary and C—H carbons is seen and the
metallated carbon is observed at 8 161.23 (C'") which is higher field than the metallated
carbon in (4.38a) at § 176.15. The FAB-MS spectrum showed ions at m/z 647 [M-CI]"
and 684 [M]". Crystallisation of (4.39a) from DCM/hexane gave crystals suitable for X-
ray diffraction and the structure is discussed below with the related complex (4.39b)

and (4.39c¢).

Reaction of (2.13b) with diphenylacetylene in MeOH was attempted (Scheme 4.21).
After 3 hours the mixture was evaporated and washed with hexane and (4.39b) was
isolated in 62% yield. The 'H NMR spectrum of (4.39b) showed similar signals to the
ones observed for (4.39a) with one Cp* signal at & 1.35 (cf o 1.36 for (4.39a)). The
pyrazole group gives rise to two doublets at & 8.56 (H') and 7.92 (H®) and a triplet at &
6.56 for H. In the >C NMR spectrum, the expected number of quaternary and C—H
carbons is seen and the metallated carbon is observed at & 176.08 (C'") as a doublet

(Jrn-c 30.5 Hz). The FAB-MS spectrum showed an ion at m/z 559 [M—C1]+.
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Crystallisation of (4.39b) from DCM/hexane gave crystals suitable for X-ray diffraction

and the structure is discussed below with the related complexes (4.39a) and (4.39¢).

Ruthenium complex (4.39¢) was obtained similarly from the reaction of (2.13¢) with
diphenylacetylene in MeOH (Scheme 4.21). The reaction was monitored by ES-MS
spectrometry. Peaks from (2.13¢) namely m/z 379 [(2.13¢)-Cl]" and 420 [(2.13c)-
Cl+MeCN]" decrease over time and a new peak at m/z 557 [(4.39¢c)-Cl]" increases.
After 1 hour the peaks at m/z 379 and 420 were no longer visible and the reaction was
assumed to have finished. Removal of the solvent and washings with hexane to remove

diphenylacetylene gave (4.39¢) as a brown solid in 42 % yield.

The 'H NMR spectrum of (4.39¢) shows the expected signals an inserted
diphenylacetylene complex and is very similar to (4.39a) with a p-cymene replacing the
Cp*. A singlet integrating for 3 H for the Me of the p-cymene is observed at 6 2.44, the
isopropyl group gives rise to two doublets at 6 1.08 and 1.23 and a septet at 6 2.79. The
four aromatic protons of the p-cymene are also inequivalent and four doublets of
doublets are observed at § 3.48, 4.49, 4.63 and 5.54, similar to (4.38¢) (between 6 4.12
and 5.52). These data are consistent with the metal centre being chiral and epimerisation
being slow on the NMR timescale. The pyrazole gives rise to two doublets at & 8.57
(H"), & 7.85 (H’) and a triplet at & 6.50 (H?). The cyclometallated phenyl system is
composed of four protons, three multiplets at & 7.26, 7.29 and 7.34 for H', H® and H’
respectively and a doublet of triplet for H® at § 7.22. The assignment is confirmed by a
cross peak between (H*) and (H’) in the NOESY spectrum. The B3C NMR spectrum
shows the expected number of C—H and quaternary carbons, the metallated (C'') is
observed at & 183.19, relatively close to the corresponding signal in (4.38¢) at 6 190.94.

The FAB-MS spectrum showed a peak at m/z 557 assigned as [M-CI]".
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Crystallisation of (4.39¢) from DCM/hexane gave crystals suitable for X-ray diffraction,
however it has two molecules in the unit cell and the Ru—C and Ru—N bond lengths vary
in the two molecules therefore bond lengths and angles are not discussed below. The X-
ray structure is shown with that of (4.39a) and (4.39b) in Fig 4.2 with selected distances

and angles in Table 4.2.

(4.392) (4.39D) (4.39¢)

Fig 4.2 Molecular structures for (4.39a), (4.39b) and (4.39¢). H atoms have been

omitted for clarity.

Table 4.2 Selected bond distances [A] and bond angles [°] for (4.39a), (4.39b).

(4.392) (4.39b)
M(1)-N(1) 2.088(5) 2.096(6)
M(1)-CI(1) 2.4254(15) 2.411(2)
M(1)-C(1) 2.069(6) 2.061(7)
C(3)-C(2) 1.505(8) 1.452(10)
C(2)-C(1) 1.341(8) 1.355(10)
N(1)-M(1)-C(1) 82.9(2) 84.5(2)
N(1)-M(1)-CI(1) 86.45(14) 87.29(19)
CI(1)-M(1)-C(1) 89.67(16) 91.5(2)
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Complexes (4.39a,b,c) have a similar structure to (4.38 a,b,c) and confirm that the
alkyne has inserted into the M-C bond rather than the M-N bond, to form the seven-
membered ring. The M—C bond lengths of (4.39a) and (4.39b), [2.069(6) and 2.061(7)
A respectively] are shorter than the M—N bond lengths [2.088(5) and 2.096(6) A]
respectively as found for (4.38a,b). The chelate angles of (4.39a,b) [82.9(2) and
84.5(2)° respectively] are slightly less than those in (4.38a,b) [85.08(16) and 85.67(9)°
respectively] . This is presumably due to the increased size of the phenyl substituent in
(4.39a,b) compared with a CO,Me substituent in (4.38a,b). As found in (4.38a-c) the
phenyl and pyrazole are not coplanar, the angles between the planes of the pyrazole and
original cyclometallated phenyl are 52.66° and 45.55° in (4.39a) and (4.39b)

respectively.

These results showed that diphenylacetylene inserts into the M-C bond of the three
complexes (2.13a-¢) and no evidence for N-C bond formation was observed with
pyrazole as a directing group with either DMAD or diphenylacetylene. This again
suggests that the two first steps of the postulated mechanism of catalytic C-H

activation/insertion are certainly feasible with Ir, Rh and Ru complexes (Scheme 4.5)."

4.2.1.3 Reaction of phenylacetylene with (2.13a-c)

.o .. . . . . 27.2
There are few examples of stoichiometric insertion reactions with terminal alkynes,*” **

293931 and in the case of half sandwich complexes only two examples have been

32

reported with insertion of terminal alkynes, one with [Col(DMBA)Cp]™ and recent

work from our group on a Cp*Ir cyclometallated oxazoline.”
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Scheme 4.22

The complex (2.13a) was reacted with phenylacetylene in MeOH in the presence of
KPFs (Scheme 4.22). The reaction was monitored by ES-MS spectrometry and after 5
min, three signals were observed at m/z 471, 573 and 675 which were assigned as
[(2.132)-Cl]", [(2.13a)-CI+PhCCH]’, [(2.13a)-CI+2PhCCH]". The reaction appears to
give a mixture of mono and diinsertion products with the second insertion occurring at
least with a similar rate as the first one, so that it is not possible to get clean conversion
into the monoinserted product. Therefore a second equivalent of phenylacetylene was
added to drive the reaction to the diinsertion product. After 3 hours, only one peak was
observed in the ES-MS spectrum at m/z 675 [(2.13a)-Cl+2 PhCCH]". The 'H NMR
spectrum showed a mixture of 2 Cp* signals at & 1.71 and 1.65 with a ratio 1:5
suggesting a mixture of two products. The ratio between the integrals of the Cp* and the
aromatic signals for the major product agreed with 2 molecules of phenylacetylene
inserted into one complex. Phenylacetylene can insert two ways round for the first and
the second insertion which can produce a complex mixture of isomers and multiple

337 and Ir half sandwich

insertions are known for cyclopalladated complexes
complexes.” Attempts to purify the mixture by crystallisation and chromatography

were not successful, hence no products could be unambiguously characterised.
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(2.13b) (4.40b) (4.40b)
Scheme 4.23

The insertion of phenylacetylene was also tried with (2.13b) (Scheme 4.23). Monitoring
by ES-MS spectrometry showed the reaction was complete after 5 hours with only one
product peak being observed at m/z 483 [(4.40b)-C1]" or [(4.40b*)-Cl]". This suggests
that the reaction is slower for rhodium than for iridium, and the monoinsertion product
is significantly less reactive than the starting complex (2.13b) so that the monoinserted

product can be isolated.

The 'H NMR spectrum of the product shows one set of signals with a 1:1:1 ratio of Cp*
to the cyclometallated 2-phenylpyrazole and phenylacetylene which suggests only one
regioisomer was obtained. The Cp* signal is observed at & 1.30, which is the same
chemical shift as that observed for (4.38b). The pyrazole gives rise to two doublets of
doublets at & 7.76 (H?) and & 8.46 (H'), both signals showing a mutual *Ji.; coupling of
1 Hz, and a triplet at 8 6.48 for H%. In the *C NMR spectrum, the expected number of
quaternary and C—H carbons for insertion of one phenylacetylene is seen. The
metallated carbon is easily identified due to coupling with rhodium and is observed as a
doublet at 6 178.64 (Jrhc 125 Hz). A DEPT spectrum shows that the metallated C is a
quaternary carbon rather than a C—H which allows us to assign the product as (4.40b)
rather than (4.40b’). This regioselectivity is identical to that observed for a Cp*Ir
cyclometallated oxazoline complex.”> The FAB-MS spectrum showed an ion at m/z 483

[M-CI]".
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The same reaction has also been investigated with the cycloruthenated complex (2.13¢)
(Scheme 4.24). The reaction was monitored by ES-MS spectrometry, and after 1 hour
one peak was observed at m/z 481 [(2.13¢)-CI+PhCCH]". The 'H NMR spectrum
showed three sets of p-cymene signals, one of which was assigned to the starting
complex. To try to convert more of the starting complex into product another equivalent
of phenylacetylene was added. Unfortunately instead of leading to more conversion,
decomposition was complete after two days exposed to air and light. The '"H NMR
spectrum showed broad signals and liberation of non-coordinated p-cymene with a
septet at 6 2.90 and a doublet at 6 1.35 for the isopropyl group, a singlet at & 2.40 for the
Me and a (4 H) multiplet for the aromatic protons at & 6.90. The excess of
phenylacetylene could displace the p-cymene instead of converting the starting complex

into the inserted product.

\
\ N— [\N\RU\CI
@;Rl}@\cj/ v Ph (H) —

— Ph / Ph
—_— _—
MeOH
H (Ph) Further decomposition

(2.13¢) (4.40¢)

Scheme 4.24

To conclude, with the insertions of phenylacetylene, in the case of (2.13b) a mono
insertion is observed with the selective formation of one isomer (4.40b). In the case of
(2.13a) mono and diinsertion occurs with the possibility of having multiple isomers;
diinsertions with half sandwich complexes of IrCp* have recently been reported.” In
the case of (2.13¢) more than one product is formed and further reactions led to loss of
the p-cymene ligand. The outcome of the reaction is different from one metal to the

other which suggests that the metal plays an important role in the insertions of
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phenylacetylene. These results contrast with the insertions of DMAD where only one
alkyne inserts in each case and all three products are stable. The reactions with
diphenylacetylene and DMAD demonstrate that for the postulated mechanism proposed

by Miura et al. the C—H activation/insertion steps are certainly reasonable. '

4.2.2 Reactions of alkynes with (2.10a)
Insertion of DMAD into the M-C bond of (2.10a) (Scheme 4.11) to form (4.19a,b) has
been reported by Jones ef al. (see section 4.1).'® Addition of copper acetate was
necessary to promote C—N bond formation and release of the isoquinoline salt. The
formation of (4.19a) has been repeated and full assignment is avalaible in the
experimental section. The reactivity of (2.10a) towards diphenylacetylene and

phenylacetylene is discussed below.

The reaction of (2.10a) with diphenylacetylene was monitored by ES-MS spectrometry,
and after 5 min only one peak was observed at m/z 660 [(2.10a)-Cl+PhCCPh]". The 'H
NMR spectrum showed a mixture of (2.10a) with a Cp* signal at 6 1.59, and two other
products with Cp* signals observed at 6 1.40 and 1.25. The ratio of these three products
being 0.1:1:0.7. This mixture was left in CDCIl; and further changes were observed.
After 10 days, the major product disappeared leaving only two remaining Cp*Ir signals
with a ratio 0.1:1. The FAB-MS spectrum at this stage showed three peaks at m/z 332,
482 and 660 assigned as the isoquinolinum salt [4.41C]", [(2.10a)-C1]" and [(2.10a)-
CI+PhCCPh]" respectively. A plausible explanation for these data would be the
formation of the diphenylacetylene-inserted complex (4.41 A) which then undergoes N—
C bond formation to give (4.41B) which then decoordinates from the metal to give the
isoquinolinum salt (4.41C) (Scheme 4.25). Both (4.41A) and (4.41B) would be
expected to show ions at m/z 660 in the FAB-MS spectrum. Further purification

(chromatography and crystallisations) was not successful.
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Scheme_4.25 Plausible interprete;ion of the reacti;n of (2.10a) with diphel:ylacetylene
The same complex (2.10a) was reacted with one equivalent of phenylacetylene and the
reaction was monitored by ES-MS spectrometry. After 1 hour the ES-MS spectrum
showed 2 peaks at m/z 482 [(2.10a)-C1]" and 686 [(2.10a)-C1+2PhCCH]". The reaction
appears to give only diinsertion products, with the second insertion occurring faster than
the first one, so that it is not possible to get clean conversion into the monoinserted
product. Therefore a second equivalent of phenylacetylene was added to drive the
reaction to the diinsertion product. After one more hour, only one peak was observed in
the ES-MS spectrum at m/z 686 [(2.10a)-CI+2PhCCH]". This is similar to the
observations of the reaction of (2.13a) with phenylacetylene discussed earlier (section

42.1.3).

The '"H NMR spectrum showed a mixture of products and three significant Cp* signals
observed at & 1.59 (2.10a), 1.55 and 1.22 with a ratio of 0.3:0.5:1 respectively. Further

evidence of a mixture of three products is observed in the FAB-MS spectrum with three
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signals at m/z 482 [(2.10a)-Cl]", 582 [(2.10a)-CI+HCCPh]’, 686 [(2.10a)-
Cl+2HCCPh]+. The peak at m/z 582 is an evidence for a monoinsertion product (Note, if
the loss of CI" is not favoured it may be difficult to see this ion by ES-MS
spectrometry), furthermore no isoquinoline fragment was observed which suggests that
the ring closure process is not involved (Scheme 4.26). Attempts to isolate any pure

product by crystallisation and chromatography failed.

Fast

diinsertion product

MeOH MeOH

(4.42a)

Scheme 4.26 Plausible interpretation of the reaction of (2.10a) with phenylacetylene

In conclusion (2.10a) reacts with diphenylacetylene however the results are different to
those obtained by Jones et al. with DMAD.'® The ES-MS spectrum suggests that mono
insertion occurs but that this product is wunstable. From the reaction with
diphenylacetylene, the presence of a peak at the mass of the isoquinolinium cation in the
FAB-MS spectrum suggests that reductive elimination can take place without an
oxidising agent, as observed by Fagnou ef al.(see section 4.1).** This would mean that
C—N bond formation is observed when the substituent changes from an electron
withdrawing (CO,Me) to a phenyl group consistent with the results reported by Pfeffer

et al. (see section 4.1)."2% %

4.2.3 Insertion of alkynes into cyclometallated imine complex (2.9b)
Further investigations of the effect of the substituent on the alkyne and the parameters

involved in the ring closure were carried out with the rhodium complex (2.9b) reported
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by Jones et al.'® The reaction of (2.9b) with DMAD was repeated, and afforded the

expected product. The description of the '"H NMR and *C NMR of (4.18b) is available

cl
Ph Ph
N_
Sj/ Ph : ; /E
\ o N g
~ RA
Rh\ \\CI (4.44)
N—— PhCCPh N—_ - > or
/ MeOH / Ph
Ph
(2.9b) (4.43b) d
Q NHMe

(4.45)

in the experimental section.

Scheme 4.27

The reaction of (2.9b) with diphenylacetylene was then attempted (Scheme 4.27). After
5 min the ES-MS spectrum showed three signals at m/z 356 [(2.9b)-C1]", 397 [(2.9b)-
Cl+MeCN]" and 534 [(2.9b)-C1+PhCCPh]". After 45 min a precipitate was formed, ES-
MS and FAB-MS spectra of the solid showed a peak at m/z 296 [isoquinolinum salt]"
implying C—N formation and dissociation of (4.44) from the metal has taken place.
However C—C bond formation to form a carbocycle (4.45) cannot be ruled, though C—C
bond formation has so far only been observed with N-aryl substituents.'* The 'H NMR
spectrum of the precipitate shows a mixture of products with two broad and intense
signals in the Cp* region at 6 1.58 and 1.55 and one set of signals for the
cyclometallated ligand with an NMe signal at & 3.36. The ratio of the signals for the
ligand and the two Cp* peaks is 1:4:0.8 respectively. This could imply that the
isoquinoline salt is liberated however purification by crystallisation or chromatography

was not successful.
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(2.9b) (4.46b) d
NHMe

Scheme 4.28

Reaction of (2.9b) with phenylacetylene was also examined (Scheme 4.28). After 5 min
the ES-MS spectrum showed three signals at m/z 356 [(2.9b)-Cl]", m/z 397
[(2.9b)+MeCN]" and 458 [(2.9b)+PhCCH]", a solid precipitated after 30 min and after
45 min only one peak was observed at m/z 458 [(2.9b)-CI+PhCCH]. The 'H NMR
spectrum of the solid shows a 1:1:1 ratio of signals due to the Cp*, the cyclometallated
N-methylbenzylidene and phenylacetylene fragments. Only one set of signals is
observed which implies that only one regioisomer is observed. Two singlets at 6 1.35
and 3.89 were assigned, to a Cp* and an NMe signal respectively. An upfield shift of
0.34 ppm is observed for the Cp* in comparison to (2.9b) at d 1.69, consistent with the
formation of a monoinsertion complex (4.46b) by analogy to (4.40b). The
regioselectivity was further confirmed by X-ray diffraction see below. After a few hours
in CDCls, further reaction occurs and a new set of signals is observed. The Cp* signal is
observed at 6 1.63, and the NMe signal is observed at 6 3.43. The FAB-MS spectrum at
this stage shows two peaks at m/z 220 [isoquinolinum salt]” and 458 [(2.9b)-
CI+PhCCH]". Further purification by crystallisation and chromatography failed. A
proposal for the interpretation of these data would be that the first product formed is

(4.46b) which reacts further in solution. C-N"""?%?* or C—C!! bond formation occurs to
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produce (4.47) or (4.48). A discussed above for diphenylacetylene, C—C is less likely
than C-N bond formation. The signal for the isoquinolinium salt (4.47) in the FAB-MS
spectrum suggests that reductive elimination and dissociation from the metal is possible
without Cu. A crystal structure of the complex (4.46b) was obtained and is shown in

Fig 4.3 with selected bond distances and angles and is discussed below.

Fig.4.3 Molecular structure of (4.46b). H atoms have been omitted for clarity.

Selected bond distances and angles for (4.46b): M(1)-N(1), 2.059(6) A; M(1)-Cl(1), 2.4130(19) A; M(1)-
C(9), 2.029(7) A; C(9)-C(8),1.365(9) A; C(8)-C(7), 1.484(9) A, N(1)-M(1)-C(9), 87.6(3)°; N(1)-M(1)-
CI(1), 89.63(16)°; C1(1)-M(1)-C(9), 90.00(2)°

The complex (4.46b) adopts a pseudo octahedral structure and shows the expected 7
membered ring and that C—N or C—C bond formation has not occurred yet. The
regioselectivity is the same as for (4.40b) with the phenyl from the phenylacetylene on
the metallated carbon. The M—-C and M—N bond lengths in (4.46b), [2.029(7) and
2.059(6) A respectively] are shorter than the corresponding bonds for (4.39b) [2.061(7)
and [2.096(6) A respectively] and the angle C-M-N is larger for (4.46b) than (4.39b),

[87.6 (3)°] and [84.5(2)°] respectively.

From this limited study with the cyclometallated imine complex (2.9b), the same
observations can be made as with 2-phenylpyridine as ligand. Simple insertion of

DMAD occurs to provide the expected products (4.18b) and (4.19a) as observed
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plreviously.18 The reactions of diphenylacetylene and phenylacetylene seem to lead to
the inserted compounds but these are unstable probably undergoing reductive
elimination, as evidenced by peaks consistent with the free organic fragments being

observed in the ES-MS spectra.

4.2.4 Insertion reactions of alkynes with (3.13a)

(.13a) @.472)

Scheme 4.29

As mentioned in section 4.1 Pfeffer et al. have carried out an extensive study of the
reaction of cyclometallated DMBA Ru-complex (4.14). However, similar reactions with
the corresponding Cp*Ir-complex have not been reported though preliminary studies
have been carried out in our group.*® Hence, complex (3.13a) was reacted with DMAD
in MeOH (Scheme 4.29). After one hour the ES-MS spectrum showed only one peak at
m/z at 604 [(4.47a)-Cl1]". The "H NMR spectrum showed a ratio 1:1:1 between the Cp*,
the cyclometallated DMBA and DMAD. The Cp* is observed at 6 1.13, 0.5 ppm upfield
from the starting complex (3.13a) at 6 1.63. This is consistent with the Cp* lying over
the cyclometallated phenyl ring hence being affected by a ring current, as observed for
(4.38a) and (4.39a). The NMeMe' group shows two singlets at 6 2.70 and 6 3.09, and
two mutually coupled doublets at 6 2.94 and 3.96 are assigned to the benzyl protons, the
inequivalence of these is consistent with the metal being a chiral centre and
epimerisation being slow on the NMR timescale. The OMe signals are observed at &

3.66 and & 3.78, these are close to the chemical shifts observed for the OMe signals of Ir
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complex (4.38a). The aromatic protons show two doublets at & 7.29 and 7.46 for H’ and
HC respectively whilst H* and H> show triplets of doublets at & 7.39 and at & 7.23
respectively. This assignment is confirmed by a cross peak between one of the benzyl
protons and H? in a NOESY spectrum. The *C NMR spectrum shows the expected
number of signals for C-H and quaternary carbons. The metallated C’ is observed at &
180.43 which is again very close to the ones observed before and reported by Jones et
al.'® The FAB-MS spectrum shows a peak at m/z 604 [(2.47a)-Cl]", and crystallisation
from DCM/hexane gave crystals suitable for X-ray diffraction. The X-ray structure is

shown in Fig 4.4 with selected distances and angles and is discussed below.

v

Fig. 4.4 Molecular Structure of (4.47a). H atoms have been omitted for clarity.

Selected bond distances and angles for (4.47a) :Ir(1)-N(1), 2.250(4) A; Ir(1)-Cl(1), 2.4197(16) A; Ir(1)-
C(1), 2.039(5) A; C(1)-C(2), 1.359(7) A; C(2)-C(3), 1.493(7) A, N(1)-Ir(1)-C(1), 87.78(17)° ; N(1)-Ir(1)-

CI(1) 90.65(10)°; CI(1)-Ir(1)-C(1), 90.85(13)°

The structure of (4.47a) confirms that the alkyne has inserted into the Ir-C to form the
seven-membered ring. The chelate bite angle [87.78(17)°] is bigger for (4.47a) than that
[78.48(18)°] for (3.13a)*®, consistent with an increased size of the cyclometallated ring

in (4.47a). The M-C bond in (4.47a) [2.039(5) A], is the same as that [2.050(5) A] in
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the other DMAD insertion product (4.38a). On the other hand the M-N bond distance is
significantly longer [2.250(4) A vs 2.086(4) A] as expected for an sp3 N atom compared
with an sp? one, it is also longer than that [2.186(4) A] in starting complex (3.13a).>® No
ring closure has occurred in this case consistent with all other alkyne insertions

involving DMAD described above and those published by Pfeffer and Jones.'® %

Previously in our group, (3.13a) was reacted with diphenylacetylene in MeCN in the
presence of KPF¢ to form (4.48a), which was identified by X-ray crystallography in

85% yield (Scheme 4.30).*"

RN )

AN TIN~ncwme
Me——N
e
PhC==CPh / \
KPFg, MeCN
Ph
(3.13a) (4.492) (4.48a)
Not observed Identified by X-ray diffraction®
Scheme 4.30

The reaction of (3.13a) with diphenylacetylene was repeated in MeOH without KPF,
unfortunately no product was isolated, and it appears that decomposition occurred as
soon as the solvent was evaporated. Hence, the reaction was repeated using the original
conditions. The 'H NMR spectrum in CDCl; showed one major species, and a second
minor Cp*Ir complex. The major product showed a Cp* signal at 6 1.51. The NMe,
group gave rise to two sharp signals at 6 2.50 and 2.82, with the benzyl protons being
observed as mutually coupled doublets at 6 3.26 and 3.82, these signals are consistent
with (4.48a) however the original data were recorded in MeCN so direct comparison is
not possible. The minor species appeared to be an isomer with two 3H singlets, two
mutually coupled 1H doublets and notably a Cp* resonance shifted to higher field at &

1.70 , this last shift perhaps suggesting a seven-membered insertion product consistent
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with a small amount of (4.49a) which is the presumed intermediate on the way to
(4.48a).

The solid was not very soluble in CDCl; so the spectrum was run again in CD3CN. The
"H NMR spectrum in CD;CN showed only one species present. The Cp* signal was
observed at 6 1.28 i.e. 0.23 ppm upfield from (4.48a). Two singlets at 6 2.81 and 3.21
were assigned as NMeMe' signals, and the benzyl protons showed two mutually
coupled doublets at 6 3.29 and 4.42, which is consistent with the metal being a chiral
centre and epimerisation being slow on the NMR timescale. This data is very close to
that recorded earlier’® and the high field shift for the Cp* makes this more consistent
with it being (4.49a). The >C NMR spectrum shows the expected number of C—H and
quaternary carbons, notably, all six quaternary carbons are between & 133.59 and
154.30, the last of which is assigned to the metallated carbon. These are quite low field
shifts, complexes of type (4.48a) in which C, and C;.9 are bonded in a m—fashion to the
metal usually have shifts much less than this, as observed by Pfeffer for Ru-analogues
and in complex (4.53a) below.””” Hence this complex is assigned as (4.49a).
Interestingly, if the CDs;CN is removed and replaced with CDCl; the spectrum reverts to
that observed originally i.e. (4.48a) with varying amounts of (4.49a), presumably
dependent on the amount of residual CD;CN. This could be cycled two times with no
other signals appearing. Unfortunately, attempted crystallisations of (4.49a) were not
successful.

The results above suggest that (4.48a) can react with MeCN to convert back into
(4.49a). To investigate further, MeCN (ca 10 equivalents) was added to a solution of
(4.48a) in CDCl3, and the '"H NMR spectrum, showed growth in signals of the minor
species, which is consistent with the compound reacting with MeCN, as shown in

Scheme 4.31.
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The "H NMR spectrum showed a Cp* signal at & 1.28, two singlets for NMeMe" at &

2.71 and 3.15, and two mutually coupled benzyl protons at 6 3.10 and 4.28, the ratio
between (4.48a) and (4.49a) being 1.5:1 respectively. No signal for coordinated MeCN
can be seen, it is either exchanging or under the signal for free MeCN at & 1.94.

In this case it appears that the C—N bond formation is reversible, and dependent, on the
presence of a coordinating ligand. In order to try and prove, the identity of (4.49a)

substituting the MeCN by other ligands was attempted.

Addition of isopropylamine to a solution of (4.48a) did not cause any change to the
complex so the reaction with PMe; was investigated. The complex (4.48a) was reacted
with PMe; in DCM (Scheme 4.32). The reaction was monitored by ES-MS
spectrometry and after 5 min two peaks were observed at m/z 716 [(4.48a)+PMes]" and
at m/z 515 [IrC1(PMe3),Cp*]". The 'H NMR spectrum shows a mixture of two different
products with a ratio 1:3. Integration suggests that the major product contains a Cp*,
cyclometallated DMBA, diphenylacetylene and a PMes. It shows two doublets, one at &
1.34 (9 H) assigned to the PMes, and one at 6 1.52 (15 H) assigned to a Cp* signal
which couples with phosphorus, a broad singlet for NMeMe" at 6 2.33 and two mutually
coupled benzyl protons at & 3.48 and 4.07 and signals in the aromatic region. The minor
product contains a doublet at 6 1.62 and a triplet at & 1.78 in a ratio of 6:5 (i.e.

(PMes),:Cp*), and no other signals hence this set is assigned to [[rCl(PMe;),Cp*|PFs.
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The *'P NMR spectrum shows two signals at & -45 assigned as [IrCl(PMe;),Cp*]PF
and at 6 -37 for (4.50a). Further purification of (4.50a) was difficult and crystallisation
from DCM/hexane led to decomposition, with more of [IrCI(PMes),Cp*]PFs being

observed in the *'P and '"H NMR spectra.
4.2.5 Insertion of DMAD with (2.17a)

Up to this point all the insertion reactions studied have involved insertion into a
cyclometallated phenyl group. Miura has shown that insertion into a cyclometallated
vinyl is also possible (see Scheme 4.9); hence the reaction of (2.17a) with DMAD was
investigated. The complex (2.17a) was reacted with DMAD in MeOH and the reaction
was monitored by ES-MS spectrometry. Surprisingly, after 48 hours no reaction was
observed so the mixture was heated at 50 °C for a further 48 hours but still no reaction
was observed. Substitution of the chloride seems to be much more difficult with this
complex. Hence to provide a more reactive complex, (2.17a) was reacted with AgPF¢ in

MeCN to produce the corresponding MeCN cation (4.51a) as shown in Scheme 4.33.
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The 'H NMR spectrum of (4.51a) shows a 1:1 ratio of the Cp* and the cyclometallated
imine ligand with the Cp* signal at & 1.55 which is 0.07 downfield compared to that of
(2.17a). The isopropyl group shows two doublets at 1.40 and 1.51 for the Me signals
and a septet at 6 4.17 and all these chemical shifts are close to those observed for
(2.17a). The singlet for the coordinated MeCN appears at 6 2.59 as a sharp singlet. The
imine signal was observed as a broad singlet at & 8.12 which is similar to the imine
proton of the starting complex (2.17a). The ?C NMR spectrum showed the expected
number of C—H and quaternary carbons, the metallated C being at & 197.13 further

downfield than the metallated C on the starting complex (2.17a) at  173.00.

Complex (4.51a) was then reacted with DMAD in DCM, the reaction was monitored by
'H NMR spectroscopy, and ES-MS spectrometry. At room temperature no reaction was
observed after 4 hours but at 50°C the reaction was complete after 20 hours evidenced
by a single peak at m/z 500 [(4.51a)-MeCN+DMAD]" in the ES-MS spectrum. The 'H
NMR spectrum of the product shows a 1:1:1 ratio between Cp*, the imine and DMAD
but no MeCN. Three singlets are observed at 6 1.81, 3.80 and 3.88 for the Cp* and the
two OMe signals. The isopropyl group gives rise to two doublets at 6 1.12 and 1.51 and
a septet at & 4.17. The imine proton is observed as a doublet at & 8.68 and there is no
evidence for a coordinated MeCN signal. Presumably MeCN has been liberated during

the reaction and evaporated with the solvent, which suggests that N—C bond formation

197



has occurred to form (4.53a). Note the relatively low field shift of the Cp* is also more
consistent with (4.53a) than (4.52a) for which a shift to higher field is expected. The
complex (4.52a) is presumably an intermediate during the reaction (Scheme 4.34). The
BC NMR spectrum showed the expected number for C—H and quaternary carbons.
Crystallisation of (4.53a) from dichloromethane/hexane gave crystals suitable for X-ray
diffraction. The X-ray structure is shown in Fig 4.5 with selected distances and angles

and discussed below.
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Scheme 4.34

Fig. 4.5 Molecular structure of (4.53a). H atoms have been omitted for clarity.
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Selected bond distances for the cation (4.53a): Ir(1)-C(1), 2.128(3) A; Ir(1)-C(2) A, 2.125(3);
Ir(1)-C(3), 2.136(3) A; Ir(1)-C(4), 2.130(3) A; C(1)-C(2), 1.484(9) A; C(2)-C(3), 1.426(4) A; C(3)-C(4),
1.482(4) A; C(1)-N(1), 1.479(3) A, C(5)-N(1), 1.283(4) A

The crystal structure of (4.53a) confirms that as predicted from the '"H NMR spectrum
N—C bond formation has occurred. The complex has a sandwich structure involving n’-
coordination of a Cp* ligand and an n‘-coordination of a pyridinium cation to a
formally Ir(I) centre. The Ir—C(1) and Ir—C(4) lengths are statistically the same
[2.128(3) and 2.130(3) A respectively], the formal double bonds i.e. C(3)-C(4)
[1.482(4) A] and C(1)-C(2) [1.484(9) A] are longer than the formal single bond C(2)—

C(3) [1.426(4) A] which is typical for a coordinated diene.*

In the case of (2.17a), the insertion of DMAD was not observed even after heating the
reaction, however insertion of DMAD was observed starting from a more reactive
cation (4.51a). The reductive elimination took place spontaneously, suggesting that this
step is feasible even with electron withdrawing substituents on the alkyne. The ease of
the reductive elimination is not only dependent on the substituent on the alkyne but also

on the cyclometallated ligand.
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4.3 Conclusion

This study shows that insertion of DMAD and diphenylacetylene into cyclometallated
2-phenylpyrazole complexes of Ir, Rh and Ru (2.13a-c¢) produces the 7 membered ring
complexes in all cases. This demonstrates that the first two steps of the postulated
mechanism described by Miura ez al.'” are certainly feasible. In agreement with Miura’s
results no C—-N bond formation is observed on reaction of the pyrazole complexes with
DMAD or diphenylacetylene."> However in contrast insertion of diphenylacetylene with
cyclometallated 2-phenylpyridine (2.10a) and NMeimine (2.9b) complexes leads to a
mixture of products and mass spectral evidences suggested that C—N bond formation is
occuring. Reductive elimination and dissociation occur spontaneously without requiring

a prior oxidation step in these cases.

Insertion of phenylacetylene leads to mixtures of mono and diinserted products with
(2.10a), (2.13a) and (2.13c) whereas a monoinserted complex was observed with
(2.13Db). In the reactions of phenylacetylene with cyclometallated NMeimine (2.9b), the
ES-MS spectrum showed clear evidence for an insertion product however these initial
products were unstable and the mass spectral evidence suggests that C—N bond

formation and dissociation from the heterocycle has also occurred in this case.

Finally, this study shows, for the first time, that even with electron withdrawing
substituents on the alkyne (DMAD), spontaneous C—N bond formation is feasible,
hence the pyridinium complex (4.53a) has been characterised. This contrasts with
Jones’s results where Ir complexes containing DMAD would not form a C—N bond even
after treatment with CuCl,. Surprisingly, in the case of the isoquinolinium complex
(4.48a), preliminary results showed that the C—N bond formation is reversible, just by

addition of MeCN. Overall, the ease of reductive elimination is dependent on the
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combination of four factors (i) the metal, (ii) the cyclometallated directing group and

(ii1) the substituents on the alkyne, and (iv) the type of CH bond activated.
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4.4 Experimental

The spectroscopic techniques/instruments used were as described in Chapter Two All
starting materials were obtained from Aldrich, or prepared as described in Chapter 2
and Chapter 3 with the exception of complexes (2.9b)"%, (3.13a)40 according to literature

methods.

Preparation of (4.18b)
This was prepared in 74% yield as described in reference 18

from (2.9b) (15 mg, 0.038 mmol) and DMAD (17 mg, 0.12 @\ po:Me

mmol). The NMR data are the same as reported but are i?Rh \ COMe
listed here for comparison with the other complexes.'H \

NMR: o 1.31 (s, 15H, CsMes), 3.66 (s, 3H, OMe), 3.71 (s,

3H, OMe), 3.83 (s, 3H, NMe), 7.28 (d, 1H, J 7.6, H™), 7.29 (d, 1H, J 7.6, H™), 7.35
(dd, 1H, J 7.6, 7.4, H™), 7.45 (dd, 1H, J 7.6, 7.4, H™), 8.60 (s, 1H, HCN). °C NMR: ¢
8.52 (s, CsMes), 50.40 (NMe), 51.91, 55.97, (2x OMe), 96.60 (d, Jrs-c 26.0 Hz, CsMes),
126.74, 130.55, 132.04, 132.46, (4x C™), ,132.57, 133.06 (2x CY), 138.62 (CCO,Me),
174.27 (HC-N), 170.47, 167.55 (2x CO>Me), 176.01 (d, Jgs.c 131.2 Hz, Rh-C).
Preparation of (4.19a)

This was prepared in 86% yield as described in reference 18
from (2.10a) (15 mg, 0.038 mmol) and DMAD (17 mg, 0.12
mmol). The NMR data are the same as reported but are listed

here for comparison with the other complexes.'H NMR: §

1.27 (s, 15H,CsMes), 3.64 (s, 3H, COOMe), 3.67 (s, 3H,
COOMe), 7.17 (m, 2H, H?, H'%), 7.27 (dd, 1H, J 8.0, 7.5 H®), 7.30 (dd, 1H, J 8.0, 1.5,
H’), 7.42 (dd, 1H, J 8.0, 1.5, H”), 7.49 (dd, 1H, J 8.0, 1.5, H*), 7.75 (ddd, 1H, J 8.0, 7.5,

1.5, HY), 9.40 (dd, 1H, J 6.0, 1.5 Hz, H'). *C NMR: & 8.29 (CsMes) 50.95 (MeOOC)
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51.70 (MeOOC) 88.94 (CsMes) 123.98 (C?) 126.42 (C*) 127.42 (C*) 128.87 (C”) 131.68
(C7) 133.51 (C'%) 134.28, 138.08, 138.52 (3x CY), 140.98 (C*), 155.31 (C"), 163.70 (CY),
164.23, 168.69 (2x CO,Me) 176.37 (C").

Preparation of (4.38a)

A mixture of (2.13a) (50 mg, 0.099 mmol) and DMAD (17 mg,
0.12 mmol) in MeOH (5 ml) was stirred for 1 h at RT. The
solution was rotary evaporated to dryness. The solid was washed

with hexane and recrystallised from DCM/hexane to give (4.38a)

(30.0 mg, 51%) as yellow crystals. Anal Calc. For
IrC,sH,sCIN,O4: C, 46.33, H, 4.35, N, 4.32. Found C 46.33, H 4.41, N 4.25%. 'H
NMR: § 1.31 (s, 15 H, CsMes), 3.64 (s, 3 H, OMe"), 3.69 (s, 3 H, OMe"), 6.51 (t, 1 H,
J2.5,H%,7.17 (dd, 1 H, J 8.0, 1.0, H%), 7.34 (td, 1 H, J 8.0, 2.0, H®), 7.43 (m, 2 H, H’,
H®), 7.81 (dd, 1 H, J 2.5, 0.5, H), 8.21 (dd, 1 H, J 2.5, 0.5, H"). °C NMR: 5 8.33
(CsMes), 50.14 (OMe), 51.80 (OMe), 89.34 (CsMes), 108.84 (C?), 127.29 (C°), 127.49,
128.68 (C"*), 133.21 (C®), 134.37 (C), 132.30, 136.88, 138.45 (C**'%), 145.48 (Ch),
167.64, 168.08 (2 x CO,Me), 176.15 (C'"). ES-MS m/z 613 [M-CI]", FAB-MS m/z 613
[M-C1]", 648 [M]".

Preparation of (4.38b)

A mixture of (2.13b) (50 mg, 0.12 mmol) and DMAD (14 mg,
0.12 mmol) in MeOH (5 ml) was stirred for 5 h at RT. The

solution was rotary evaporated to dryness. The product was

washed with hexane and recrystallised from DCM/hexane to give
(4.38b) (55.0 mg, 81%) as yellow crystals. Anal Calc. for RhC,sH3CIN,Oq4: C 53.73, H
5.05, N, 5.01 found C 53.53, H 5.18, N 4.81%.'"H NMR: & 1.30 (s, 15H, Cp*), 3.64 (s,
3H, OMe"), 3.67 (s, 3H, OMe"), 6.50 (t, 1H, J 2.5, H?), 7.20 (dd, 1H, J 8.0, 1.0, H’),

7.36 (ddd, 2H, J 8.0, 6.0, 2.0, H®), 7.46 (m, 2H, H’ H®), 7.82 (dd, 1H, J 2.5, 0.5, H?),
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8.27 (dd, 1H, J 2.5, 0.5, H").*C NMR (500Mhz): 8.57 (CsMes), 50.35 (OMe"?), 51.88
(OMe"), 96.89 (d, Jruc 25, CsMes), 108.94 (C?), 127.44 (C°), 127.68 (C°), 128.61,
133.20 (C™®), 134.53 (C*), 130.94, 136.99, 137.10 (C*'%), 146.26 (C"), 166.37, 174.39
(2 x COMe), 181.60 (d, Jrac 135, C'"). ES-MS m/z (M-Cl) 523, FAB-MS m/z 523 [M-
1y’

Preparation of (4.38¢)

A mixture of (2.13¢) (39 mg, 0.09 mmol), DMAD (16 mg, 0.13
mmol) in MeOH (5 ml) was stirred for 18 hours at room
temperature, under N,. The solution was rotary evaporated to
dryness. The product was crystallised from DCM/hexane to

give (4.38¢) (41.0 mg, 78%) as brown crystals. Anal Calc. for

RuCasH,7CIN,04+CH,Cly: C 49.74, H 4.50, N 4.55 found C 49.89, H 3.53, N 4.13%. 'H
NMR: & 1.06 (d, J 7.0, 3H, CHMeMe"), 1.16 (d, J 7.0, 3H, CHMeMe'), 2.11 (s, 3H,
Me(Cy)), 2.64 (sept, J 7.0, IH CHMeMe'), 3.63 (s, 3H, OMe), 3.64 (s, 3H, OMe), 4.12
(d, IH, J 5.5, pcy), 4.44 (d, 1H, J 5.5, pcy), 4.54 (d, 1H, J 5.5, pcy), 5.52 (d, 1H, J 5.5,
pey), 6.47 (t, 1H, J 2.0, H?), 7.19 (d, 1H, J 8.0, HY), 7.41 (td, 1H, J 8.0, 1.5, H%), 7.51
(m, 2H, H’, H%), 7.78 (d, 1H, J 1.5, H’), 8.38 (d, 1H, J 1.5, H"), °C NMR: & 18.80
(Me(Cy)), 22.64 (MeMe’CH), 22.97 (MeMe 'CH), 30.94 (MeMe’CH), 50.10, 51.78 (2 x
OMe), 80.71, 82.40, 83.07, 92.81 (4 x CH, pcy), 102.84 (CY, pcy), 108.35 (C?), 109.37
(CY, pey), 126.38 (C), 127.45 (C°), 128.54, 132.90 (C"*), 134.22 (C?), 130.66, 137.41,
139.68 (C**'%), 145.25 (C"), 164.69, 175.47 (2 x CO-Me), 190.94 (C'"). ES-MS m/z

521 [M-C1]", FAB-MS m/z 556 [M]", 521 [M-CI]".

204



Preparation of (4.39a)

A  mixture of (2.13a) (50 mg, 0.099 mmol) and

dryness. The product was washed with hexane and

recrystallised from CHCls/hexane to give (4.39a) (42.0 mg,

62%) as yellow crystals. Anal Calc. for IrCs;3H3N,CI*CHCls; C 50.81, H 4.14, N 3.49
found C 50.81, H 4.28, N 3.40%. '"H NMR: & 1.36 (s, 15H, Cp*), 6.56 (t, 1H, J 2.5, H),
6.67 (t, 1H, J 7.0, Ph), 6.71 (dd, 2H, J 8.0, 1.5, Ph), 6.83 (tt, 1H, J 7.5, 1.5, Ph), 6.91 (td,
2H, J 7.0, 1.0, Ph), 7.18 (m, 1H, Ph), 7.20 (t, 1H, J 2.0, Ph), 7.22 (d, 1H, J 1.0, Ph), 7.24
(dd, 1H, J 5.0, 5.5, Ph), 7.26 (t, 1H, J 2.5, Ph), 7.34 (m, 2H, Ph), 7.52 (m, 1H, Ph), 7.91
(dd, J 2.5, 1.0, 1H, H?), 8.41 (dd, J 2.5, 1.0, 1H, H"). °C NMR: & 8.79 (CsMes), 88.46
(C'), 108.36 (C?), 122.79, 124.34, 125.43, 126.51, 126.64, 131.60, 131.80 (CH, Ph),
133.77 (C%), 134.45 (CH, Ph), 136.82, 138.54 (Ar C% or C'%), 144.62 (C"), 145.19,
147.65, 154.22, (Ar C% or C'%), 161.23 (C'"). ES-MS m/z 647 [M-CI]", FAB-MS m/z

649 [M-CI]", 684 [M]"

Preparation of (4.39b)

A mixture of (2.13b) (70 mg, 0.17 mmol) and PhC=CPh (33
mg, 0.18 mmol) in MeOH (7 ml) was stirred at room
temperature for 3 h. The solution was rotary evaporated to

dryness and the solid was dissolved in DCM and filtered

through celite. The filtrate was evaporated to dryness and the
solid was washed with hexane to give (4.39b) (80 mg, 81 %) as an orange solid.

Anal.Calc for RhC33H3,CIN,: 66.62, H 5.42, N 4.71. Found: C 66.53, H 5.41, N 4.79%.
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"H NMR: § 1.35 (s, 15H, Cp*), 6.56 (t, 1H, J 2.5, H?), 6.72 (m, 4H, Ph), 6.85 (m, 2H,
Ph), 6.92 (m, 3H, Ph), 7.25 (m, 5H, Ph), 7.92 (dd, 1H, J 3, 0.5, H?), 8.56 (dd, 1H, J 2,
1, HY). C NMR: § 9.07 (CsMes), 96.09 (d, Jruc 6.5, CsMes), 108.40 (C?), 123.10,
124.55, 125.92, 126.57, 127.01, 128.40, 131.13 (CH, Ph), 133.77 (C*), 134.54 (CH, Ph),
136.89, 137.04, 143.25 (Ar C% or C'°), 145.78 (C"), 146.71, 152.66 (Ar C% or C'%),
176.08 (d, Jrac 30.5, C'). ES-MS: m/z 559 [M-CI]". MS-FAB: m/z 594 [M]", 559 [M-
c1y'.

Preparation of (4.39¢)

A  mixture of (2.13¢) (50 mg, 0.12 mmol) and

diphenylacetylene (23 mg, 0.13 mmol) in MeOH (5 ml) was

stirred for 1 h at RT. The solution was rotary evaporated to \
dryness. The product was washed with hexane and

recrystallised from DCM/hexane to give (4.39¢) (30.0 mg,

42%) as brown crystals. Anal Calc. for RuCs3H;31N,Cl % C 66.94, H 5.28, N 4.73 found
C 66.95, H 5.34, N 4.65%. "H NMR: & 1.08 (d, J 7.0, 3H, CHMeMe’), 1.23 (d, J 7.0, 3
H, CHMeMe’), 2.44 (s, 3H, Me, pcy), 2.79 (sept, 1H, J 7.0, CHMeMe’), 3.48 (dd, 1H, J
6.0, 1.0, pcy), 4.49 (dd, 1H, J 6.0, 1.0, pcy), 4.63 (dd, 1H, J 6.0, 1.0, pcy), 5.54 (dd, 1H,
J 6.0, 1.0, pcy), 6.50 (t, 1H, J 2.5, H), 6.75 (m, 4H, Ph), 6.86 (tt, 1H, J 7.0, 1.5, Ph),
6.93 (tm, 3H, J 7.0, Ph), 7.22 (dt, 1H, J 7.0, 1.0, H®), 7.26 (m, 1H, H*"), 7.29 (m, 1H,
H®"), 7.30 (m, 2H, Ph), 7.34 (m, 1H, H>), 7.85 (dd, 1H, J 2.5, 1.0, H’), 8.57 (dd, 1H, J
2.5, 1, H") >C NMR & 19.48 (Me, Cy), 23.04 (MeMe’CH), 23.46 (MeMe’CH), 31.21
(MeMe’CH), 75.14, 78.71, 80.91, 96.25 (4 x CH, pcy), 103.65 (Cq, pcy), 107.69 (C),
110.22 (Cq, pey), 122.99, 124.53 , 125.36, 125.76, 126.19, 127.04, 128.00, 128.34,
131.41 (CH, Ph), 133.24 (C?), 133.55 (C), 137.40, 137.57 (Ar C% or C'%), 143.98 (C"),
145.90, 146.62, 152.32 (Ar C9, or C'%), 183.19 (C'"). ES-MS m/z 557 [M-CI]", FAB-MS

m/z 557 [M-CI]"
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Reaction of (2.13a) with phenylacetylene in the presence of KPFg

The complex (2.13a) (20.0 mg, 0.03 mmol) was dissolved in MeOH (5 ml), and KPFg
(14.4 mg, 0.07 mmol) and phenylacetylene (4.0 mg, 0.03 mmol) were added under N».
The reaction was monitored by ES-MS spectrometry. After 2 h. another equivalent of
phenylacetylene was added and the reaction was stirred for a further 2h. The solution
was rotary evaporated and washed with hexane. Crystallisation and chromatography
failed to give any pure product. The '"H NMR spectrum and ES-MS spectra showed a
mixture of species were formed and significant features are discussed in the results and

discussion section.

Preparation of (4.40b)

A mixture of (2.13b) (66 mg, 0.16 mmol) and PhC=CH (18

temperature for 2 h. The solution was rotary evaporated to

dryness. The solid was dissolved in DCM and filtered

through celite. The filtrate was evaporated to dryness and the crude product was
purified by passing through a short silica column, using DCM as the first eluent and
MeOH/DCM (1:9) as the second eluent. The second fraction was rotary evaporated to
dryness to give (4.40b) (30 mg, 36 %) as an orange solid. Anal.Calc for RhC,7H3CIN,:
C 62.50, H 5.44, N 5.40. Found: C 62.58, H 5.34, N 5.36%. 'H NMR: & 1.30 (s, 15H,
Cp*), 6.48 (t, 1H, J 2.5, H), 7.05 (m, 1H, H"), 7.07 (s, 1H, H'®), 7.15 (m, 4H, H"? H'*),
7.24 (m, 2H, H>, H®), 7.39 (ddd, 1H, J 8.0, 6.0, 2.0, H') 7.46 (dt, 1H, J 8.0, 1.0, H®),
7.76 (dd, 1H, J 2.5, 1.0, H?), 8.46 (dd, 1H, J 2.5, 1.0, H").’C NMR: 9.21 (C;sMes),
95.82 (d, Jruc 25, CsMes), 108.41 (C?), 124.77 (C"), 125.57, 126.17 (C™°), 126.68,
126.88 (C''%), 128.10 (C7), 128.35 (C'%), 132.81 (C*), 134.26 (C°), 135.27, 138.38,
152.85 (C, C**1%), 145.48 (C"), 178.64 (d, Jruc 125, C'). ES-MS m/z 483 [M-CI]"
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Reaction of (2.13¢) with phenylacetylene

The complex (2.13¢) (50 mg, 0.12 mmol) was dissolved in MeOH (5 ml).
Phenylacetylene was then added (12.2 mg, 0.12 mmol) and the mixture was stirred for
one hour. The 'H NMR spectrum showed the presence of several species none of which
could be completely identified. The significant features of the '"H NMR and ES-MS
spectra are described in the result and discussion section (4.2.1.3).

Reaction of (2.10a) with diphenylacetylene

The complex (2.10a) (50 mg, 0.09 mmol) was dissolved in a mixture of DCM (2 ml)
and MeOH (2 ml). Diphenylacetylene was then added (17.2 mg, 0.09 mmol) and the
mixture was stirred for 30 min. The '"H NMR spectrum showed the presence of several
species none of which could be completely identified. The significant features of the 'H
NMR and ES-MS spectra are described in the result and discussion section (4.2.2).
Reaction of (2.10a) with phenylacetylene

The complex (2.10a) (50.0 mg, 0.09 mmol) was dissolved in a mixture of DCM (2 ml)
and MeOH (2 ml), and phenylacetylene (9.9 mg, 0.09 mmol) was added. The reaction
was monitored by ES-MS spectrometry. After an hour another equivalent of
phenylacetylene was added and the ES-MS spectrum showed mostly double inserted
product m/z 686. The significant features of the 'H NMR and ES-MS spectra are
described in the result and discussion section (4.2.2)

Reaction of (2.9b) with diphenylacetylene

The complex (2.9b) (50 mgs, 0.13 mmol) was dissolved in MeOH (5ml) and
diphenylacetylene was added (22.7 mgs, 0.13 mmol). The reaction was monitored by
ES-MS and a peak at m/z 296 [isoquinolinum salt]” was observed after 45 min. After 90
min the mixture was then filtered to give a green precipitate (48mg). The significant
features of the '"H NMR and ES-MS spectra are described in the result and discussion

section (4.2.2)
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Reaction of (2.9b) with phenylacetylene
PhC=CH (10 mgs, 0.09 mmol) was added to a solution of
complex (2.9b) (50 mgs, 0.13 mmol) in MeOH (5 mL). The Ph

reaction was monitored by ES-MS, and after 5 min showed i /Rh \ H
N

mostly m/z 458 (mono insertion), and traces of (2.9b). Over \
a period of 30 min an orange precipitate formed which was
collected by filtration (12 mgs, 19%). No microanalysis was obtained on this complex.
'H NMR: § 1.35 (s, 15H, Cp*), 3.89 (s, 3H, Me), 7.11 (m, 2H, H™), 7.22 (m, 6H, H™),
7.32 (d, 1H, J 7.5, H®), 7.40 (dd, 1H, J 6.0, 7.0, H?), 8.63 (s, 1H, NCH).

Preparation of (4.47a)

A mixture of (3.13a) (50 mg, 0.10 mmol), DMAD (17 mg, 0.12
mmol) in MeOH (5 ml) was stirred for 2 h. The solution was

rotary evaporated to dryness and the solid washed with hexane.

The product was crystallised from DCM/hexane to give (4.47a)

(57.0 mg, 88%) as yellow crystals. Calculated IrC,sH33NO4CI %
C 46.98, H 5.20, 2.19 found C 47.11, H 5.29, N 2.11% '"H NMR: & 1.13 (s, 15 H,
CsMes), 2.70 (s, 3 H, NMeMe’), 2.94 (d, J 12, 1 H, H"),3.09 (s, 3 H, NMeMe"), 3.66 (s,
3 H, OMe"), 3.78 (s, 3 H, OMe'"), 3.96 (d, 1 H, J 12, H"), 7.23 (td, 1 H, J 7.5, 1.0, H),
729 (d, 1 H,J 7.5, H%, 7.39 (td, 1 H, J 7.5, 1.0, H*), 7.46 (d, 1 H, J 7.5, H*).>C NMR:
8.84 (CsMes), 44.88 (C'), 51.72 (C"), 58.18 (C"), 58.44 (C'), 70.44 (C"), 90.41
(CsMes), 126.00 (C°), 128.07 (C*), 131.62 (C°), 131.80 (CY),, 133.19, 134.62, 144.09

(3x C9), 167.48, 176.90 (2x CO,Me), 180.43 (C°).
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Preparation of (4.48a)
This was prepared following a previous method.*® A

mixture of (3.13a) (70 mg, 0.15 mmol), KPFs (50 mg,
\\N NP2

0.28 mmol) and diphenylacetylene (25 mg, 0.15 mmol) 8 Q

in MeCN (10 ml) was stirred for 24 h. The solution was

filtered through celite and rotary evaporated to dryness
and gave a of brown solid (90 mg). '"H NMR(CDCls): § 1.51 (s, 15 H, CsMes), 2.50 (s, 3
H, NMeMe’), 2.82 (s, 3 H, NMeMe’), 3.26 (d, 1 H, J 13.5, H'"), 3.82 (d, 1 H, J 13.5,
H"), 6.15 (d, 1 H, J 7.8 H™), 6.74 (m, 1 H, H™), 6.79 (m, 2 H, H™), 6.87 (m, 1 H, H™),
7.02 (t, 2H, J 7.5, H™), 7.28 (m, 2 H, J 7.5, 1.5, H*), 7.43 (m, 4 H, H™), 7.71 (d, 1 H, J
7.5, H™). This is not in agreement with the NMR data reported previously in CD3;CN
(see below).

Preparation of (4.49a)

The complex (4.48a) was dissolved in CD3;CN (0.5 ml).

"H NMR(CD;CN): & 1.28 (s, 15 H, CsMes), 2.81 (s, 3 H,
NMeMe’), 3.21 (s, 3 H, NMeMe’), 3.29 (d, 1 H, J 11.5,
H'), 4.42 (d, 1 H,J 11.5, H"), 6.87 (m, 3 H, H™), 6.94 (tt,

1H,J7.5,1.5 H™), 7.04 (t, 2 H, J 8.0, H™), 7.09 (m, 3 H,

HPY), 7.23 (td, 1 H, J 7.5, 1.5, HY), 7.32 (td, 1 H, J 7.5, 1.5, H%), 7.44 (m, 1 H, H?), 7.48
(dd, 1 H, J 7.5, 1.0, H%, 7.57 (m, 1 H, H™). C NMR: 843 (CsMes), 57.90
(CH,NMeMe), 58.52 (CH,NMeMe?), 69.98 (CH,NMeMe’), 92.57 (CsMes), 125.18
(CH, ph), 125.47 (C%), 126.74, 127.28 (2x CH, Ph), 129.22 (C°), 129.32 (C?),130.64,
131.68 (2x CH, ph), 132.20(C°%), 132.86 (CH, Ph), 133.59, 141.62, 147.17, 148.72,

152.93 (5x C9), 154.30 (C?)
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Preparation of (4.50a)

To (4.48a) (44mg, 0.05 mmol) in DCM (5 ml), PMe;
(4.9 mg, 0.06mmol) was added. The mixture was stirred
for 1h. The solvent was evaporated and the mixture
washed with hexane. 20 mg of brown solid was

collected.  Further attempts of crystallisation

DCM/hexane led to decomposition. 'H NMR: & 1.34 (d, 9 H, J 10.1, PMes), 1.52 (d, 15
H, J 1.5, CsMes), 2.33 (s, 6 H, NMe,), 3.48 (d, 3 H, J 13, H'"), 4.07 (d, 1 H, J 11.5, H"),
6.68 (t, 1 H, J 7.5, H"), 6.76 (m, 4 H, H™), 6.88 (m, 1 H, H™), 6.96 (t, J 7.5, 1 H, H™),
7.14 (m, 2 H, H™"), 7.35 (m, 1 H, H™), 7.41 (d, 1 H, J 7.5, H™), 7.48 (d, 1 H, J 7.0, H™)

3P NMR & -37. ES-MS m/z 716 [M]"

Preparation of (4.51a)

(2.17a) (50mg, 0.09mmol) was dissolved in DCM (5 ml),

MeCN (49 pl) and AgPFs (35mg, 0.14 mmol) were %\A’ P,

added. The mixture was stirred for 4 h at RT and filtered , )~ ncwe
N2
through celite. The product (4.51a) was precipitated as a 6 :
3
black solid (50mg, 78%) from DCM/Hexane. Anal. Calc. h :

for IrC,4H3,FgN,P: C, 42.04, H, 4.70, N, 4.09. Found C,

41.95, H, 4.60, N, 3.84%. "H NMR: & 1.40 (d, 3 H, J 7.0, CHMeMe), 1.51 (d, 3 H, J
7.0, CHMeMe), 1.55 (s, 15 H, CsMes), 2.59 (s, 3 H, MeCN), 4.17 (sep, 1 H, J 7.0,
CHMeMe), 6.83 (d, 1H, J 2.0, H%), 7.21 (brs, 1 H, H*), 7.23 (br d, 1 H, J 7.0, H*), 7.29
(tt, 1 H,J 7.5, 1, H%), 7.38 (d, | H, J 7.5, H), 7.40 (d, 1 H, J 7.5, H’), 8.12 (br s, 1H,
H). >C NMR: 3.57 (MeCN), 8.63 (CsMes), 22.69 (CHMeMe), 24.04 (CHMeMe),

59.91 (CHMeMe), 31.07 (MeCN), 92.67 (CsMes), 120.81 (MeCN), 126.30 (C*), 128.28
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(C?), 128.32 (C?), 132.03 (C%), 146.63 (C?), 172.88 (C7), 197.13(C"). ES-MS m/z 500

[M-MeCN]’, 541 [M]", FAB-MS m/z 500 [M-MeCN]", 541 [M]".

Preparation of (4.53a)
(4.51a) (55mg, 0.08 mmol) was dissolved in DCM (15 ml),
DMAD was added (17 mg, 0.12 mmol) and the mixture was

refluxed for 20 h. The solvent was evaporated to dryness and

the mixture washed with hexane. The product (4.53a) was

crystallised from DCM/hexane (20 mg, 40%). Anal. Calc. for

IrCo4H3,FgNoP: C, 42.04, H, 4.70, N, 4.09 Found C, 42.81, H,

450, N, 1.67%. '"H NMR: & 1.12 (d, 3 H, J 6.5, CHMeMe), 1.51 (d, 3 H, J 6.5,
CHMeMe), 1.81 (s, 15 H, CsMes), 3.80 (s, 3 H, OMe), 3.88 (s, 3 H, OMe), 4.55 (m, 2
H, H'*'%), 7.41 (m, 3 H, H*"), 7.47 (m, 2 H, H°), 8.68 (d, 1 H, J 4.5, H'"). >C NMR:
8.93 (CsMes), 20.86 (CHMeMe), 22.76 (CHMeMe), 52.28 (C'?), 52.39, 53.48 (2xOMe),
55.68 (C'%), 74.01 (C%), 94.70 (CsMes, C?), 95.68 (Ch), 129.00, 129.26, 129.95, 132.25
(C™), 165.76, 167.76 (2x CO.Me), 173.83 (C'"). ES-MS m/z 642 [M]", FAB-MS m/z

642 [M]".

Crystallography

Data for all the complexes were collected on a Bruker APEX 2000 CCD diffractometer.
Details of data collection, refinement and crystal data are listed in the attached CD. The
data were corrected for Lorentz and polarisation effects and empirical absorption
corrections applied. Structure solution by Patterson methods and structure refinement on
F? employed SHELXTL version 6.10. Hydrogen atoms were included in calculated
positions (C-H = 0.96 A) riding on the bonded atom with isotropic displacement
parameters set to 1.5 Ugy(C) for methyl H atoms and 1.2 Ug(C) for all other H atoms.

All non atoms were refined with anisotropic displacement parameters.
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